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Coronary surgery performed on an arrested heart, using one internal mammary artery and a saphenous
vein carries two main potential drawbacks: the known failure rate of vein grafts and the relatively high
rate of neurologic injury. To address these concerns, we describe a technique that achieves complete
revascularization without manipulating the ascending aorta (anaortic, off-pump) and utilizing total arterial
grafts. All patients undergo thorough preoperative investigation, including bilateral carotid, vertebral and
subclavian artery Duplex ultrasounds. A pulmonary artery catheter, transoesophageal echocardiography, and
point-of-care coagulation testing are used in each case. The left and right internal mammary arteries and
non-dominant radial artery are harvested using a fully skeletonised technique. Wide bilateral extrapleural
retrothymic tunnels are developed and the pericardium is opened widely to facilitate cardiac positioning. A
tandem graft is constructed with the right internal mammary artery (RIMA) 7z situ and radial artery using
an end-to-end anastomosis. This graft is brought into the pericardium and through the transverse sinus in
order to graft the lateral and inferior walls with multiple sequential distal anastomoses. The left internal
mammary artery (LIMA) 7z situ is used to graft the anterior wall. Four main cardiac positions (high and low
lateral walls, inferior and anterior walls) are obtained using a combination of off-pump stabilizer positioning,
alternate tension on pericardial ‘heart-strings’, table tilting and folded wet sponges. All distal anastomoses are
performed using silastic intracoronary shunts and an off-pump myocardial stabilizer. All grafts are checked
using transit-flow time measurements. Milrinone is continued overnight and dual antiplatelet therapy is

continued for 3 months postoperatively.
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Introduction

The most widely performed surgical coronary revascularization
technique remains the left internal mammary artery (LIMA)
to the left anterior descending (LAD) artery and reversed
long saphenous vein to other arteries, performed using
cardiopulmonary bypass on an arrested heart. However,

there are two potentially significant drawbacks of this
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technique, relating to graft failure and neurological injury.

Firstly, long saphenous vein grafts have well-known early
and late failure rates (1). This contrasts with established
evidence of long term survival benefit from the addition of
a right internal mammary artery (RIMA) to both the left
and right coronary systems (2) as well as the use of multiple
arterial grafting strategies (3).

The second drawback is the relatively high rate of
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neurological injury, particularly in high-risk subgroups
(4,5). Indeed, in the SYNTAX trial the major criticism of
the coronary artery bypass grafting (CABG) arm was the
increased risk of periprocedural stroke as compared to
percutaneous coronary intervention (PCI) (2.2% CABG uvs.
0.6% PCI; P=0.003) (6). In a large network meta-analysis
performed by our group, the elimination of all aortic
manipulation during CABG was shown to significantly
reduce the risk of stroke (7) and avoiding cardiopulmonary
bypass also reduced overall risks of early mortality and
morbidity (7).

In recent times the incidence and negative impact of more
subtle neurocognitive injury and psychiatric issues following
CABG has also been recognized (8). The aetiology has
been linked to silent brain infarcts, cerebral hypoperfusion,
microemboli and a systemic inflammatory response, which
are often associated with cardiopulmonary bypass (9).
Numerous ongoing studies are investigating whether
avoidance of aortic manipulation and cardiopulmonary
bypass improves outcomes in this group as well.

Critics of off-pump coronary artery bypass grafting
(OPCABG) argue that increased technical difficulty of
the technique may result in reduced graft patency and
reduced graft numbers, leading to incomplete surgical
revascularization and worse long term survival (10,11). The
results of the ROOBY trial comparing off- vs. on-pump
CABG, performed by relatively inexperienced OPCABG
surgeons (20 eligible cases, 55% performed by residents),
has demonstrated reduced 5-year survival for patients
undergoing OPCABG (12). However, this is not the case
in groups that have high-volume experience and expertise
in OPCABG surgery, as the 5-year CORONARY trial data
have demonstrated (13).

