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Abstract: During the mid-1990s cardiac surgery started exploring minimally invasive methods for
coronary artery bypass grafting (CABG) and has over a 25-year period developed highly differentiated and
less traumatic operations. Instead of the traditional sternotomy mini-incisions on the chest or ports are
placed, surgery on the beating heart is applied, sophisticated remote access heart lung machine systems as
well as videoscopic units are available, and robotic technology enables completely endoscopic approaches.
This review describes these methods, reports on the cumulative intra- and postoperative outcome of these
procedures, and gives an integrated view on what less invasive coronary bypass surgery can achieve. A total of
74 patient series published on the topic between 1996 and 2019 were reviewed. Six main versions of minimal
access and robotically assisted CABG were applied in 11,135 patients. On average 1.3+0.6 grafts were placed
and the operative time was 3 hours 42 min + 1 hour 15 min. The procedures were carried out with a hospital
mortality of 1.0% and a stroke rate of 0.6%. The revision rate for bleeding was 2.5% and a renal failure
rate of 0.9% was noted. Wound infections occurred at a rate of 1.2% and postoperative hospital stay was
5.6+2.2 days. It can be concluded that less invasive and robotically assisted versions of coronary bypass

grafting are carried out with an adequate safety level while surgical trauma is significantly reduced.
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Introduction to limit the use of cardiopulmonary bypass. For coronary
Based on the successes of general surgery, gynecology, artery bypass grafting (CABG) versions of beating heart

urology, and thoracic surgery in the creation of video surgery without the heart lung machine had already been

assisted, laparoscopic or thoracoscopic procedures heart
surgery approached minimally invasive versions of its
procedures in the mid-1990s. At that time a definition
of what less invasive surgery would mean for cardiac
surgery was searched. Two main questions were part of
this discussion: how to limit the thoracic incision and how
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developed and off-pump CABG through sternotomy had
been carried out primarily in South America (1). Benetti
from Buenos Aires in 1994 was the first to perform a left
internal mammary artery (LIMA) bypass graft to the left
anterior descending (LAD) artery on the beating heart
through a left sided mini-thoracotomy and with the use
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of thoracoscopy (2). This can be regarded as the advent of
minimally invasive CABG. Since then different versions
of minimally invasive approaches have been developed
and heart surgery looks back to 25 years of valuable
development.

Aim

In this review we present these methods, describe the
surgical techniques, report on results as available in
the literature, and provide opinions about the general
applicability in clinical practice. Lastly, we present an
overall picture of what minimally invasive CABG can offer
for patients and the community of cardiac surgeons and
cardiologists.

Methods

We analyzed literature as available from the study group’s
own papers and literature collections. We also queried
PubMed for the search-terms “minimally invasive coronary

bypass”, “minimal invasive coronary bypass”, “coronary

”» «

bypass through mini-thoracotomy”, “less invasive coronary
bypass”, “robotic coronary bypass”, “total endoscopic
coronary bypass”, totally endoscopic coronary bypass”,
“robotically assisted coronary bypass”, and “port-access
coronary bypass”. Also, the terms minimally invasive direct
coronary artery bypass (MIDCAB), minimally invasive
cardiac surgery-CABG (MICS-CABG), port-access coronary
bypass grafting (PA-CABG), robotically assisted coronary
artery bypass (RACAB), and totally endoscopic coronary
artery bypass (TECAB) were searched. Data are presented
in tables according to the most commonly used surgical
methods. Only the most recent series was taken from
groups publishing multiple articles on the topic. Multicenter
studies and comparative studies were included in the review.
For intermediate term survival the percentage of patients
surviving at a given time-point was plotted against the years
postoperatively. Categorical data are displayed as absolute
values and percentages, continuous variables are shown
as means and standard deviation as well as minimum and
maximum values. For grand total means, the means out of
all available studies reporting on a variable were taken.

Global distribution of publications on minimally

invasive coronary bypass surgery

From 1996 to 2019, 74 articles containing series of CABG

© Journal of Thoracic Disease. All rights reserved.

