
T he classical coronary bypass with ex-
tracorporeal circulation and the ex-
clusive use of venous grafts has not

lived up to expectations for an uncomplicat-
ed perioperative outcome and good func-
tioning of the grafts in the long term. Four
decades of coronary artery surgery have fea-
tured a long quest for a safer method and
for more appropriate grafts. This article de-
scribes the surgical landscape as well as the
current trends in the era of surgical myocar-
dial reperfusion.

A retrospective

In 1967, the Argentinean Favaloro, working
at the Cleveland Clinic, carried out an his-
toric surgical procedure, bypassing the right
coronary artery with a saphenous vein graft
under extracorporeal circulation and thus
opening the way to the classical coronary
bypass operation.1 Adopting this technique,
Johnson in Milwaukee introduced multiple
coronary artery reperfusion with venous
grafts.2 Around the same time, a Russian,
Kolessov, had already introduced the phi-
losophy of coronary bypass on a beating
heart in 1966 by achieving the anastomosis
of the left internal mammary artery (IMA)
to the anterior descending branch.3 The
developments that followed those break-
throughs and continued until the present
day had to do with the use of an arterial
graft, the spread of the beating heart tech-
nique, the discovery of less invasive ap-

proaches or methods, and finally, the utili-
sation of the technology of the robotics era
and anastomotic devices. As regards the
grafts, the first clinical implantation of a left
IMA to the anterior descending branch in
the western world was performed in New
York, in February 1968, by Green.4 In 1974,
Barner reported the reperfusion of 100 pa-
tients using bilateral IMA.5 The good re-
sults very soon led surgeons to seek meth-
ods for the further utilisation of the IMA,
which was in regular use at the start of the
1980s, and to carry out compound grafts
such as the T-graft,6 the Y-graft,7 the pi-graft8

and others.
At the same time, the quest for other

arterial grafts led to the use of the radial
artery since 1971, the right gastroepiploic
artery since 1987,9-11 and the inferior epigas-
tric artery since 1990. It is noteworthy that
the initial evaluation of the patency of the
radial artery was poor, with the result that
the graft was abandoned until 1991, when a
Frenchman, Acar, revived its use with a si-
milar vascular preparation protocol and the
perioperative use of diltiazem.12 The avoid-
ance of extracorporeal circulation was in-
troduced, mainly for financial reasons, in
Latin America by Benetti13 and Buffolo14

during the 1980s. However, widespread ac-
ceptance of the off-pump coronary artery
bypass (OPCAB) technique came later, to-
wards the end of the 1990s, via the experi-
ence acquired a few years earlier from mini-
mally invasive techniques and through the
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adoption of commercial stabilisers to facilitate anas-
tomoses. In 1995 Benetti introduced the minimally
invasive direct coronary artery bypass (MIDCAB)
technique, implanting the endoscopically prepared
left IMA to the anterior descending branch with an
inferior “mini” sternotomy.15 However, the method
was made popular in 1996 by Calafiore in Italy, who
was able to perform not only the anastomosis but also
the preparation of the IMA through a small anterior
thoracotomy with direct monitoring: the LAST oper-
ation.16 Even though the use of the method is limited
to reperfusion procedures involving the anterior wall
only, it provided the spark for the manufacture of com-
mercial products that really opened the way to the wider
acceptance of the OPCAB technique, 35 years after
Kolessov’s efforts and 15 years after Benetti’s and Buf-
folo’s original operations. 

Rapid technological developments and the wide-
spread adoption of percutaneous angioplasty at the end
of the 1990s led surgeons to seek out progressively less
invasive methods. One such researcher was Loulmet,
who introduced robotic reperfusion in December 1998.17

The ground had been prepared earlier and the concept
of “port access” surgery had been introduced as a means
of carrying out multiple vessel reperfusion via small in-
cisions. This technique was based on the triple-lumen
catheter built and tested experimentally by Peters in
1993. This catheter, when introduced via the femoral
artery, was able to achieve intraluminal occlusion of the
aorta with a balloon, the administration of cardioplegia
and degassing of the left ventricle.18 The clinical study
of the system for coronary bypass procedures was car-
ried out during 1995-96 in the universities of Stanford
and New York. Its connection with extracorporeal cir-
culation was achieved via a cruro-femoral approach and
the surgery was performed using endoscopes and small
incisions that facilitated access to the target vessel.19