To address these concerns we describe a simple
and reproducible technique to accomplish complete
revascularization without manipulating the ascending
aorta (anaortic) utilizing total arterial grafts. The LIMA is
anastomosed the LAD and the RIMA extended with the
radial artery as a tandem graft via the transverse sinus to the
lateral and inferior walls.

Operative techniques
Preoperative assessment and investigations

All patients referred for CABG undergo routine blood tests,
electrocardiography, chest X-ray imaging, spirometry and a
transthoracic echocardiogram to assess for valvular disease
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and ventricular function and dilatation. All patients also
undergo bilateral carotid, vertebral and subclavian artery
duplex scans to assess concomitant peripheral vascular
disease and suitability of the internal mammary arteries
for inflow. If significant carotid or subclavian disease is
detected, then patients undergo a CT aortogram with
4-vessel runoff to assess the arch vessel branches and the
Circle of Willis. The suitability of the radial artery is assessed
with an Allen’s test (<5 seconds deemed suitable) (14).
In borderline cases, a pulse oximeter is used to perform the
Allen’s test and if a pulsatile wave-form is obtained, then the
artery is harvested, otherwise an alternative conduit is used.
Aspirin is continued up to the time of surgery.

Anaesthetic considerations

Maintenance of normothermia throughout the operation
is important and active warming with a forced-air warming
blanket is commenced on arrival to the anaesthetic room.
All patients have a Swann-Ganz pulmonary artery catheter
inserted and a transoesophageal echocardiogram (TOE)
is performed. Elevation of the pulmonary artery diastolic
(PAD) pressure in the presence of hypotension and regional
wall motion abnormalities respectively are sensitive
indicators of ischaemia.

The patient is commenced on low dose intravenous
milrinone (0.1-0.2 pg/kg/min), without a loading dose,
after induction of anaesthesia. This has a two-fold benefit
in increasing cardiac output for end-organ perfusion (15)
and as a systemic vasodilator when using all arterial
grafts (16). Avoiding a loading dose of milrinone may reduce
haemodynamic instability (17). Patients usually require a
background noradrenaline infusion (0.01-0.2 pg/kg/min).
The use of intravenous beta-blockers (metoprolol 2.5-5 mg
boluses) is often required to achieve an optimal heart rate of
60-70 bpm.

Maintaining normovolaemia is important, as
hypovolaemia is poorly tolerated particularly during
repositioning of the heart. TOE and observation of
cardiac filling by the surgeon is useful to guide volume
status, together with arterial systolic pressure variation
and dynamic responses of central venous pressure and
PAD pressure to fluid boluses. Intravascular volume is
maintained with synthetic colloids and intracellular volume
is maintained with a background maintenance crystalloid
infusion. Systemic heparinization is used to maintain an
ACT greater than 450 seconds. A cell-saver is used for all
cases. Point-of-care coagulation testing is now performed

Ann Cardiothorac Surg 2018;7(4):552-560



554

Figure 1 Patient positioning with non-dominant arm abducted to
90 degrees for simultaneous radial artery harvest during internal
mammary artery harvest. The legs are covered with a warming

blanket to help maintain normothermia.

routinely at our centre using rotational thromboelastometry
(ROTEM) and multiplate platelet function analysis.

The patient is positioned supine with the left arm gently
abducted on an arm-board (Figure I). He or she is prepped
and draped with a forced-air warming blanket covering the
lower limbs.

Conduit and graft configurations

Our standard operation is to revascularize the LAD with
an in situ skeletonized LIMA. The lateral and inferior walls
are revascularized with an #n situ skeletonized RIMA/radial
tandem graft brought via the transverse sinus (Figure 2).
This separates the anterior wall blood supply from the rest
of the heart, thus protecting the integrity of the LIMA to
LAD graft. There are also no grafts crossing the midline
anteriorly enabling safe management of mediastinitis and
redo surgery. Performing multiple skip grafts using the
radial artery is technically easier than using a RIMA, a view
shared by others (18).

