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Abstract
Single internal mammary artery and supplementary saphenous vein grafts (SVG) continues to be used in
approximately 95% of coronary surgery as of 2019. The late failure of SVG is very well documented yet remains
the predominant conduit used - why? The left internal mammary artery almost never fails, and late angiography
of patent radial artery grafts also appear entirely normal. Logic would suggest that avoiding the conduit known
to progressively fail would lead to improved late outcome. Our studies have demonstrated such findings in large
single centre and national registry datasets. We describe strategies to achievement of total arterial coronary
revascularisation.
Keywords: Total arterial revascularisation, radial artery, total arterial revascularisation, radial artery, Y graft

INTRODUCTION
This paper is intended to be a pragmatic guide including diverse considerations related to the attainment
of total arterial revascularisation. It is not a comprehensive review and limited discussion of some topics is
intended to provide a summary of a topic rather than an exhaustive review of the topic.
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THE WHY: ACHIEVING TOTAL ARTERIAL REVASCULARISATION
As of 2019, almost all cardiac surgeons perform 90%-95% of coronary bypass surgery (CABG) with the use
of saphenous vein graft (SVG) worldwide[1,2]. Of the patients receiving total arterial revascularisation (TAR),
a proportion will have been performed without specific strategic intent to achieve TAR [e.g., a single or
double CABG using the internal mammary artery (IMA)]. Consequently, a deliberate strategy to achieve
TAR in every patient is uncommon.
Consider the following proposition: if SVG develops atherosclerosis and fails - and that failure, then leads
to the failure of the treatment of CABG - why is it that we count the number of arterial grafts?
The argument in favour of counting veins rather than arteries

“The LIMA-LAD is the only important graft in CABG”
The seminal publications of Lytle and Loop in the 1980s[3-5] reported data acquired during the 1970s, the
period of IMA introduction. They found that use of left IMA (LIMA) significantly improved survival
compared to exclusive use of SVG. The popular interpretation of these data over the following decades
established the LIMA-LAD as somehow “sacrosanct”. It should be borne in mind that LIMA was almost
always the only arterial graft used, and the left anterior descending (LAD) almost always the only coronary
target. All other targets including branches of the LAD were grafted with SVG. As of 2019, it is almost
universally accepted that CABG is not of adequate quality if the LIMA-LAD is not used.
There are two apparent interpretations to the original papers by Lytle and Loop:
A. The IMA has “magical” properties which are impossible to define (not real, not scientific).
B. The observation arises from the difference between the late patency of an arterial graft compared to the
late patency of a venous graft[3,6-14].
Interpretation B is not popular with surgeons or cardiologists[3,15,16], whilst Interpretation A is inconsistent
with science or logic.
Modes of conduit failure
Progressive atherosclerosis of SVG is very widely documented with up to 50% of grafts occluding by about
10 years postoperative[8,17-19]. An angiographic classification was developed to categorise diseased SVG
(see the work by Fitzgibbon[20]). At durations longer than 10 years, the progressive decline in SVG patency
continues, although may be ameliorated with the widespread use of optimal medical therapies including
statins[21].
It is widely accepted that the LIMA has a small early graft failure rate, considered to reflect flow competition
from the native coronary circulation, and thereafter there is no clear evidence of any progressive conduit
atherosclerosis as is the case for SVG. A LIMA which survives the early postoperative period is considered
by most to be a “permanent graft” without prospects of progressive failure irrespective of the duration
postoperative. The angiographic evidence in the late period supports this contention [22]. Indirectly, the
greater survival of patients who have received LIMA grafts also supports this contention[23,24].
For the LIMA, and most likely any IMA, the late angiographic findings are of: (1) patency (Patent); and
(2) normal conduit lumen (Perfect Patency); or (3) Occluded/String sign. A string sign has not been
well documented in the literature as being capable of reversal and is considered occluded (permanently).
Thus, the angiographic findings are “binary” - Patent + Normal or occluded. Therefore, the Fitzgibbon
classification is not suited to the use for this arterial conduit. A subtlety of complex arterial reconstructions
is the variable diameter of an arterial conduit related to “autoregulation” of flow via changes to the diameter
of the conduit. For example, the proximal segment of the LIMA in a composite graft such as LIMA-RA-Y
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Table 1. Patency and perfect patency for asymptomatic patients receiving conventional angiography 13 ± 3 years
postoperative with at least one internal mammary artery, radial artery and saphenous vein graft
Comparison
IMA, RA, SVG
IMA vs . RA
IMA vs . SVG
RA vs . SVG
Arterial, SVG
Arterial vs . SVG

Perfect patency n (%)
60/62 (96.8)
71/77 (92.2)
60/62 (96.8)
10/57 (17.5)
71/77 (92.2)
10/57 (17.5)
131/139 (94.2)
10/57 (17.5)

P
< 0.001
0.461
< 0.001
< 0.001
< 0.001
< 0.001

Patency n (%)
60/62 (96.8)
72/77 (93.5)
60/62 (96.8)
47/57 (82.5)
72/77 (93.5)
47/57 (82.5)
132/139 (95.0)
47/57 (82.5)

P
0.015
0.298
0.013
0.055
0.009
0.009

IMA: internal mammary artery; RA: radial artery; SVG: saphenous vein graft.