The introduction of robotic technology allowed
the possibility of surgery with an entirely closed chest
cavity: total endoscopic coronary artery bypass (TECAB).
At the same time, increasing experience with off-
pump surgery led in early 2000 to the first beating heart
procedures using a robotic system.20,21 Finally, it is
worth mentioning the first clinical applications, at the
dawn of the new century, of automatic anastomotic
devices in the ascending aorta for carrying out central
anastomosis, or of systems for peripheral anastomo-
sis, mainly represented by the MVP-system, which is
comprised of 2 magnetic elliptical rings that are fixed
to the graft and the coronary vessel and held together
by magnetic attraction.

Long-term results from the use of grafts

As shown in an historic study by Loop in 1986, the use
of at least one mammary artery graft significantly im-
proves the expected 10-year survival.22 Equally impor-
tant is a second study, 13 years later, by Lytle et al in
1999, who showed that the use of both IMA is associat-
ed with better long-term results than is the use of just
one, while also improving survival and reducing cardiac
events.23 This finding was confirmed in large series of
patients by Schmidt et al,24 Buxton et al,25 Pick et al,26 as
well as in a systematic overall evaluation of the biblio-
graphic data by Taggart et al.27 Dozens of techniques
have been described for maximising the use of the IMA,
such as bilateral direct use, sequential use, use as a
free graft, creation of compound grafts based on the
IMA, and other variations. All these were aimed at to-
tal arterial reperfusion with exclusive use of the two
IMA or the supplementary use of another arterial
graft.28-30 At the same time, the need for a greater length
of IMA led to the technique of “skeletonized and pedi-
cled” IMA, which proved to lead to an increase in auto-
matic flow31 and a reduction in sternal wound complica-
tions,32 while in no case did it disturb the anatomy and
physiology of the graft.33,34 Incidentally, in other arterial
grafts, such as the radial artery, “skeletonization” is as-
sociated with damage to the endothelium or an increase
in perioperative complications from vessel spasm.35,36

The absolute contraindications for the use of the IMA
do not exceed 1% and are related with subclavian artery
stenosis, chest injury or skeletal anomalies. Relative
contraindications for bilateral use, which in most cen-
tres have been refuted, are diabetes mellitus, chronic
respiratory problems, advanced age, obesity, severely
reduced left ventricular function and acute myocardial
infarction.

As is well known, diabetic patients make up a large
proportion of the total of patients with coronary artery
disease (around 30-35%). Apart from the higher risk of
perioperative infections, they have a greater likelihood
of bypass dysfunction and higher long-term mortality.37

Coronary bypass is the treatment of choice for the coro-
nary patient with diabetes mellitus.38 The BARI study
and others recommend the use of the mammary artery
in diabetic patients, since the 5-year mortality is lower
than in patients who receive venous grafts or who un-
dergo percutaneous angioplasty.39 In the case of bilater-
al use of the mammary artery a higher risk (from four-
to tenfold) of sternal wound complications has been
described.40 However, the use of skeletonized mamma-
ry arteries, even in insulin-dependent patients, gives
results similar to the use of a single IMA: 4% versus
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2.7%, respectively. At the same time, the diabetic reaps
the benefit from the use of both IMA over the passage
of time, since a high proportion of the deaths from car-
diac cause disappear.41 Skeletonizing the mammary ar-
teries also seems to be particularly beneficial to the oth-
er high-risk groups, such as the aged,42,43 and patients
with chronic respiratory problems,44 while it is associat-
ed with less blood loss during the preparation of the
graft.45

