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Abstract

We sought to study our mid-term outcomes and our patient’s perceptions of robotically-assisted coronary artery bypass (RACAB). The
daVinci robotic system was utilized to harvest and prepare the internal thoracic artery (ITA) as well as to open the pericardium andTM

identify the target vessels. Anastomoses were performed by hand on the beating heart through limited incisions using an endoscopic
stabilizing device. A follow-up telephone interview was conducted with patients at 3 to 6 months. Between 4y12/02 and 11y1/04, 37
patients underwent RACAB (1.2 distal anastomosesypatient). Median length of stay was 3 days (2–14 days) and 82% of patients reported
full return to baseline activity within 10 days of surgery. There were two early LITA complications and one late anastomotic stenosis all of
which occurred within the first two cases of each surgeon’s experience. The majority of patients surveyed (95%) knew that robotics were
involved in their surgery and most patients (95%) would recommend RACAB (95%). RACAB is an effective minimally invasive revascularization
technique with excellent recovery times and high patient satisfaction. The early complication rate emphasizes the steep learning curve for
this procedure as well as the need for intensive pre-procedure training.
� 2005 Published by European Association for Cardio-Thoracic Surgery. All rights reserved.
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1. Introduction

Minimally invasive approaches to coronary artery revas-
cularization range from off-pump coronary artery bypass
grafting (OPCAB) through a sternotomy, to totally endo-
scopic coronary artery bypass grafting (TECAB) using robo-
tic facilitation w1–4x. Whereas OPCAB has become an easily
reproducible procedure with fairly widespread surgeon
adoption, TECAB on both the beating and arrest heart has
been plagued by high technical demands with a steep and
long learning curve.

Traditional mid-CAB has met with an adoption level
between both OpCAB and TECAB w5x. However, significant
post-operative pain secondary to chest wall retraction
during left internal thoracic artery (LITA) mobilization, as
well as wound complications, have left many surgeons
unhappy with the minimally invasive nature of this proce-
dure w6,7x. Endoscopic LITA mobilization with a non-rib
spreading thoracotomy and open coronary anastomosis
(endo-ACAB) has been performed with excellent results w8x.
This procedure has failed to gain widespread acceptance
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because of the technical demands of endoscopic LITA mobi-
lization. The facilitating technology of robotics promises to
decrease the learning curve associated with endoscopic
LITA harvest. Simultaneously, the advantages of non-rib
spreading, open, beating heart surgery might be retained
with robotically-assisted CABG (RACAB).

We sought to evaluate our mid-term results with RACAB
in order to validate its efficacy and carefully study the
procedure’s learning curve. We also hoped to understand
patient’s perceptions of RACAB as well as their satisfaction
level.

2. Materials and methods

An IRB-approved database was established for the pro-
spective evaluation of all patients undergoing RACAB.
Exclusion criteria included emergency status, moderate to
severe valvular disease, decompensated congestive heart
failure, endocarditis, and acute renal failure. All patients
undergoing RACAB at our institution over the study period
were enrolled and this report represents the first 37
patients undergoing the procedure.

The daVinci robotic system was utilized in all cases. TheTM

pericardium was opened and target vessels were identified.
This allowed for assessment of conduit length, target vessel
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Fig. 1. Anterior cardiac exposure with the soft tissue retractor.

Table 1
Pre-operative patient characteristics

Age (years) 60.6"7.4 (52–84 years)
Male sex 68%
LVEF (%) 44"10 (25–65%)
Diabetes 32%
Hypertension 87%
Hypercholesterolemia 42%
COPD 7%
PVD 7%
Prior PCI 68%

LVEFsleft ventricular ejection fraction, COPDschronic obstructive pul-
monary disease, PVDsperipheral vascular disease, PCIspercutaneous car-
diovascular intervention.

Fig. 2. Endoscopic stabilizer in place and completion of LITA-LAD
anastomosis.

Table 2
Indications for RACAB

Indication for RACAB No. of patients

Hybrid revascularization 19 (51%)
Isolated LADydiagonal disease 15 (41%)
LADyRCA disease 1 (3%)
Partial revascularization 1 (3%)
Ostial left main 1 (3%)

anastomotic site and the presence of target vessel intra-
myocardial course. The LITA was then dissected in a semi-
skeletonized fashion by mobilizing the artery and vein
together without associated muscle or fascia.