1923

carried out minimally invasively were published. These
articles contain a cumulative number of 11,135 procedures.
Figure 1 shows the global distribution of these publications
(Figure 1). The activities were specifically concentrated
in Central Europe and the US East Coast and South, and
there were also very active centers in East Asia. Six main
surgical approaches were taken which will be explained and
analyzed in detail. Figure 2 depicts the numerical distribution
of these methods (Figure 2).

Versions of minimally invasive coronary bypass
surgery

Coronary bypass surgery through mini-thoracotomy on
the beating beart [MIDCAB, MICS-CABG, left anterior
small thoracotomy (LAST)]

Definition

Through a mini-thoracotomy on the patient’s left chest the
left and/or right internal mammary arteries are harvested.
Additional vein or radial artery grafts may be taken.
The graft to coronary artery anastomoses are performed
directly through this mini-thoracotomy on the beating
heart and under direct vision using conventional surgical
instrumentation. The target vessels are immobilized using
suction or pressure stabilizers and the anastomoses are
carried out with local coronary artery occlusion. Single or
multiple grafts can be constructed.

Terminology
Most commonly the terms MIDCAB and MICS-CABG are
used. Another term used is LAST.

Surgical technique

The patient is positioned supine with the left chest slightly
elevated. The skin incision is usually placed below the
areolar area in men and in the breast fold in women. The
4™ intercostal space is then opened. Both medial and more
lateral approaches have been described. Using special
metal elevators the anterior chest wall is lifted up to create
space. The LIMA is harvested under direct vision using
headlight and loupes. Classic coronary bypass surgery
instrumentation is taken. Recent developments even allow
harvesting of the right internal mammary artery (RIMA)
and special retractors were developed for this part of the
procedure. The pericardium is then opened and using
specifically designed positioners and stabilizers the target
vessels are accessed. They are after heparinization occluded
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Figure 1 The global distribution of the publications reviewed in the is article is shown. The various methods are marked with different

symbols. MIDCAB, minimally invasive direct coronary artery bypass; TECAB, totally endoscopic coronary artery bypass.

Minimally invasive and robotic CABG

345 distribution of methods
1,678
15.5%
46.9% B MIDCAB/MICS-CABG/LAST

31
0.3%

m Videoassisted MIDCAB/Endo-ACAB

« MinithoracotomyCardioplegia: PA-CABG
/Dresden Technique-TCRAT

 Robotically assisted MIDCAB/RACAB

u Non robotic TECAB: nrTECAB
¥ Robotic TECAB

W Mixed Series

10.7% 5 ‘

Figure 2 Numerical distribution and percentages of patients treated with the different minimally invasive surgical methods. CABG,

coronary artery bypass grafting; MIDCAB, minimally invasive direct coronary artery bypass; MICS-CABG, minimally invasive cardiac
surgery-CABG; LAST, left anterior small thoracotomy; endo-ACAB, endoscopic atraumatic coronary artery bypass; TCRAT, total coronary
revascularization via anterior thoracotomy; RACAB, robotically assisted coronary artery bypass; TECAB, totally endoscopic coronary artery
bypass; nf' TECAB, non-robotic TECAB.

© Journal of Thoracic Disease. All rights reserved. 7 Thorac Dis 2021;13(3):1922-1944 | http://dx.doi.org/10.21037/jtd-20-1535



Journal of Thoracic Disease, Vol 13, No 3 March 2021

using silastic tapes and incised. The anastomoses are carried
out on the beating heart using standard instrumentation and
standard anastomotic techniques. Intraluminal shunts may
be used additionally. The internal mammary arteries are
placed as in situ grafts or as Y-constructs. If vein grafts are
placed the proximal anastomosis is carried out by elevating
the ascending aorta using sponges. Partial occluding clamps
are applied in surgical practice and the use of anastomotic
connectors has been described as well.

Results

This version of minimally invasive CABG is the most
commonly performed. 7uzble 1 demonstrates that a total of
5,226 cases are part of 25 international publications written
around the world (3-27) (Table I1). The table also shows
that the number of grafts placed with this method has
significantly increased during the last years, 76.9% of cases,
however, were still single bypass grafting procedures. The
total average of grafts reaches 1.2+0.6. There is only little
data on graft harvesting times. A recent paper on multivessel
MICS-CABG reports 22.2 min for LIMA harvesting and
28.5 min for RIMA harvesting (27), probably demonstrating
that work on the RIMA through a left mini-thoracotomy
is feasible but more challenging than work on the LIMA.
Total operative times are reported in the range from 1.1 to
5 h. The conversion rate to larger thoracic incisions was
1.6%. The overall revision rate for bleeding was 2.7% and
the following rates for hard postoperative endpoints were
achieved: mortality 1.0%, stroke 0.5%, renal failure 0.8%,
very acceptable rates given the innovative nature of the
procedure.