(RAY) or BIMA-Y (BIMAY) is usually larger in diameter proximal to the Y graft than distal to the Y graft,
as it needs to be to provide additional flow to the second conduit as well as the continuation of the LIMA.
These findings are normal and expected and do not represent a pathological state.
The most common alternative arterial conduit is the radial artery (RA) and, infrequently, the gastroepiploic
artery (GEA). Controversy continues to surround the use of RA in CABG, its perioperative and
intraoperative management and long-term outcomes. Data outcomes using statistics that estimate
future events (Kaplan-Meier actuarial survival) suggest a progressive decline in patency of RA. This is
discordant with the directly measured angiographic findings of RA, which are also “binary” - being either
patent and normal or occluded/string sign. There are no serial angiographic reports in the literature of
normal RA grafts in the early postoperative period, and then later developing progressive atherosclerosis
and eventual occlusion. In our institutional experience of more than 20,000 RA use, we also have not
documented progressive atherosclerosis leading to RA occlusion in serial angiograms. The longest duration
postoperative for RA angiography in our experience is 22 years, whereby the RA appeared patent and
normal.
In a research angiographic series we conducted with patients selected to have received all three IMA, RA
and SVG conduits (n = 50) at 13 ± 3 years postoperative, we found that the Patency and Perfect Patency was
the same for IMA (97%, 97%) and almost the same for RA (94%, 92%), respectively (one RA was diseased
at the time of implantation, and remained patent and diseased). The patency of SVG was significantly lower
(83%) and the Perfect Patency of SVG was only 18% [Table 1]. There were no significant differences in
perfect patency or patency between IMA and RA, despite IMA being almost exclusively grafted to the LAD
and RA being grafted to the other two territories.
The angiographic appearance of RA and IMA appeared to be the same in the late period and different to
SVG indicating a different mode of graft failure.
Predicting future failure of grafts
It is understandable that a heavily diseased SVG may occlude in the foreseeable future - from logical first
principles. Equally, a normal appearing arterial graft at angiography would suggest that this conduit is
not likely to fail in the foreseeable future - from logical first principles. A further extension to the logical
argument is that SVG is first exposed to the arterial blood pressure and flow rates on the day of surgery.
These newly introduced factors may then lead to the development of accelerated atherosclerosis, which can
be observed in the cardiac surgery, vascular surgery and renal access surgery domains. Arterial conduits
have been exposed to the arterial blood pressure and flow since birth and should therefore not be expected
to develop sudden or rapidly progressive atherosclerosis after being transplanted to the coronary circulation
and being exposed to the same or similar blood pressure and high flow state.
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Figure 1. Schematic diagram of radial artery Y graft operation. LIMA: left internal mammary artery; RA: radial artery; LAD: left anterior
descending artery; OM: obtuse marginal artery; PDA: posterior descending artery

Figure 2. Mortality of propensity score matched cohorts of radial artery Y graft versus bilateral internal mammary artery Y graft
operations, n = 371 pairs. RAY: radial artery Y graft; BIMAY: bilateral internal mammary artery Y graft

All-cause mortality as a surrogate for coronary graft failure
In large-scale randomised or very well-matched series, it is expected that the non-cardiac cause of death
will be equally distributed between groups. For a revascularisation procedure such as CABG, it would be
expected that non-coronary causes of cardiac death such as progressive native valve disease would also
be equally distributed between groups. Hence, excess mortality is considered to be caused by graft failure,
which leads to ischaemic complications that may lead to premature death[7,25].
Could IMA and RA be similar?
In a series of composite arterial grafted patient (Y graft) [Figure 1] to all three coronary territories and
closely propensity score matched, we compared bilateral internal mammary artery Y graft (BIMAY) and
radial artery Y graft (RAY) in the Australian population [Figure 2]. All-cause mortality was measured by
the national death register and is considered robust. Comparing single surgeon experience from Sydney
and an institutional experience from Melbourne, we found no difference in mortality between the two
techniques for age at surgery (≤ 66 years, P = 0.941, Figure 2) or when all ages were included (due to a
severe age distribution imbalance, P = 0.239).
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Equivalence of arterial conduits?
There is considerable theoretical or in vitro evidence to suggest that the LIMA has properties that renders
it “superior”. These are claimed to include increased synthesis of nitric oxide, resistance of smooth muscle
cells to proliferation, tight endothelial junctions, decreased expression of adhesion molecules and other
theoretical correlations between histological structure and long-term function[26-29]. The discussion,
however, has mainly been confined to the comparison with SVG, where the RA is considered to have a
thicker muscular layer and in vitro and in vivo experimentation suggests that it is prone to spasm and
theoretically more likely to develop atherosclerosis[30-36].
However, direct observation suggests otherwise. Consider the following propositions:
1. If a 75-year-old patient had a LIMA, RA and GEA harvested, and all were normal - why should they
be so (given that the popular belief that only the LIMA is especially resistant to the development of
atherosclerosis)? Specifically, all conduits have been exposed to the arterial blood pressure and flow for
75 years prior to harvest - and are normal - suggesting that all three behave similarly.
2. Angiograms of patent arterial conduits more than 10 or 20 years postoperative reveal a “binary” outcome.
Either the conduit is Patent + Normal or Occluded/String sign. These findings are the same for all arterial
conduits. Specifically, all conduits are exposed to the arterial blood pressure and flow postoperatively - and
remain normal - suggesting that all three behave similarly.
3. If a length of artery remains normal whilst in the arterial circulation for decades prior to surgery why should it suddenly develop atherosclerosis within a few years of being transplanted into the arterial
circulation of the heart (when it is exposed to the same blood pressure and flow as pre-harvest)?
Specifically, the haemodynamics of the coronary circulation are essentially the same as for the chest wall,
forearm or stomach and there is no credible reason to expect that an arterial conduit will alter its behaviour
merely upon use as a coronary graft.
How should the many theoretically- or laboratory experiment-based predictions as to the short- and longterm behaviour of various arterial conduits which conflict with direct observations be interpreted? In the
view of the authors, direct observation overrides theoretical- or laboratory-based conclusions, and suggest
that further refinement of both theory and interpretation of experimentation is required.
It is suggested that there is a striking similarity for all arterial conduits used in coronary surgery, and, if
they do not fail early due to competitive flow, they may be expected to remain patent. All behave differently
to SVG, giving rise to the saying, “arteries are arteries - and veins are not”. Should all arterial conduits be
considered as interchangeable - would it be acceptable to use RA or GEA to graft the LAD? This is the
position that the authors now accept as valid. Please refer to Part 2 for why widespread adoption of this
concept is not likely to be rapid.
Complete revascularisation
The consideration of incomplete revascularisation relates primarily to a difference in strategy between PCI,
where treatment of the “culprit lesion” is preferred (at least in the acute setting), and the usual surgical
strategy of full revascularisation with CABG. Within CABG, off pump CABG has been associated with few
grafts, suggesting that incomplete revascularisation is more common, which may impact on outcome. This
is beyond the scope of this paper and for the remainder of this paper it is assumed that all patients received
full revascularisation.
Could RAY and TAR achieved by any other reconstruction technique be similar?
In a large institutional cohort, we demonstrated that the survival of RAY and TAR by other techniques was
not different (P = 1.000[37], Figure 3).
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Figure 3. Survival of propensity score matched radial artery Y graft versus total arterial revascularisation patients by any other
reconstruction technique, n = 332 pairs. Reproduced with permission, JACC 2018[37]. LIMA-RA-Y: left internal mammary artery radial
artery Y graft; TAR: total arterial revascularisation