The camera port site was extended and the 4th or 5th
intercostal space was opened. A soft tissue retractor was
placed (Fig. 1). An endoscopic stabilizer (Medtronic, Min-
neapolis, MN) was introduced through the left arm port
and the heart was positioned (Fig. 2). The anastomoses
were then performed by hand on the beating heart.

All patients underwent nuclear stress testing at 3 months.
Follow-up angiography was performed only if the patient
reported symptoms or if there were new reversible defects
on routine stress testing. A short questionnaire was con-
ducted via phone 3–6 months following discharge.

All data are presented as the mean"standard deviation.
Discrete variables were compared using the chi-square test
and continuous variables were compared using the Mann-
Whitney test.

3. Results

Between 4y12/02 and 11y1/04, 37 patients underwent
RACAB. Thirty-five operations were performed by one sur-
geon (J.D.) and two operations were performed by another
surgeon (D.S.). The pre-operative patient characteristics
are listed in Table 1. Indications for surgery are listed in
Table 2. The most common indication for RACAB was as
part of a hybrid revascularization (51%). Among patients
undergoing hybrid revascularization, 11 patients received a
percutaneous intervention to a single vessel and 8 patients
had a percutaneous intervention to more than one vessel.
All patients undergoing hybrid revascularization underwent
the percutaneous intervention first. RACAB was then per-
formed between 1 to 30 days later. Clopidogrel was used
in every hybrid revascularization up until the date of
surgery. Twenty-seven (73%) patients underwent small
anterior thoracotomy and 9 (24%) underwent lower hemi-
sternotomy into the left 3rd interspace.

One obese diabetic patient with a very small circumflex
system and a tight ostial LAD with a long left main vessel
was chosen for single vessel RACAB through a non-rib
spreading anterior thoracotomy. The patient undergoing
partial revascularization was a 61-year-old woman with
insulin dependent diabetes mellitus, a prior left below knee
amputation, who did not ambulate and was admitted with
a gangrenous right foot and required peripheral vascular
surgery. Because of the patient’s frail pre-operative status,
limited ambulation and lack of appropriate conduit, it was
elected that a single vessel RACB would be performed.

Successful LITA takedown was performed in all patients
except one. This patient was the second patient in our
RACAB experience and he had an LITA dissection. The
patient underwent uneventful conversion to sternotomy.
His pedicled RITA was mobilized in the conventional manner
and was used to bypass the left anterior descending artery
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Table 3
Patients with multiple distal anastomoses

Age and sex of
patient

Incision Anastomotic configuration

72 M Lower Hemi-Sternotomy RIMA-LAD, LIMA-D2
62 F Lower Hemi-Sternotomy LIMA-LAD, AO-SV-RCA
58 M Anterior Thoracotomy LIMA-D1-LAD
62 F Anterior Thoracotomy LIMA-D1-LAD
58 M Anterior Thoracotomy LIMA-D1-LAD
64 M Anterior Thoracotomy LIMA-D1-LAD

(LAD). A total of 43 distal anastomoses were performed
(1.2ycase). Six patients underwent more than one distal
anastomosis and these specific configurations are displayed
in Table 3. The patient undergoing pedicled RIMA anasto-
mosis to his LAD, and LIMA anastomosis to his diagonal, had
isolated LADydiagonal disease. His diagonal vessel was a
large lateral vessel and the anatomic arrangement was not
amenable to sequential grafting with the LIMA. The patient
undergoing LIMA-LAD grafting and saphenous vein grafting
to the right coronary artery (RCA) had ostial RCA and ostial
LAD lesions. The LIMA was mobilized robotically and the
coronary grafting was then performed off-pump through a
lower hemisternotomy.

Post-operative complications included one wound infec-
tion and one reoperation for bleeding. The wound infection
occurred in a morbidly obese diabetic woman with very
large breasts who underwent a limited anterior thoraco-
tomy. The bleeding episode that required re-operation
resulted from an intercostal branch in the robotic left arm
port. Three patients (8%) had a limited episode of atrial
fibrillation. Only three patients (8%) with low pre-operative
hematocrits (25%, 28% and 27%) required blood transfusions
after surgery. One patient who underwent a pre-operative
right coronary artery stent had acute stent occlusion on
the first post-operative night that required emergency
repeat percutaneous intervention.