Concerning the phenomenon of hypoperfusion in
the case of compound grafts, it must be said that the
flow reserve of a pedicled IMA is similar to the periph-
eral outflow and approaches three times the flow neces-
sary for complete myocardial reperfusion. The hypop-
erfusion phenomenon may occur in cases of significant
myocardial hypertrophy,46 or a small-lumen IMA in the
proximal sections of the compound graft before the
anastomoses.47 A series of studies has demonstrated
the good long-term patency of the T-graft using a free
mammary artery end-laterally in the pedicled,48 or the
radial artery, especially in the case of multiple anasto-
moses or remote branches.49 Finally, the long-term re-
sults from the use of the mammary artery continue to
be exceptionally good.50

Pym, Suma and Carter were the first to report the
use of the right gastroepiploic artery (RGEA) in coro-
nary artery surgery. At the beginning of the 1990s the
RGEA was the third most used arterial graft after the
two IMA,51,52 but it later fell into disuse because of the
wide acceptance of the radial artery and the analysis
of its long-term results. Suma showed angiographic
graft patency 85% at 5 years and 62% at 10 years.53

Personally, I would include among the disadvantages
of the graft its tendency to spasm because of the over-
rich muscular sheath compared with the IMA, the tech-
nical difficulties during anastomosis because of the rel-
atively small lumen, the mismatch with wide-diameter
target vessels and dysfunction of the graft during its use
in a persistently moderately stenotic right coronary ar-
tery. Its advantages include the fact that it is a pedicled
graft with the capability of adapting its flow and that it
is suitable for reperfusion of the posterior descending
branch, which is difficult to approach with the pedicled
right IMA. Finally, together with simultaneous bilateral
use of the IMA it allows complete arterial myocardial
perfusion. This model was studied clinically in large se-
ries of patients, by researchers such as Tavilla (207 pa-
tients),54 Nishida (239 patients),55 and Bergsma (256 pa-
tients).56 They describe 7-year survival 88-91%, absence
of angina 85-92% and absence of cardiac events 78%.
However, the findings from series where both IMA and

other grafts such as venous or radial artery grafts were
used are similar.57 Finally, the aorta non-touch techni-
que could potentially serve as a model of reperfusion
without the use of extracorporeal circulation.58

The radial artery is used for coronary artery surgery
as a free graft and these days has largely replaced the
venous grafts that are used in a similar fashion. It is a
wide-diameter graft, prepared at the same time as the
mammary arteries, it can easily be anastomosed to the
aorta, it is of satisfactory length and it is “user friendly”
because of its thick wall. Good long-term results were
reported from the revival of its use by Acar.59,60 Today,
about a decade after the time it was widely used, it is
possible to judge its long-term results regarding paten-
cy. Possati et al reported 92% patency from 90 radial
artery grafts at 8 years.61 Tatoulis et al, in 177 grafts,
found 94% patency after the first year and 89% at 4
years.62 In the same series, the patency of 1345 left IMA,
605 right IMA and 3714 venous grafts was at 5 years
98%, 96% and 95%, respectively, at 10 years 95%, 81%
and 71% and at 15 years 88%, 65% and 32%, respec-
tively. At the same time, in the conclusions of this excel-
lent study, apart from the type of graft the patency was
also associated with the target vessel (superiority of the
anterior descending for all grafts), as well as with the
degree of stenosis of the vessel. In the latter case, the 4-
year patency of the radial artery when the vessel steno-
sis was >80% was 92%, otherwise it was 83%. The poo-
rest patency was seen in anastomosis of a moderately
stenotic right coronary artery with a pedicled or free right
IMA or with a radial artery. This observation could pro-
vide justification for the recommendation of Suma et al
to use a venous graft in such cases.53 In these days of drug-
eluting stents, it might be preferable to carry out sup-
plementary angioplasty after reperfusion of the left sys-
tem in cases with a moderately diseased right coronary
artery.

The patency of venous grafts at 10 years is unsatis-
factory, since 40% of grafts are occluded, 30% are ste-
notic and only 30% function well. Dion et al increased
the percentage of good patency to 76% at 8 years only
for cases with sequential use of a venous graft.63 The in-
ferior epigastric artery did not live up to expectations,
since it was a short graft with a tendency to atheromato-
sis in the initial segment, and in practice it has been most-
ly abandoned.