Is RAY or TAR survival significantly better than single internal mammary artery and saphenous vein graft?
We demonstrated that the survival of the “conventional CABG” of left internal mammary artery and
supplementary saphenous vein graft (LIMA + SVG) was significantly lower (HR 1.3 95%CI: 1.0-1.6, P =
0.043[37], Figure 4).
Is multi-arterial grafting significantly better than single IMA + SVG?
The theoretical framework is that, if one arterial graft is better than SVG, then two or even three
arterial grafts should have incrementally greater survival, and this contention is supported by multiple
publications[38-40]. In our own national database analysis, we conducted a series of large-scale propensity
score matches using 17 variables. One arterial graft with supplementary SVG (1A + SVG) was compared to
2A + SVG (n = 7895 pairs) with a mortality hazard in favour of more arterial conduits of 1.21 (95%CI: 1.121.30, P < 0.001). For the comparison of 3A + SVG (n = 3017 pairs), the mortality hazard in favour of more
arteries was 1.41 (95%CI: 1.24-1.60, P < 0.001). Our findings are consistent with the literature and with
greater sample size.
The 10-year Arterial Revascularisation Trial outcome remains highly controversial and variously claimed
to support the lack of evidence for two IMA leading to improved late survival as would otherwise be
predicted by the evidence presented earlier[41]. Clarity of interpretation is gained by understanding the key
confounders and thereby discounting the “as randomised” (intention-to-treat) analysis in favour of the “as
treated” analysis. The all-cause mortality was not different for those randomised to one or two IMA (P =
0.62).
One key weakness of the study design was to allow use of RA without consequence - this was consistent
with the popular belief at the time of study design - that RA was perhaps “no better” than SVG. Although
this view remains commonplace to this day, the evidence is that RA has superior angiographic, clinical and
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Figure 4. Survival of propensity score matched radial artery Y graft versus left internal mammary artery and supplementary saphenous
vein graft patients, n = 332 pairs. Reproduced with permission, JACC 2018[37]. LIMA-RA-Y: left internal mammary artery radial artery Y
graft; LIMA + SVG: left internal mammary artery and supplementary saphenous vein graft

survival outcomes compared to SVG[37,40,42-44]. Therefore, the study design of one versus two IMA, rather
than one versus two arterial grafts was confounded by RA being used. Additionally, there was a high crossover from the randomised allocation. For patients randomised to one IMA, RA was used in 22% and BIMA
used in 4% resulting in 26% receiving more than one arterial graft. Additionally, of patients randomised
to two IMA, 14% crossed over to a single IMA, resulting in a 40% crossover rate of one versus two arterial
grafts. It was not reported how many patients randomised to BIMA received additional RA grafts, which
could potentially further magnify the groups discrepancy. By contrast, the post-hoc (non-randomised)
dataset analysed all-cause mortality according to the use of 1 or ≥ 2 arterial grafts and found a significant
survival advantage for more arterial grafts (HR 0.81, 95%CI: 0.68-0.95). Criticism of post-hoc nonrandomised data is reasonable and valid.
However, this argument misses an even more important consideration of this dataset, which is that both
groups in either of these analyses include supplementary SVG. If SVG is the conduit known to progressively
fail and leads to ischemic events, of which some lead to death (see below), then the two groups remain
relatively similar because both groups still use SVG. Specifically, SVG is more important in the causation
of failure of CABG than the arterial grafts, in the long term. A further analysis of this dataset according to
TAR vs. ≥ 1 SVG has not been published.
“The chicken and the egg” dilemma
The obvious consequence of increasing use of arterial grafts is that there is a compensatory reduction in
the number of SVG being used. We conducted an analysis whereby the number of grafts was restricted and
then performed separate matching for all grafting combinations within each stratum[42] [Figure 5]. For each
stratum, the increasing use of SVG (and reduction in the use of arterial grafts) resulted in an increasing
mortality hazard.
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Figure 5. Multiple propensity score matched analysis according to increasing saphenous vein graft use within restricted number of
grafts. Reproduced with permission EJCTS 2018[42]. SVG: saphenous vein graft; Art: arterial grafts; 0 SVG or SVG = 0, total arterial
revascularisation