Comment

Even though the MIDCAB procedure appears to be relatively
simple it is technically challenging. It is a known fact that
several early programs were stopped because of inferior
patency rates. Leipzig Heartcenter in Germany as a high-
volume center managed to get the procedure into routine
application and reported 1,347 cases already in 2007 (19).
The same group also evaluated learning curves and stated
that a triple digit number of cases for any individual surgeon
may be necessary to overcome the learning phase (28).
Sophisticated simulation models are probably the only
solution to dampen this problem and to guarantee adequate
patient safety. The overall conversion rate to larger thoracic
incisions of 1.6% reported in this cumulative literature
review is very acceptable. So are the hard endpoints
mortality, stroke, and renal failure given the fact that many
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centers reported results during their learning curves. The
1.3% wound infection rate deserves some discussion.
During this procedure a mini-thoracotomy is spread
for several hours and tissue malperfusion and bacterial
contamination may occur. Even though the spreaders and
retractors have become more refined there is still room for
technological and methodological improvement in order
to keep the tissue trauma at a minimum. It was a goal of
the heart surgery community to reduce hospital stay by
reducing invasiveness of CABG. Our review demonstrates
that despite some centers sending patients home as early
as 3 days postoperatively, 6 days of postoperative hospital
stay are probably realistic. A cumulative 5-year survival rate
of 91% (data not shown in table) appears to be in line with
survival after open CABG (29).

One point of criticism for this procedure is the fact
that the internal mammary arteries cannot be viewed in
their whole length and sometimes grafts are placed under
tension. This needs to be avoided by all means. Early papers
report extension of the internal mammary artery (IMA) by
a piece of saphenous vein or inferior epigastric artery in
cases where tension was an issue (4). This, however, does
not appear to be an ideal compromise. Another topic of
discussion is the placement of a partial occluding clamp
to the fully pressurized ascending aorta through a mini-
thoracotomy. The partial occluding clamp is a risk factor of
stroke in coronary bypass surgery and is in the ideal world
completely avoided, and at least intraoperative imaging
is a reasonable ask. Another option is the application of
anastomotic connectors for the proximal anastomosis.
In the authors’ experience the MIDCAB procedure is
ergonomically challenging with a tangential view on the
IMA in single vessel MIDCAB and probably even harder
access and view in bilateral IMA harvesting. Anastomotic
suturing is specifically challenging in obese patients. Despite
the claim of being an off-pump procedure a certain level
of heart-lung machine use is probably inevitable and may
even be recommended for complex cases that involve the
back wall of the heart and the right coronary artery system.
McGinn reported a 7.9% supportive use of the heart lung
machine in his 2009 paper on the method (20).

Since the introduction of this procedure there was very
justified hope that it could compete with percutaneous
intervention (PCI) to the LAD. There is good evidence
from several prospective randomized trials demonstrating
that the MIDCAB LIMA to LAD procedure has significant
advantages over percutaneous coronary intervention on
the LAD concerning freedom from reintervention and
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overall major adverse cardiac event (MACE) or major
adverse cardiac and cerebrovascular event (MACCE)
(30-32). Midterm survival, however in these studies was not
significantly different.

MIDCAB is the technologically least complex of all
minimally invasive CABG procedures and therefore
attractive if cost for sophisticated devices is an issue. The
technical challenges and learning curve should on the
other hand not be underestimated. The following part of
the review may highlight what the addition of videoscopic
adjuncts offers.

Video assisted coronary bypass on the beating beart through
mini-thoracotomy [video assisted MIDCAB, endoscopic
atraumatic coronary artery bypass (endo-ACAB)]

Definition

In this version of minimally invasive CABG parts of the
procedure are performed under thoracoscopic video
guidance. Mostly the video assistance is only used for IMA
harvesting and location of the target vessel.