In view of the above, I consider that the choice of
third graft after the two mammary arteries should be
based mainly on the long-term patency, but also on oth-
er factors. In comparison with the RGEA the radial
artery is superior, mainly in terms of ease of use and

S.N. Prapas

176 ñ HJC (Hellenic Journal of Cardiology) 



secondly because of its slightly better long-term results.
A free graft can be anastomosed to the aorta with ac-
cess to all targets, while as part of a compound graft it
can facilitate complete myocardial reperfusion,64 even
without manipulation of the aorta.65,66 Limiting the blood
supply of the upper limb to a single vessel, the tendency
to spasm and the few complications from the use of the
radial artery are counterbalanced by the communica-
tion between the chest and the peritoneal cavities and
the similar drawbacks associated with the use of the
RGEA. The superiority of the radial artery over ve-
nous grafts seems clear; however, there are no studies
of radial artery patency beyond the 10-year period in
which we see the rapid deterioration of function in ve-
nous grafts. It is a fact that the radial artery does not
show medium-term atheromatous lesions67 and has
been associated with a better clinical outcome in a num-
ber of studies. Zacharias et al found 6-year survival to
be 92.1% in patients with an IMA graft in the left ante-
rior descending branch and 1 or 2 radial arteries, com-
pared with 86.8% when venous grafts were used instead
of radial arteries. Over that interval the patency was 71%
for the radial arteries and 59% for the venous grafts.68

The radial artery is also the graft of choice for oc-
cluded venous grafts on reoperation.69 The opposite ap-
plies, of course, in cases with a pathological Allen test
(around 5%) or in patients with renal disease where the
radial arteries have been used or must be preserved for
use in shunts. Also, the use of venous grafts in cases of
moderate obstruction of the target vessel seems to be as-
sociated with a lower probability of graft occlusion than
when arterial grafts are used, as was demonstrated by
Shimizu et al in a recent study.70 Finally, venous grafts
are a goldmine in patients with an urgent need for re-
perfusion, because of their rapid preparation, in aged
patients with expected survival less than a decade, in
cases of acute perioperative dysfunction of an arterial
graft, or in cases where the surgeon prefers them based
on greater experience in their use, especially for the
right coronary artery.

Evaluation of surgical techniques

The use of extracorporeal circulation is of technical
convenience to the surgeon but leads to a general in-
flammatory reaction, called systemic inflammatory re-
sponse syndrome (SIRS), which has been studied ex-
tensively and is mainly related with contact between the
blood and the biological surfaces, its dilution and the
absence of pulsatile flow. The negative pathophysiolog-
ical consequences of the phenomenon are associated

with postoperative dysfunction of many organs as well
as the blood.71,72 Various drug protocols, methods and
clinical approaches, such as the use of a leukocyte fil-
ter,73 extracorporeal circulation with pulsatile flow,74 the
use of heparinised surfaces,75 and others that have been
suggested from time to time have been able to mitigate
the phenomenon but never to eliminate it. Fortunately,
in clinical practice—especially in a patient who is well-
monitored preoperatively—it is not related with clinical
morbidity. However, high risk patients often pay a price
for using extracorporeal circulation in the perioperative
period. In a series of studies of low or medium risk pa-
tients the early outcome from the use of extracorpore-
al circulation was the same as for the OPCAB techni-
que.76,77 Nathoe et al78 found similar long-term results
as regards survival, incidence of cardiac events, need for
reoperation and one-year graft patency (93% for on-
pump versus 91% for OPCAB).

OPCAB has proved superior in high risk patients.
In acute coronary syndromes with progressing infarc-
tion and myocardial deterioration the use of extracor-
poreal circulation is disadvantageous, since it imposes
an additional burden on the myocardium and myo-
cardial protection is compromised.79 OPCAB is also
associated with a better outcome in patients who un-
dergo operation soon after a myocardial infarction,80,81

as well as in those with a low ejection fraction.82 The
same applies to aged patients, where OPCAB is asso-
ciated with significantly lower mortality, incidence of
stroke, duration of mechanical ventilation and hospital-
isation in general.83-86 In low and medium risk patients
with chronic respiratory problems the outcome is inde-
pendent of the use of extracorporeal circulation.87 If
other risk factors are present, however, the outcome of
OPCAB surgery is clearly better.88 It is significant that
in specific patients keeping the pleural space closed
leads to fewer respiratory complications.44,89 OPCAB
also offers better protection of renal function in com-
parison with classical surgery90,91 and the recommenda-
tion to treat renal patients with OPCAB is generally ac-
cepted. OPCAB is associated with better results and
fewer strokes in patients with carotid artery disease or
peripheral vascular disease.92 Off-pump reoperation is
feasible in a large proportion of cases and has excellent
results.93-95