Count the veins, not the arteries
We know that SVG will develop progressive atherosclerosis and progressively fail in the long term. We
know that, except for a small percentage of arterial grafts failing in the short term due to flow competition
from the native coronary circulation, there is a paucity of evidence to suggest that arterial grafts will ever
progressively fail in the long term. Survival with one or more SVG was lower than for TAR [Figure 6]. The
survival advantage of TAR remained even when there was a majority of grafts that were arterial (multiarterial) and with one SVG[42] [Figure 7].
The relationship between graft failure and reduced survival has a plausible mechanism and therefore it is
suggested that the conduit of most interest is the SVG rather than the arterial conduits[37,38,40,45,46]. It would
be logical, therefore, that the number of SVG grafts has greater effect on survival than the number of
arterial grafts. The strategy of TAR is predicated on the principle of reducing or eliminating SVG grafts,
rather than the principle of greater number of arterial grafts.
Early mortality of TAR
Whilst it is a common belief that TAR is more complex and therefore results in a higher perioperative
mortality, there appears to be very little evidence to support this view. Indeed, the evidence points to a
lower perioperative mortality with TAR[47-49]. There is also a paucity of evidence that “low volume” centres
exhibit a disproportionally higher perioperative mortality with TAR; indeed, the same argument was
present in the 1980s and 1990s when there was resistance to the increased use of IMA[46,50-52].
Potential risks of multi-arterial grafting
The principle risk of BIMA is a higher rate of deep sternal wound infection. The literature is vast with
considerable debate; however, large-scale or meta-analyses indicate a consistent finding that the rate is
approximately double that of single IMA, higher in diabetics and obese females and possibly lower with
skeletonised IMA[53-56]. Logically, harvesting the IMA by any method substantially reduces the blood supply
to one side of the sternum, and any difference between harvest techniques is not likely to be substantial.
The risks to the forearm following RA harvest are surprisingly low[57-61]. Ischemic complications affecting
the hand are exceptionally rare. Wound infections are infrequent due to the superior blood supply of the
forearm relative to the leg, and nerve damage is confined to local nerves that are entirely cutaneous and
which do not supply the palm or fingertips. There is no evidence that the forearm has reduced blood flow
following RA harvest[62].
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Figure 6. Propensity score matched comparison of total arterial revascularisation and the use of one or more saphenous vein grafts,

n = 14,355 pairs. Reproduced with permission EJCTS 2018[42]. SVG = 0, total arterial revascularisation; SVG ≥ 1, use of one or more
saphenous vein grafts irrespective of the number of arterial grafts; KM: Kaplan-Meier; Cox: Cox proportional hazards method; HR:
hazard ratio; 95%CI: 95% confidence interval; SVG: saphenous vein graft

Figure 7. Propensity score matched comparison of total arterial revascularisation and the use of one or more saphenous vein grafts, n =
12,316 pairs. Reproduced with permission EJCTS 2018[42]. SVG = 0, total arterial revascularisation; SVG = 1, use of one single saphenous
vein graft irrespective of the number of arterial grafts (number of arterial grafts 1.7 ± 1.1); KM: Kaplan-Meier; Cox: Cox proportional
hazards method; HR: hazard ratio; 95%CI: 95% confidence interval; SVG: saphenous vein graft
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The key perioperative risks relate to end-organ dysfunction due to iatrogenic systemic hypotension leading
to end organ hypoperfusion. Acar first advanced the hypothesis that RA was prone to spasm that could
be managed by intravenous vasodilators[63]. The media of RA is thicker than for IMA, and the logic that
RA appeared likely to be prone to spasm gained momentum, resulting in a widespread use of vasodilators
only when RA was used. This continues in most centres today, resulting in early abandonment of RA use.
Remarkably, there has been no large-scale study undertaken to date. Two small randomised controlled trials
(RCT) failed to show benefit for vasodilators, but they were criticised for lack of power[64,65]. In a metaanalysis of six RA RCTs, benefit for vasodilators was found[66], but caution in interpretation was advised[67].
This author has used vasoconstrictors in the majority of patients since 1996, and 100% of patients since
2008 including all patients where RA was used. The author observes that RA spasm is less severe and less
frequent than for IMA.
A theoretical risk for composite grafting is a poorly constructed Y anastomosis, which could compromise
one or both of the conduit limbs distal to the Y graft. However, there are no reports that relate specifically
to this risk. It is assumed that the patency of both limbs is primarily dependent on the integrity of the
conduits and flow dynamics affecting the distal anastomoses. The influence of competitive flow has been
suggested to influence composite grafts to a greater extent than aorta-coronary grafts[68-70]; however, the
bulk of the literature would suggest that the outcomes are similar[71-76].
The relationship between surgeon or institutional operative volume and mortality or other outcomes is
generally strongly held. There is some evidence from the surgical literature (often not relating to CABG)
that lower volume equates with higher mortality or adverse outcome[77-80], whereas other studies found no
such relationship[81,82]. For the Royal Melbourne experience, the mortality of CABG when routine TAR was
adopted was lower[83], and mortality is lower or similar in many reports[52,84-89].
However, this argument misses the point of change in CABG practice. In the examples above, mostly the
analysis relates to performance of a procedure in sufficient volume (or not performing the procedure insufficient volume). In the case of CABG using more arterial conduits, there is usually no change to the
number of cases performed or the reconstruction methods used. Thus, the central consideration relates
to a minor change in practice rather than a consideration of the volume of cases. Specifically, the number
of CABG cases for each surgeon or institution, the number and distribution of grafts, the management of
cardiopulmonary bypass, and for the most part the postoperative management of the patient will all remain
the same. The differences in operative technique for the harvest of arterial rather than venous conduit, the
anastomosis suture technique and any other aspect of the surgical procedure are minor. It is a common
view, therefore, that that differences between non-complex arterial reconstructions and conventional
surgery are greatly exaggerated. The adoption of TAR represents a relatively small and easily managed
alteration to the operative technique.

PSYCHOLOGICAL BARRIERS TO ACHIEVING TOTAL ARTERIAL REVASCULARISATION - THE
KEY BARRIERS
The conformist pressure

A remarkably powerful force in medicine is the desire of a group to be homogenous or at least in
conformity with the leader of the group. In addition, since the cardiac surgeon is dependent on the
cardiologist for patient referrals (but the cardiologist is not dependent on the surgeon for referrals), many
surgeons are conscious of the need to ensure that their referring cardiologists prefers greater use of arterial
grafts - before the surgeon changes their technique. In practice, there is often a misalignment between
cardiologist and surgeon which results in maintenance of the status quo.
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Complications occur in all medical treatments, but, when new techniques are introduced, there is often a
new benchmark established by those resisting change - that of a zero tolerance of complications, different
from normal practice of an acceptable rate of complications as dictated by local guidelines, societies or the
literature. This practice leads to excessive psychological stress on the surgeon attempting the change, often
leading to return to the status quo (the intent of the criticism).
Guidelines are the result of a consultative and consensus opinion of experts reviewing the existing
literature. Level A evidence always relates to techniques that have been in use for a long time, usually
decades. The key intended effect of guidelines is to enforce conformity: for those whose practice lags
behind the mainstream to update to the mainstream practice as well as for pioneers and early adopters of
new techniques to return to the mainstream. “Evidence-based medicine” usually refers to conformity to
guidelines, increasing the risk to the individual practitioner if they practice outside of the guidelines; hence,
risk aversion is a powerful force acting against new change.
Technical difficulty of grafting