Our aim is to utilize all arterial grafts. However, this is
not always possible. Radial arteries may not be suitable (e.g.,
due to a negative Allen’s test or dystrophic calcification) and
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Figure 2 Configuration of grafts to achieve complete
revascularization using a left internal mammary artery (LIMA) to
left anterior descending (LAD) artery, and right internal mammary
and radial artery tandem graft to lateral and inferior walls. PDA,

posterior descending artery.

the patient’s occupation (e.g., concert violinist) or personal
wishes may dictate a thigh vein as the graft of choice to
extend the RIMA. Rarely, the right gastro-epiploic artery
may be used.

Conduit harvesting and management

The internal mammary arteries are harvested using a fully
skeletonized technique (Figure 3). This minimizes chest
wall trauma, achieves maximum length, and reduces the risk
of deep sternal wound infection during bilateral internal
mammary artery harvest (19). The LIMA is harvested
first. The left sternal edge is retracted using a Rultract
Skyhook (Rultract, Cleveland, USA) as this provides
optimal exposure. The LIMA is exposed by pushing the
pleura laterally. The endothoracic fascia is carefully incised
directly below and along the length of the LIMA using
long Dietrich’s forceps and low power diathermy (20 W).
The medial internal mammary vein is identified at the
subclavian vein and divided after double clipping both
sides, as this improves the final length and lie of the LIMA
and enables safe proximal harvest. The LIMA is harvested
from above the left subclavian vein to its bifurcation, using
a combination of blunt and sharp diathermy dissection and
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Figure 3 Left internal mammary artery harvest using a fully

skeletonized technique.

Figure 4 Radial artery harvest using an open, fully skeletonized
technique. A soft silicon vessel-loop is used to gently retract the
radial artery whilst low power diathermy is used to dissect and

cauterize branches.

dividing the branches with diathermy after clipping the
graft side. The RIMA is harvested using a similar technique;
it is mobilized up to the subclavian vein, with the medial
soft tissue swept back to the strap muscles to allow an
unimpeded lie for the graft as it is brought medially. After
systemic heparinization both IMAs are sprayed liberally
with papaverine solution before being divided distally and
then wrapped in a warm, papaverine soaked gauze. Length
is not usually an issue with this operation and the RIMA
can be divided proximal to the bifurcation to preserve lower
sternal blood supply.

The radial artery is harvested from the non-dominant
arm; an open, fully skeletonized technique provides
increased length, allows all soft-tissue impediments to be
removed to maximize conduit dilatation, and provides ease
of use when performing distal anastomoses. A curvilinear
incision, from above the wrist crease to below the elbow
crease, is made on the volar aspect of the forearm utilizing
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the groove medial to brachioradialis. This incision provides
optimal exposure of the radial artery, reduces the chance
of injury to the medial and lateral cutaneous nerves of the
forearm and provides the best cosmetic and functional result
by reducing cicatrisation along the length of the wound.
With the diathermy on low power (15-20 W), the radial
artery is exposed along its length between brachioradialis
and flexor carpi radialis. The fascia over the artery is divided
using Pott’s scissors, skeletonizing the radial artery along its
length between the recurrent radial and superficial palmar
branches. The artery is then suspended using a silastic
vessel-loop, which provides tension with minimal trauma
and the branches are divided under tension with diathermy
(Figure 4). Only briskly bleeding branches are controlled
with a small hemoclip (the remaining branches are
clipped after fashioning the tandem graft with the RIMA
and obtaining maximal pharmacological and hydrostatic
dilatation). The artery is then divided proximally and distally
after double clipping the patient sides. A slit is subsequently
made in the proximal end of the graft with Pott’s scissors
for proximal orientation and as preparation for the tandem
graft anastomosis. The artery is then cannulated with a
2.0-mm silastic olive-tip cannula and the graft gently
flushed through with 20 mL of heparinized blood
containing 5 mg/50 mL of verapamil and left to soak in the
same solution. The wound is closed over a small suction
drain, dressed and the arm placed back against the body.