The less invasive techniques, such as MIDCAB,
LAST, endoscopic atraumatic coronary artery bypass
(Endo-ACAB), also have their place nowadays, but
are performed by a small number of qualified sur-
geons. The Endo-ACAB technique, as described by
Vassiliades96 with the use of endoscopic cardiac posi-
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tioners, has overcome the limitations of the other two
techniques and is applied for multiple vessel myocar-
dial reperfusion. The philosophy behind the less inva-
sive incisions introduced by the above techniques also
finds application in reoperations through the use of
the subxiphoid incision for the inferior wall (use of
RGEA), or small lateral thoracotomy for the lateral
wall (central anastomosis to the descending aorta),
profiting from the limited endopericardial detachment
of the heart. The most important thing of all is that it
is possible to perform less invasive reperfusion of the
anterior descending branch combined with percuta-
neous angioplasty of other vessels. The above view is
supported by a comparative study of outcomes in pa-
tients with disease of the anterior descending branch,
where MIDCAB access and surgical reperfusion was
associated with a better outcome in comparison with
angioplasty and stent implantation in the same vessel.97

The use of the Da Vinci robotic system has so far
either found similar applications to those of Endo-
ACAB, replacing the endoscope for the preparation of
the IMA, or has achieved reperfusion of one or two tar-
gets on the anterior wall or perhaps also the right coro-
nary artery.98-99 The future will show the capabilities of a
robotic system for multiple vessel myocardial reperfu-
sion, an expectation that may be feasible with the use of
absolutely safe automatic anastomotic devices and oth-
er technological achievements. These have already be-
gun to be used in coronary artery surgery, but with equi-
vocal results.100

Manipulation of the ascending aorta

Atheromatous lesions of the ascending aorta in patients
who are undergoing coronary bypass surgery are seen
in about 13% of cases.101 Detachment and embolism of
atheromatous material as a result of surgical manipula-
tions is the main cause of perioperative stroke.102,103 In
practice, this means that the incidence of such episodes
is a function of the degree of atheromatosis of the as-
cending aorta and of the manipulations that are carried
out during surgery. Additionally, given that the exis-
tence of atheromatosis in the aorta increases linearly
with age and that one third of patients who undergo
coronary bypass nowadays are aged over 70 years (a
fraction that is tending to increase104), the problem of
an atheromatous ascending aorta is likely to become
even greater than at present. In the past various series
of techniques were proposed for the reduction of the
risk involved in manipulations of the ascending aorta,
such as placement of an aortic cannula in the aortic

arch, the anonymous, subclavian or femoral artery,105,106

the use of deep hypothermia to avoid aortic occlusion,107

or even combined with replacement of the ascending
aorta and execution of central anastomoses on the can-
nulated graft.108

However, none of the above techniques eliminated
the possibility of perioperative stroke. Indeed some of
them were associated with greater morbidity and mor-
tality than usual. Carrying out coronary artery bypass
on a beating heart has the advantage of avoiding the
placement of a cannula in the aorta, but manipulation
of a pulsating aorta for the purpose of performing cen-
tral anastomoses is associated with greater morbidity.109

The avoidance of any manipulation of the ascending
aorta leads to excellent results, minimising or eliminat-
ing the incidence of stroke or aortic dissection.110,111

Use of the arterial “pi-circuit”