The technical difficulty is usually exaggerated. Coronary surgery is fairly basic conceptually and most
surgeons are competent at suturing a conduit to a target coronary artery.
The simple path to evolve practice is to substitute an arterial conduit for a venous conduit - and not to
change any other aspect of the surgical technique. By the use of both IMAs and both RAs, four grafts can
be easily achieved without alteration of the surgeon’s usual operative routine. In this way, the majority of
CABG could achieve TAR and the remainder of the patients could receive multi-arterial grafting. This
change in practice is simple and easily achievable, with minimal risk to the surgeon’s reputation and results
but with long-term survival benefit to the patient.
To achieve routine TAR or at least high rates of TAR does require the use of more complex reconstructive
techniques, which are discussed below, and it is recommended that surgeons who rarely perform TAR
commence with substituting arterial conduits in the first instance before attempting more complex
methods.
The “R” word

Surgeons who infrequently use a RA will usually articulate that the late outcomes of RA are:
(1) “no good”;
(2) RA is difficult to harvest and their assistants are untrained;
(3) RA takes too much time to harvest and they cannot afford the time; or
(4) they have to introduce the use of vasodilators to their practice due to the reports of the high tendency
of RA to spasm, which may then introduce iatrogenic complications related to low blood pressure and
reduced end organ perfusion.
The use of RA is integral to the achievement of TAR for most surgeons (although a BIMAY technique
could be an alternative). In our Australian series, RA represented 47% of all grafts in the TAR group and
25% in the Multi-Arterial Grafting (MAG) group prior to propensity score matching. Our group has a large
experience of RA use and considers:
(1) RA exhibits late angiographic patency very similar to IMA - a patent graft in the short term appears
to remain patent and normal in the long term. This contributes to the TAR group maintaining the highest
late survival, as well as to survival in the MAG group exceeding 1A + SVG. The in-hospital mortality is not
increased in our experience.
(2) RA is the simplest conduit to harvest, and substantially easier than IMA. It is also the easiest harvest
technique to learn. We harvest RA with similar technique methods as for IMA: enter the correct anatomical
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plane (within the fascia surrounding the neurovascular bundle), dissect the tissues with low power electrocautery, divide the branches between two small metal clips with electro-cautery and retain the satellite
veins. Alternatively, use of scissors or an ultrasonic scalpel is also very safe. Topical and intraluminal 1%
papaverine is used.
(3) Harvest of the RA is faster than for IMA and similar to or faster than SVG.
(4) RA is less prone to intraoperative spasm requiring topical therapy than IMA.
(5) For more than two decades, our institution has liberally used intermittent and/or continuous
intravenous vasoconstrictors to maintain physiological blood pressure (usually > 100 mmHg systolic) in
order to maintain end organ perfusion (including cardiac graft perfusion). In the case of these authors,
since 2008, 100% of all cardiac operations have had a low dose of norepinephrine commence at the start
of the anaesthetic and continued throughout the operation and into the ICU period - sometimes for
days. In the case of a severe systemic inflammatory response syndrome, the infusion may be substantially
increased even to 50 µg/min. We have not observed RA spasm clinically, and, rarely when a patient
undergoes perioperative angiography, we have not documented RA spasm. We do not use intraoperative
calcium channel blocking agents and there is a highly variable use of these agents postoperatively with poor
compliance on follow up. We therefore advocate that surgeons using RA for the first time or infrequent
users of RA should not vary their intraoperative or postoperative management from their usual practice
and not make any adjustments to their usual blood pressure guidelines or to the drugs that they normally
use.
(6) RA is longer than IMA.
(7) RA is larger and more robust, making anastomosis construction easier than for IMA.
(8) RA is less prone to kinking than SVG.
Cognitive dissonance

Leon Festinger was a New York born social psychologist, who published the Theory of Cognitive
Dissonance[90,91]. This wide-ranging theory has some applicability to cardiac surgery.
Consider: Example from the theory: a smoker, who knows that smoking is harmful and that he should stop,
continues to smoke. Why?
The theory explains that the desire to smoke conflicts with the desire to be healthy, resulting in internal
psychological tension (dissonance) and they will take steps to try and reduce this tension. For example,
they may rationalise their behaviour, excuse it, blame others, deny it, etc. However, a further facet of the
theory is that, if another person were to try and persuade them to stop smoking, or even blame them
for smoking, then they will vigorously defend their right/desire/intent to keep smoking. That is, the help
offered is frequently seen as more threatening to their sense of self than is their own internal conflict on the
same subject.
Example from cardiac surgery: a cardiac surgeon, who believes that SVG will ultimately fail and would
prefer to use more arterial grafts but continues to use SVG.