Median length of stay was 3 days (2–17 days) and 82% of
patients reported full return to baseline activity within
10 days of surgery. All patients were discharged to their
home with the exception of one 84-year-old woman who
went to inpatient rehabilitation. At a mean follow-up of
16.1"8.4 months (3–31 months), all patients are alive and
well and chest pain free. During this follow-up period, 10
patients underwent repeat coronary angiography (post-
operative day 0 to 13 months post-op). There was one
anastomotic stenosis detected at 13 months. A second
patient returned with an LITA stenosis which required
percutaneous intervention and subsequent re-operation.
The seven other patients undergoing angiography had wide-
ly patent anastomoses. Of the three LITA-LAD complications
(1 LITA injury, 1 mid- LITA stenosis and 1 anastomotic
stenosis), all occurred within the first two cases of each
surgeon’s experience.

There have been no deaths over the follow-up period and
no patient has had a myocardial infarction. Of the 15
patients undergoing hybrid revascularization, three
required repeat percutaneous intervention. Two patients

had instent restenosis and a third patient presented with a
new ramus lesion which required a stent.

Of the 37 patients undergoing RACAB, 20 patients com-
pleted the 19-question phone survey (Table 4). The major-
ity of patients correctly identified their diagnosis (80%),
the procedure they were undergoing (80%) and the organ
that was being operated upon (95%). All patients were
satisfied (100%) and understood the information (100%)
provided by their surgeons. Most patients knew that the
robot was involved in their operation (95%). When asked
who actually performed the operation, the responses were
‘surgeon’ (68%), ‘both’ (11%), ‘robot’ (5%), and ‘don’t
know’ (16%). Most patients felt they benefited from robotic
surgery as opposed to the traditional open method (84%).
Shorter recovery time, smaller scar, and less invasive were
the most common benefits mentioned. No statistically
significant difference was seen based on educational expe-
rience or annual income.

4. Discussion

The first reports describing the use of robotics in myocar-
dial revascularization appeared in the literature in 1999
w9,10x. In an attempt to make the leap to ‘outpatient’ and
‘no incision’ CABG, cardiac robotic surgeons have investi-
gated the development of TECAB. As part of the learning
curve, those in both Europe and the United States started
with the ‘intermediary’ step of arrested heart TECAB w1,4x.
Although some had early success, complications with
endoaortic balloon occlusion and cardiopulmonary bypass
as well as early LITA injuries left many unfulfilled with this
procedure. Furthermore, not only was training in robotic
skills necessary, but extensive experience with minimally
invasive CPB techniques was also a pre-requisite for the
success of this procedure. In order to remove this layer of
complexity, some surgeons have begun programs to perform
beating heart TECAB w10,11x. Although some groups have
reported impressive initial success, the technical demands
of this procedure thus far have proved to be a significant
barrier to its wide adoption.

The robot is a tool to aid the minimally invasive cardiac
surgeon in a variety of techniques. When viewed in this
manner, RACAB becomes the logical extension of the more
time-tested procedures of mid-CAB and endoscopic-assisted
coronary artery bypass (endo-ACAB). The three-dimensional
vision and computer interface of robotics makes both vessel
identification and IMA mobilization quicker and easier than
if performed with either a mid-CAB retractor or a thora-
coscope.The endoscopic stabilizer used in these operations
greatly enhances operating space through either rib-spread-
ing or non-rib spreading thoracotomies. Although originally
designed for TECAB, its application in RACAB has served to
minimize the size of the anterior thoracotomy incision. The
stabilization provided is via both suction and compression
and works well for anterior vessels. An endoscopic suction
cup needs to be added in order to be able to graft lateral
wall vessels through this incision.

Despite its relative ease of adoption, RACAB is not without
a learning curve. Learning to use visual clues for tactile
feedback and becoming comfortable with the anterior
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Table 4
Results of post-operative questionnaire

Question Yes or No or
correct incorrect

Q1. What was the problem that 80% (16y20) 20% (4y20)
required you to have an operation?
Clottedycloggedyblocked artery 11
Coronary artery disease 2
Dead heart muscle 1
Needed bypass 1
Heart attack 1

CloggedyBlockage in valves 2
Chest pain 1
Did not know 1

Q2. Were you satisfied with the 100% (20y20) 0% (0y20)
amount of information provided to you?

Q3. Did you understand the 100% (20y20) 0% (0y20)
information given to you?

Q4. Were you given an 100% (20y20) 0% (0y20)
opportunity to ask questions?