Preparation of the pericardium

Bilateral, extrapleural retrothymic tunnels are developed
before opening the pericardium. Dissection is easier with
the pericardium intact, as retraction is maintained. The left-
sided tunnel is prepared by mobilizing the thymic remnant
and fat-pad off the aortic arch. Using a finger, the superior
entry to the tunnel is dissected below the innominate
vein. This tunnel needs to be wide to prevent kinking of
the LIMA and to ensure that the lie is optimal. The right
retrothymic tunnel is made by dissecting the thymic fat pad
off the pericardium down to the superior vena cava (SVC).
The tunnel is then mobilized superiorly and medial to
the lung in an extrapleural fashion. There are often bands
of connective tissue with accompanying veins that need
dividing to allow an unimpeded path for the graft into the
retrothymic tunnel. The RIMA is not brought through the
tunnel until after the tandem graft is constructed.

The pericardium is opened longitudinally with the left
sided pericardium opened laterally at the diaphragm and
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Figure 5 Right internal mammary artery to radial artery end-to-
end anastomosis. LCCA, left common carotid artery; RCCA, right

common carotid artery; RIMA, right internal mammary artery.
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Figure 6 Pericardial heart strings: (A) left lateral inferior
pericardial recess; (B) diaphragmatic surface medial to the IVC.

IVC, inferior vena cava.

obliquely at the pulmonary valve. The proximal oblique
incision is important to allow the LIMA ease of entry into
the pericardium without compromising the lie of the graft.
The left pericardial flap is then hitched up on the sternum,
behind the sternal retractor. The right pericardium is
then incised down to the inferior vena cava IVC) at the
diaphragm and at the superior atriocaval junction. This
allows for exposure of the lateral wall vessels by rolling the
heart on the caval axis into the right pleural space, providing
maximum exposure with minimal effect on venous return.

Extreme care must be taken not to injure the phrenic nerve.
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The distal targets are then assessed.

Preparation of the RIMA/radial tandem graft

A cradle is made with a medium dry sponge and a folded
wet sponge, suspended over the heart with artery clips.
This allows optimal conditions for the careful fashioning
of the tandem graft. All arterial anastomoses are performed
using a Prolene (polypropylene) ‘flat-pack’ 60 cm 7-0
suture with an 8.0 mm needle (Ethicon, Somerville, United
States). This allows maximum flexibility for parachuting
anastomoses with the benefit of minimal ‘memory’ in the
suture as well as advantages of a smaller, sharper needle
without the difficulty associated with 8-0 Prolene. The
RIMA is then attached to a folded wet sponge placed at the
superior aspect of the sternal wound (Figure 5). The RIMA
and radial artery are bevelled prior to fashioning the end-
to-end anastomosis. This serves to compensate for any
size mismatch between the conduits and to prevent purse-
stringing and narrowing at the anastomosis.

The anastomosis is tightened and tied down after
release of the bull-dog clamp. This allows one to maximize
anastomosis tension in order to prevent leaks without
causing purse-stringing. If there is any residual vasospasm
the tandem graft is flushed with heparin and verapamil-
infused blood via the radial artery and the outside of the
conduit is sprayed with neat papaverine solution. Care is
taken to release any soft-tissue bands across the arterial
grafts. The radial artery side branches are then clipped with
small hemoclips.

Cardiac positioning and grafting

Two pericardial ‘heart strings’ (1 Nylon) are placed at the
following positions (Figure 6):

(I)  The left, lateral, inferior pericardial recess;

(I) Diaphragmatic surface, medial to the IVC.