THE HOW: PRACTICAL STEPS TO BECOME A ROUTINE TAR SURGEON
Keys to success

1. It is relatively easy and safe to become a “mostly” TAR surgeon.
2. Stage the introduction of more complex techniques and become comfortable with them before
proceeding.
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Radial artery harvest

The key to simple RA harvest is to enter the correct anatomical plane, which is within the fascia
immediately surrounding the superficial radial nerve, radial artery and veins. Here, the RA lies in loose
areolar tissue and can be harvested with its two satellite veins with the minimum of dissection.
Tips: Please do not include surrounding tissues such as additional deep fascia, muscle or tendon fragments,
as this increases the trauma to the forearm without benefit. Specifically, such a harvest has no advantage for
influencing spasm.
An alternative is endoscopic harvest of RA and it is not recommended that this technique is used in the
initial experience. The open technique will provide for a clear understanding of the anatomy and minimise
any risk to the RA or forearm structures [Video 1].
Tips: Division of the proximal end of RA can be undertaken with metal clips or suture ligation (the
latter recommended in the initial experience). No separation of the satellite veins from the RA should be
performed prior to proximal division, as this often causes spasm of the proximal 1 cm of RA. However,
separation of the veins after division does not cause spasm, and the reason for this is not apparent.
Generally, spasm is less common or severe than that seen in the distal segment of the IMA and treatment is
the same, with use of papaverine and rarely use of a metal probe.
RA may be stored with the usual preparation used by the surgeon for IMA. The author uses 1% papaverine
with heparin and no blood, whereas others may dilute the solution with some blood of similar volume.
There is no convincing evidence of efficacy superiority for any method.
Grafting aorta-coronary with radial artery (keep it simple)

Using the same suture technique and suture material, as is the normal practice of the surgeon when grafting
with SVG, should result in the same technical result as is their usual practice.
Tips: The RA is easier to use than SVG as it has a thicker wall and is more elastic and so less prone to
kinking if it is of redundant length. A minor technique difference of the distal anastomosis is that the RA
does not require the construction of a “hood”. For SVG to adopt a satisfactory lie without flattening over
the toe (distal) region of the anastomosis, it is common for surgeons to leave some of the SVG redundant
so that a rounded “hood” is created. This occurs when the conduit anastomosis area is larger than the
coronary anastomosis area. This is not necessary for all arterial conduits, and exact size matching is
preferred and does not ever lead to restriction at the anastomosis.
The proximal anastomosis to the aorta is constructed as for an SVG anastomosis with the same suture
materials (e.g., 6O Prolene). No SVG intermediary hood between the aorta and the RA, or any alternative
anastomosis method, is required.
Sequential grafting

The rationale for single SVG conduits per distal coronary anastomosis arose from the experience gained
during the 1970s. It was common to use a single length of SVG to commence at the aorta and then
graft all distal targets with sequential anastomoses - the so-called “round the world” graft. Since the
most common site of SVG graft failure was near to the aortic anastomosis, the danger was that all grafts
would fail simultaneously, leading to large ischemic implications. The strategy of a separate conduit for
each anastomosis was therefore a strategy of limiting the impact of SVG graft failure to just one target
anastomosis. Sequential grafting therefore fell out of favour.
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In the era of arterial grafting, sequential grafting is essential to maximise the efficient use of conduit. The
underlying premise is that arterial conduits will remain patent in the long term, distinct from the SVG
experience.
A wide variety of sequential anastomosis techniques has been described[92-95], but we describe a simple and
pragmatic approach in this section. The conduit is then draped over the coronary artery at whatever angle
appears to offer the best “lie” without tension. This may vary from directly overlying (“parallel”), to crossing
at right angles (“diamond”) or somewhere in between (“oblique”). An incision is made longitudinally
in both coronary artery and conduit of equal size. If the first suture placed passes through the native
coronary artery at a point where the heel of the conduit would lie, and the second needle is then used to
pass through the conduit at the heel, this angle is preserved. The anastomosis may then be completed with
whatever usual suture method is preferred by the surgeon.
Tips: Arterial conduits may be constructed with parallel or oblique anastomoses due to the ability of
the arterial conduit to adopt curves with redundant length of conduit as they are not prone to kinking.
However, the SVG is very prone to kinking and it is essential for most sequential anastomoses that it be
constructed to prevent any curvature to SVG, which usually results in the lie of the SVG and the coronary
target being at right angles to each other - the diamond anastomosis.
Tips: It is generally easier to construct sequential anastomoses along the length of the conduit from its
proximal to distal end, as this facilitates the movement of the free distal end of the conduit during suturing.
Consideration should be made to creating the aortic anastomosis first, followed by sequential grafting along
the length of the conduit as required.
Y (composite) grafting

The key elements of Y grafting are established by the techniques already described[95-99]. Use of RAY where
the LIMA and left RA are harvested simultaneously results in no prolongation of the operation over usual
practice and additionally may be useful if the right RA has been used to perform diagnostic coronary
angiography.
To perform the Y anastomosis, place two folded gauze over the distal ascending aorta after division of
the thymus. This stabilises the movement from the heart facilitating suturing. At the level of the inferior
aspect of the brachiocephalic vein, make a longitudinal incision on the chest wall aspect of the LIMA
approximately 50% longer than for the LAD anastomosis. The proximal end of the RA [or free right internal
mammary artery (RIMA)] is then sutured using the usual method of the surgeon. The two conduits should
be tacked together to prevent inadvertent torsion occurring.
The LAD territory should be grafted with the LIMA first, and sequential grafts performed to diagonal
arteries as appear comfortable by draping the LIMA over the branches. This sequence is necessary to
position the Y graft correctly, which should lie near to the lateral border of the pulmonary artery. If a hole
was made in the pericardium to pass the conduits, the Y should be positioned near to this hole. The RA (or
second IMA) should then be used to revascularize the circumflex and/or the right coronary territory by
performing sequential anastomoses along its length from proximal to distal. The final anastomosis for each
conduit is an end-to-side anastomosis.
If cardioplegic arrest is used, release of the conduit clamps may allow early reperfusion as well as optimal
conditions for inspection of the anastomoses for leaks and for the lie of conduits.
Tips: The complexity of this operation is usually exaggerated; however, caution is advised during the early
experience when using it for unstable patients, rescue situations or other factors that lead to additional
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independent stress for the surgeon. It is far better to become familiar with the technique under ideal or
optimal circumstances, so that under urgent or non-optimal circumstances the methods are well practiced.
Alternative combinations of graft reconstructions