Q5. What kind of operation did 85% (17y20) 17% (3y20)
you have?
Bypass (y robotic) 8
Bypass (q robotic) 4
Coronary artery bypass graftysurgery 2
Robotic LIMA 1
Repaired artery by attaching 1
artery from chest
Robotic surgery on heart 1

Robotically unclotted artery 1
Bypass of valves 1
Made 3 holes 1

Q6. What specific part (organ) of 95% (19y20) 5% (1y20)
your body was operated on?
Heart 14
Heart and arteries 1
Heart arteries 3
Two arteries 1
Did not know 1

Q7. Were there any risks 70% (14y20) 30% (6y20)
involved in your operation?

Q8. If yes, what were the risks? 70% (14y20) 30% (6y20)
Heart attack 3
Death 2
Anesthesia 2
Infection 2
Bleeding 1
Stroke 1
Pain 1
Disability 1
Pericarditis 1
Sternotomy 1
Not done before 1
Breathing problems 1
Other 2

Usual risks with surgery 1
It had to be done 1
Did not know 4

Q9. Was a robot involved in 95% (19y20) 5% (1y20) 0% (0y20)
your operation?

Q10. If yes, who actually Surgeon Robot Both Don’t know
performed the operation: the 68% (13y19) 5% (1y19) 11% (2y19) 16% (3y19)
surgeon or the robot?

Q11. Did you benefit from Yes No Don’t know
robotic surgery (as opposed to
the traditional method)? 84% (16y19) 5% (1y19) 11% (2y19)

Q12. If yes, how did you benefit?
Smaller incisionyscar 10
Fasteryshorter recovery 9
Less invasiveyDid not open chest 7
Less pain 4

(Continued on next page)
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Table 4 (Continued)

Question Yes or No or
correct incorrect

Did not use leg vein 2
Improved quality of life 1
Less complications 1
More precise 1
Feeling better 1
Better results 1
Other 6
Walking better 1

Q13. Would you choose robotic 90% (18y20) 10% (2y20)
surgery again?

Q14. If no, why not?
Didn’t work 1
Numbness on left chest 1

Q15. Would you recommend 95% (19y20) 5% (1y20)
robotic surgery to your
familyyfriends?

Q16. If no, why not?
Numbness of left chest 1

Q17. What level of education GS HS COL GRAD
have you achieved: grade school, high 5% (1y20) 40% (8y20) 50% (10y20) 5% (1y20)
school, college, or graduate school?

Q18. What is your annual -$25K $25–50K $50–100K $100K
household income: -$25K, $25–50K, 39% (7y18) 39% (7y18) 11% (2y18) 11% (2y18)
$50–100K, or $100K?

thoracotomy approach seem to be important steps in mas-
tering this operation. Novick has previously demonstrated
the learning curve that exits for robotic LITA mobilization
by measuring operative times and complications w11x.
Although intuitive for any type of learning process, our
study corroborates these findings with respect to our early
complications. When the early learning curve is eliminated
(i.e. the first two cases of each surgeon’s experience), no
anastomotic complications or LITA injuries were encoun-
tered in this series. These results are similar to prior large
series of endo-ACAB w8x and mid-CAB w5x.

The ability to avoid morbidities may lie in specific skill-
based learning. As no robotic skill development training
currently exists, there is also no specific credentialing
process required to begin a robotic cardiac surgery pro-
gram. We and others continue to work to develop such
standardized training programs for robotic skills w12x. In
the interim, an internal plan for surgeon training is neces-
sary to master the RACAB procedure. Extensive experience
with sternal sparing off-pump surgery does make this tran-
sition simpler. However, specific robotic skills should be
mastered on both inanimate and animate models prior to
performing procedures in human subjects. Although some-
times time-consuming and difficult, we would recommend
robotic LITA takedown, LITA preparation, and coronary
vessel identification with planned conversion to sternotomy
in a number of cases prior to performing a sternal-sparing
RACAB. The lower hemi-sternotomy was used by our group
for our first six cases as an intermediary step in the
progression towards limited anterior thoracotomy. This
approach allows for open takedown of the distal LITA and
easy conversion to a sternotomy if either should be
necessary.

Finally, the results of our follow-up questionnaire demon-
strate that patients can make well-informed decisions
about this new technology if appropriate pre-operative

education is given. Those patients without anastomotic
complications all had an extremely high satisfaction level
with the procedure and would recommend the procedure
to others.

In conclusion, this study demonstrates that RACAB pro-
vides good mid-term results, with a steep early surgeon
learning curve. Rapid recovery time and excellent patient
satisfaction are benefits of the procedure. Careful study of
this operative technique along with examination of the
lessons learned by others in this field may help improve
overall results and expand training strategies.
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