Based on the points made by the studies mentioned
above we have arranged in clinical practice to combine
three principles: 1) complete arterial reperfusion; 2) the
avoidance of extracorporeal circulation through the
use of OPCAB; 3) the avoidance of manipulations of
the ascending aorta (aorta non-touch). This aim was
achieved through a natural route. Specifically, nature
has provided for double perfusion circuits in most or-
gans of the body (brain, stomach, bowel, etc.) as well as
in the upper and lower limbs. The heart, despite its vital
role, is supplied by a solitary coronary circuit and is thus
unable to recruit a substitute when this circuit malfunc-
tions. We were thus led to create the “arterial pi-cir-
cuit”, which in combination with the diseased coronary
net plays the role of an auxiliary circuit. It is based on
the flow through two pedicled IMA that, as the basis of
compound grafts (∆ or À grafts, pi-graft, psi-graft), via
anastomoses or lengthening with a radial artery (I graft)
acquire the ability of multiple connections with the
coronary net via peripheral anastomoses with the dis-
eased vessels.

The theoretical advantages of the “pi-circuit” are
that it combines the benefits of the use of purely arte-
rial grafts with the avoidance of any manipulations of
the ascending aorta during off-pump surgery. At the
same time, it is an absolutely self-regulating circuit,
since it is connected via two IMA with the systemic
circulation and is subject to all laws of regulation of
vascular flow. Peripherally, as a closed circuit, it sup-
plies each vessel based on its efflux. Furthermore, we
believe that because of the time delay of the pulsatile
phase of circulation from the aortic root, from which
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the coronary net originates, to the subclavian arteries,
the region of origin of the two IMA, we are led to a
“phasic irrigation” of the coronary vessels with all the
beneficial consequences for the better perfusion of the
coronary net. The latter belief is currently the subject of
laboratory investigation seeking confirmation of the
theoretical approach.

During the last three years (2001-3) we have imple-
mented the “pi-circuit” in combination with OPCAB in
992 coronary patients with excellent early results, name-
ly 0.9% mortality and no cases of stroke.112 The medi-
um-term results show a survival rate of 96%. Nine of
the 41 deaths were related with a coronary event or end-
stage heart failure. Another 8 patients (0.8%) under-
went supplementary angioplasty and 2 patients (0.2%)
were reoperated. Finally, the early and medium-term
mortality of patients with a Euroscore under 3 was zero
(unpublished results).

Conclusions

A study of data in the literature in combination with
personal experience leads to the following conclusions.
The use of extracorporeal circulation is well tolerated
by patients of low or medium weight and facilitates sur-
gical procedures. In experienced hands OPCAB is the
method of choice in high-risk patients, such as the aged,
those with renal disease or chronic respiratory prob-
lems, patients with carotid artery disease or peripheral
vascular disease. It should also be used in reoperations
and in patients with acute coronary syndrome or com-
promised left ventricular function.

The use of at least one mammary artery in the ante-
rior descending branch—and even better, two pedicled
IMA—is the cornerstone of coronary artery surgery
nowadays, while the use of skeletonized grafts offers
only advantages. In patients with three-vessel disease
the choice of third graft should be based on age, target,
degree of stenosis of the coronary vessel and the sur-
geon’s experience. The main aim in younger patients
should be complete arterial reperfusion; in the aged
and in patients with an atheromatous ascending aorta it
should be the avoidance of manipulations of that ves-
sel, while in diabetics skeletonized IMA or other arteri-
al grafts should be used. Reperfusion of the left coro-
nary net with arterial grafts is associated with a better
long-term outcome, while for the right coronary net the
choice of graft has to do with the degree of stenosis of
the vessel. The choice of minimally invasive access for
reperfusion of the anterior descending branch, alone or
in combination with percutaneous angioplasty for the

remaining vessels, is a safe procedure and one that may
well predominate in the future. Robotic surgery and the
use of automatic anastomosers still have some way to
go before they are proved to be safe, effective and wide-
ly applicable. The use of the arterial “pi-circuit” without
extracorporeal circulation combines the advantages of
the use of arterial grafts and the avoidance of manipu-
lation of the aorta. In experienced surgical hands and in
a team devoted to the method the early and medium-
term results are excellent and seem to eliminate the oc-
currence of stroke.
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