Many variants are described but these may be summarised as “mini-Y” grafts. Specifically, short lengths
of conduits that may have been redundant from a previous aorta-coronary graft can be effectively utilised
by creating a Y graft and using the conduit to graft a coronary artery with a more ideal lie. For example, a
short length of IMA or RA could be sutured to the LIMA as a Y graft and used to graft a diagonal artery
that was adopting a course widely divergent from the LAD, making a conventional sequential anastomosis
with the main LIMA more difficult. Generally, more complex iterations of this technique do not facilitate
ease of grafting.
Relatively common grafting configurations are depicted in Figure 8.
Alternative conduits

Second internal mammary artery
Use of a second internal mammary artery in composite grafting is discussed above. The alternative is the
use of an in situ or RIMA. The key limitation of the in situ graft is the frequent inability to reach distal
coronary targets. Devotees of the use of in situ graft usually claim that the PDA and sometimes the left
ventricular branch, distal LAD or more distal marginal arteries can be reached; however, this is often not
the case in the hands of many surgeons. The trajectory to the right coronary territory may be at risk of
tension with excessive inflation of the lungs. Additionally, for circumflex territory targets, the trajectory of
the RIMA may limit grafting by being constrained to passage through the transverse sinus or anterior to
the ascending aorta to reach the LAD. For these left coronary vessel targets, the presence of a patent IMA
graft in close proximity to the ascending aorta results poses a significant risk of inadvertent injury during
redo surgery. Additionally, the meta-analysis data would suggest that, on balance, the risk of deep sternal
wound infection with bilateral compared to unilateral IMA harvest roughly doubles[53-56]. The free graft
is commonly believed to confer a lower patency compared to the in situ graft. However, this may be an
anomaly of grafting strategy, as it is most commonly grafted to the RCA targets, or to circumflex targets of
secondary importance. Therefore, when compared to LIMA-LAD grafts, the patency is lower, yet similar
to other arterial grafts[100,101]. However, when a free IMA is grafted to the LAD, the survival is similar[102]. It
is likely therefore that the higher patency of the LAD graft principally reflects the larger “run-off” of this
vascular bed, compared to the conduit.
Gastroepiploic artery
The proponents are predominantly Japanese surgeons and advocate a pedicled over a free graft
configuration[87,103-107]. The reported complication rate of harvesting this conduit is low, but it is rarely used
outside of Japan. The popular view internationally is that the harvest of this conduit is a major additional
step to surgery and that the complication rate would be higher than for either SVG or RA harvest.
Logically, this appears likely, especially with the higher obesity rates in Western countries, but there is very
little direct evidence. The artery itself would be expected to behave in a similar manner to IMA or RA, by
being resistant to the development of conduit atherosclerosis over the long term[103,108].
Degree of coronary stenosis and graft selection

This topic is beyond the scope of this article. Competitive flow may affect all conduits and is present in all
coronary territories. General observations are that the effects are greatest in the RCA territory and least in
the LAD territory. For the surgeon early in their experience with multiple arterial grafting, it is wise to be
conservative and graft lesions of high severity (e.g., ≥ 80% stenosis). The alternative to grafting should be
not to graft, rather than grafting with SVG.

Page 16 of 22

Royse et al. Vessel Plus 2020;4:5 I http://dx.doi.org/10.20517/2574-1209.2019.34

Figure 8. Commonly performed alternative grafting configurations achieving total arterial revascularisation: A: classical Y graft; B:
conventional grafting strategy (sequential grafting as required for each conduit within each coronary territory; C: in-situ RIMA to
circumflex via transverse sinus; D: in-situ RIMA to LAD and LIMA to circumflex; E: in-situ RIMA to RCA territory; and F: “mini” Y grafts
from LIMA to left sided coronary targets, with additional aorta-coronary conduit for RCA territory. LIMA: left internal mammary artery;
RIMA: right internal mammary artery; RA/FRIMA: radial artery or free right internal mammary artery; LAD: left anterior descending
artery; Cx: circumflex; RCA: right coronary artery
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The effects of competitive flow are subject to some popular misconceptions:
1. Reduced arterial graft patency with reduced degree of coronary stenosis is not a “binary” phenomenon.
Surgeons often assume that patency will be 100% when grafted to coronary lesions of more than a particular
value (e.g., 80% or 90% stenosis) - and, conversely, they assume the patency will be 0% when grafted to
lesions of less than this value. This is incorrect and exaggerated. The patency progressively diminishes as
the degree of coronary stenosis decreases, and there is no specific cut-off value whereby patency falls to
zero[71,109-112]. In our as yet unpublished experience, the patency of all conduits exceeds 50% at angiography
when grafted to coronary lesions of ≥ 50%.
2. Use of SVG is resistant to the effects of competitive flow and can be used without adverse consequence
for mild or moderate lesions. Our data indicate that even single SVG is associated with long-term
adverse survival implications and we would advise avoidance of grafting with any conduit under these
circumstances.
3. Early arterial graft failure from competitive flow is still a failure. From the clinical perspective, this is
not true. The lack of a flow limiting coronary lesion (at rest) results in a minimal blood pressure drop
distal to the lesion, and therefore a minimal pressure gradient driving flow across the conduit. The lack of
conduit flow presumably leads to conduit ischemia, although the precise mechanism of arterial graft failure
is unknown. Late histology of a string sign reveals a viable media and adventitia; however, the lumen is
mostly obliterated with intimal hyperplasia. Because the target myocardium remains well supplied by blood
at rest, there is no ischemic consequence to this graft failure.
4. A “string sign” (an angiographic appearance of severe and diffuse narrowing of an arterial conduit lumen,
which does not fill the native coronary artery via the graft) is thought to be a reversible state. Many would
believe that this is caused by spasm of the conduit (rather than the intimal hyperplasia seen at histology)
and that relaxation of the conduit wall will reverse patency. We have never documented a case of reversal of
string sign and consider it permanently occluded.