Care must be taken not to injure major structures deep
to the pericardium. The left atrial appendage is inspected
and is usually resected with a linear cutting Extra Thick
Endo GIA Tri-Staple stapler (Medtronic, New Haven,
USA) (Figure 7). This facilitates passage of the tandem graft
via the transverse sinus and grafting of intermediate or high
obtuse marginal coronary arteries. Resecting the left atrial
appendage may also reduce the risk of stroke related to atrial
fibrillation in the perioperative period (20). An Octopus
Evolution heart stabilizer (Medtronic, Minneapolis, USA)
is used to stabilize the heart when resecting the appendage.
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Figure 7 Left atrial appendage resection using an extra thick linear
cutting stapler. The off-pump stabilizer is used to stabilize the
heart during the resection. The staple line is inspected carefully for

bleeding.

Figure 8 A Semb clamp is used to pass the right internal mammary

to radial artery tandem graft through the transverse sinus.

The staple line is inspected and carefully cauterized with
diathermy to prevent bleeding.

The RIMA/radial tandem graft is then brought behind
the right thymic fat pad and over the SVC into the
pericardium. The graft is subsequently brought via the
transverse sinus to the left side of the heart with a Semb
clamp passed left to right via the transverse sinus and
grasping the tip of the graft (Figure §). The heart is then
placed in its natural position before gently pulling the graft
through the transverse sinus. This is to remove any tension
or traction on the graft and to prevent clip dislodgement. If
the graft is impeded within the transverse sinus, it is easily
mobilized by using a finger to free any loose adhesions,
before pulling it out to length. Correct orientation is then
checked by visual inspection.

The Octopus Evolution stabilizer is used to stabilize the
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heart for grafting. Warm and wet sponges and adjustment
of the operating table position are utilized to obtain optimal
surgical access and visualization. Regular communication
with the anaesthetic staff, boluses of intravenous fluid,
and judicious use of beta blockers and vasoconstrictors,
combined with subtle re-adjustments of cardiac position
are often required to obtain the best haemodynamic and
operative conditions.

There are four major cardiac positions used for grafting
(Figure 9), as outlined below:

(I) High-lateral wall vessels (1" diagonal, intermediate,

1" obtuse marginal): the table is rolled towards the
surgeon with the patient’s head down. Heart string
1 is placed on tension with wet sponges behind the
heart as required. The heart is rolled across and
vertically towards the right chest.

(D) Low-lateral wall vessels (2" and 3™ marginal,
posterolateral circumflex): the table remains in the
same position as above. Heart string 1 is tightened
across the arm of the sternal retractor, with Heart
string 2 pulled inferiorly. The stabilizer is moved
down to the target vessel with the heart remaining in
the right chest.

(III) Inferior wall vessels (posterolateral right and right
posterior descending): the heart is positioned ‘apex-
up’. The table is centered, remaining head-down.
Heart string 2 is used, with a wet pack placed medial
to the IVC. If the heart moves across to the left,
lateral tension on Heart string 1 and placement of an
additional wet sponge against the lateral wall can help
to prevent this.

(IV) Anterior wall vessels (2" and 3™ diagonal, LAD):
often a wet pack behind the heart is all that is
required. Some tension on Heart string 1 laterally
can be helpful.

It is not necessary to impart excess length to the grafts, as
the grafts will loosen when the sternum is re-approximated.
In fact, this can be detrimental and may cause kinking of the
graft between sequential anastomoses. To provide optimal
lie for the RIMA/radial tandem graft, it is important
to assess the location of each distal anastomosis before
commencing. Marking the graft and coronary artery with a
surgical marking pen can be useful.

The anastomoses are completed in the order of the four
positions listed above (high-lateral wall first, anterior wall
last). Using the RIMA/radial tandem graft, longitudinal
sequential side-to-side anastomoses are performed on the
high and low-lateral walls, and perpendicular sequential
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Figure 9 Four major cardiac positions: (A) high lateral wall vessels; (B) low-lateral wall vessels; (C) inferior wall vessels; (D) anterior wall

vessels.