FINAL WORD: BUYING INTO THE LEFT MAIN CORONARY STENOSIS PCI VS . CABG DEBATE

Head et al.[113] performed a patient level pooled analysis of 11 RCT examining PCI vs. CABG. The findings
were of five-year all-cause mortality benefit for CABG (HR = 1.20, 95%CI: 1.06-1.37, P = 0.004). However,
the benefit was confined entirely to multivessel and complex coronary disease and in diabetic patients (HR
= 1.28, 95%CI: 1.09-1.49, P = 0.002). Non-diabetics and those with left main stenosis had no significant
difference.
In late 2019, the five-year data for the EXCEL[114] and NOBLE[115] trials examining left main coronary
stenosis of low and intermediate complexity were released. Great controversy surrounding the definition
used for myocardial infarction (alleged to favour PCI) was ongoing at the time of this manuscript
preparation. Nevertheless, these two trials reported apposing analyses using composite endpoints. The
EXCEL trial reported no significant difference (HR = 1.19, 95%CI: 0.95-1.50, P = 0.13). The NOBLE trial
reported superiority for CABG (HR = 1.58, 95%CI: 1.24-2.01, P < 0.001).
The key relevance to this manuscript is that none of the CABG vs. PCI trials accurately describe the
revascularisation techniques of the CABG arm. Since the vast majority of patients are from North American
or European centres, it is left to the reader to assume that the technique of CABG would closely reflect
“routine” clinical practice in these regions. Specifically, it is therefore likely that the vast majority of patients
undergoing CABG in these trials would have received a single arterial graft and supplementary SVG. What
this suggests, is that the superiority of CABG over PCI in these trials - may be further magnified by a factor
of at least 1.22 - if all of the CABG arm were to have received total arterial revascularisation.
It is therefore a matter of speculation as to whether PCI vs. CABG that is comprised entirely of total arterial
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revascularisation would demonstrate magnified significant differences, or converted non-significant to
significant differences. There is a strong logical basis to propose new PCI vs. CABG (TAR) trials.

CONCLUSION
To increase the use of arterial grafts by initially substituting arterial conduits for venous conduits - but not
altering the techniques of the surgeon - is a simple and pragmatic approach toward routine total arterial
revascularisation. To achieve universal arterial graft use, a stepwise approach, practising the various
sequential and Y graft methods, should be initially undertaken in elective and low risk surgery to minimise
stress on the operating team.

DECLARATIONS
Authors’ contributions

Authored this manuscript based on the work of many other studies and publications including manuscript
design, writing, incorporation of prior analyses and of clinical opinion offered: Royse A
Co-authored all of the referenced studies and was involved in study design, execution and analysis in all:
Royse C
Contributed to data collection and analysis in all of the studies referenced: Boggett S
Involved in the analysis of all of the studies referenced and co-written all: Clarke-Errey S
Involved in writing, data collection, data analysis and study design of the original study for the comparison
of total arterial revascularisation and use of saphenous vein graft published in the European Journal of
Cardiothoracic Surgery: Pawanis Z
Availability of data and materials

Not applicable.

Financial support and sponsorship

None.

Conflicts of interest

All authors declared that there are no conflicts of interest.
Ethical approval and consent to participate

Not applicable.

Consent for publication

Not applicable.
Copyright

© The Author(s) 2020.

REFERENCES
1.
2.
3.
4.

Tabata M, Grab JD, Khalpey Z, Edwards FH, O’Brien SM, et al. Prevalence and variability of internal mammary artery graft use in
contemporary multivessel coronary artery bypass graft surgery. Circulation 2009;120:935-40.
Bridgewater B, Keogh B, Kinsman R, Walton P. Sixth national adult cardiac surgical database report 2008. Oxfordshire: Dendrite Clinical
Systems Limited; 2009.
Loop FD, Lytle BW, Cosgrove DM, Stewart RW, Goormastic M, et al. Influence of the internal-mammary-artery graft on 10-year survival
and other cardiac events. N Engl J Med 1986;314:1-6.
Lytle BW, Loop FD, Cosgrove DM, Ratliff NB, Easley K, et al. Long-term (5 to 12 years) serial studies of internal mammary artery and
saphenous vein coronary bypass grafts. J Thorac Cardiovasc Surg 1985;89:248-58.

Royse et al. Vessel Plus 2020;4:5 I http://dx.doi.org/10.20517/2574-1209.2019.34
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.

Page 19 of 22

Lytle BW, Cosgrove DM, Loop FD, Borsh J, Goormastic M, et al. Perioperative risk of bilateral internal mammary artery grafting:
analysis of 500 cases from 1971 to 1984. Circulation 1986;74:III37-41.
Sabik JF, Lytle BW, Blackstone EH, Houghtaling PL, Cosgrove DM. Comparison of saphenous vein and internal thoracic artery graft
patency by coronary system. Ann Thorac Surg 2005;79:544-51.
Fitzgibbon GM, Kafka HP, Leach AJ, Keon WJ, Hooper GD, et al. Coronary bypass graft fate and patient outcome: Angiographic followup of 5,065 grafts related to survival and reoperation in 1,388 patients during 25 years. J Am Coll Cardiol 1996;28:616-26.
Grondin CM, Campeau L, Lespérance J, Enjalbert M, Bourassa MG. Comparison of late changes in internal mammary artery and
saphenous vein grafts in two consecutive series of patients 10 years after operation. Circulation 1984;70:1208-12.
Bikdeli B, Hassantash SA, Pourabdollah M, Kalantarian S, Sadeghian M, et al. Histopathologic insight into saphenous vein bypass graft
disease. Cardiology 2012;123:208-15.
Buckley BH, Hutchins GM. Accelerated “atherosclerosis.” A morphologic study of 97 saphenous vein artery bypass grafts. Circulation
1977;55:163-9.
Davies MG, Hagen PO. Reprinted article “Pathophysiology of vein graft failure: a review”. Eur J Vasc Endovasc Surg 2011;42:S19-29.
Hassantash SA, Bikdeli B, Kalantarian S, Sadeghian M, Afshar H. Pathophysiology of aortocoronary saphenous vein bypass graft disease.
Asian Cardiovasc Thorac Ann 2008;16:331-6.
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