Figure 10 Home-made, silastic intra-coronary shunts are used to

facilitate the off-pump anastomoses.

side-to-side anastomoses are formed on the inferior wall.
After completion of the last anastomosis on the inferior
wall, the end of the graft is clipped and secured to the
epicardium with a 7-0 Prolene suture. On the anterior wall,
an end-to-side anastomosis is used for the LAD artery.
Silastic intracoronary shunts are used when performing
all distal anastomoses. These are ‘home-made’ with a
5-0 silk suture passed through the shunt and clipped
with a small hemoclip (Figure 10) (21). The length is
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adjusted according to the diameter of the coronary artery.
Silastic slings or bulldogs are used sparingly in an effort
to reduce inadvertent injury to the coronary artery or to
the ventricular wall. If a sling is required then it is not
tightened until the shunt is placed in order to reduce
coronary endothelial injury. Shunts provide a bloodless
field, prevent technical errors such as catching the back wall
of the coronary artery with a suture and provide some distal
coronary artery flow during grafting. We prefer the silastic
shunts to commercially available shunts because the 7-0
Prolene suture can be easily pulled through the shunt if it is
caught during grafting.

After completion of the last distal anastomosis, all
are checked visually for bleeding. Transit-time flow
measurement is then performed using Medistim (Medistim,
Oslo, Norway) to assess graft patency. Acceptable
parameters for a left-sided graft are a mean graft flow of
>15 mL/min, pulsatility index of <3.0 and diastolic flow
>50%; however, these need to be interpreted in the context
of target vessel size, stenosis severity and graft diameter. A
detailed discussion of the utility and application of Medistim
is covered in other articles (22).

Heparin is fully reversed with protamine sulfate. The
pericardium is then partially or fully apposed. This provides
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cardiac and graft coverage in the event of mediastinitis or if
re-do surgery is required at a later date. The graft flows are
checked again by applying the Medistim probe proximally
on each side above the thymus. This is to ensure that the
pericardial apposition has not compromised graft flow.

Epicardial pacing wires are not used routinely. A 24-Fr
Blake drain (Ethicon, Somerville, United States) is placed
in each pleural space and in the mediastinum. The Blake
drains stay i situ until the morning of postoperative day 2
(or longer if required) in an effort to reduce the need for
postoperative pleural effusion drainage. The milrinone
infusion is continued overnight until the morning of
postoperative day 1. This provides vasodilation of the
arterial grafts as well as increased cardiac output for end-
organ perfusion. Calcium channel antagonists are not used.
All patients receive aspirin and clopidogrel as soon as post-
operative bleeding has settled (<100 mL/hr). Clopidogrel is
continued for 3 months postoperatively (23).

Beating heart on-pump

It is possible to completely revascularize all patients without
cross-clamping the ascending aorta. However, some
patients may require cardiopulmonary bypass support to
achieve this. Ideally, this is performed in an elective manner
and there are several clinical scenarios that may make this
more likely. For example, patients with large hearts, recent
ischaemic instability or severe left main coronary artery
disease are more likely to require circulatory support when
performing the grafts. In these cases we have a primed
cardiopulmonary bypass machine in the operating theatre. If
assessment of the aorta with TOE and epiaortic ultrasound
demonstrates no abnormalities then the ascending aorta
is used for arterial inflow (24). However, if the ascending
aorta is not suitable, then the right axillary artery is used for
inflow. If the left ventricle distends during positioning, then
a right superior pulmonary vein vent is placed. An epicardial
stabilizer and intracoronary shunts are used as described
above.

Comments

In an era of increasingly high risk patients and the
continued development of percutaneous alternatives, a
standardized CABG technique that improves both short-
term complications and long-term survival is necessary.
In this paper we have described a reproducible technique
for performing surgical revascularization that avoids
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cardiopulmonary bypass, avoids all manipulation of the
ascending aorta, uses all-arterial grafts to achieve complete
revascularization and separates anterior wall inflow from
other territories for maximum performance.
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