Terminology
For this procedure the most commonly used abbreviations
are video-assisted MIDCAB and endo-ACAB.

Surgical technique

The patient is placed in supine position even though early
papers also describe a right lateral decubitus position. Left
lung collapse is usually applied and a thoracoscope as well
as two instrument ports are inserted on the patient’s left
chest. The IMA is harvested under thoracoscopic view. The
harvesting is reported both in pedicled and skeletonized
fashion. The literature commonly describes a version with
2D view and only one more recent paper reports on the use
of 3D endoscopy (33). In one very early report a flexible
gastroscope was taken for IMA harvesting (34). The graft to
coronary anastomosis is usually performed through a mini-
thoracotomy under direct vision on the beating heart with
local target vessel stabilization and temporary coronary
artery occlusion.

Results

As shown in Table 2, 1,197 cases are reported in the
literature (23,33-44), 87.6% of them were single LIMA to
LAD grafts. The LIMA harvesting time averaged 47.5+7.8
min, and in the paper describing bilateral IMA harvesting
the RIMA harvesting time was 54 minutes. Total operative
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time was 3 hours and 30 min roughly 1 hour longer than in
MIDCAB. The conversion rate to larger incisions was 4.5%
and the revision rate for bleeding was 1.4%. Concerning
hard postoperative endpoints a 0.8% mortality rate, a 0.4%
stroke rate, and a 1.3% postoperative dialysis rate was
noted. Concerning the 1.7% wound infection rate it needs
to be mentioned that port infections are included in this
calculation and it cannot be assessed how many deep wound
infections at the mini-thoracotomy site occurred.

Comment

This procedure was popular in the very early phase of
minimally invasive coronary bypass grafting, probably
because surgeons tried to imitate techniques of laparoscopic
and VATS surgery. Videoscopy allows harvesting of the
IMA in its full length and enables a direct lateral view on
the graft rather than the tangential view that the surgeon
faces in MIDCAB. In addition, close ups are possible which
enable a detailed view of the graft harvesting process and
magnification of IMA side branches. Still the harvesting in
the published series took close to 50 min (data not shown
in tables). Vassiliades described a significant dependence of
the harvesting time on the patient’s body mass index (43).
Another advantage of endoscopic support is the fact that the
pericardium can be opened under scope vision and so the
target vessel can be identified and marked easily. This way
placement of the mini-thoracotomy is more precise than
in MIDCAB. Probably due to the involvement of video
technology and corresponding logistics of installation by the
team total operative times are 1 hour longer than described
for the latter procedures.

The Emory-Group acquired the largest experience
but according to a paper in 2009 has switched from
thoracoscopic harvesting to robotic harvesting of
the internal mammary arteries in their endo-ACAB
operations (45). One challenge might be the 2D videoscopic
vision for the delicate process of IMA harvesting as we
know from various other procedures. The hand-eye
coordination might be limited initially and requires an
individual learning curve to get adapted. It remains to be
seen whether the offering of commercially available 3D
videoscopy by industry can lead to revival of this version of
minimally invasive CABG.

Revision for bleeding, stroke rates, renal failure rates,
and perioperative mortality were very acceptable in the
published series. Hospital stay with an average of 5.5 days
was similar to the one reported for MIDCAB. Only two
papers report intermediate term results (23,43). According
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to those a 92% 5-year survival rate was achieved.

In our view the video-assisted MIDCAB procedure
was an important and necessary step in the evolution of
minimally invasive CABG as it significantly enhanced
visualization during graft harvesting and better localization
of the target vessels. IMA harvesting is also ergonomically
more attractive than under direct vision through a mini-
thoracotomy. One drawback is dependence on an assistant
for guidance of the camera. This can be overcome by
camera-holding arms but as harvesting affects the whole
cranio-caudal length of the chest frequent repositioning is
still necessary.

We continue with a view on the role of the heart-lung
machine and cardioplegia in minimally invasive CABG.

Coronary bypass grafting on pump with cardioplegia
through mini-thoracotomy [PA-CABG, Dresden technique,
total covonary revascularization via anterior thoracotomy

(TCRAT)]

Definition

Surgeons who want to perform coronary bypass grafting
through a limited incision but maintain the safety net of
the heart lung machine and work on a completely still heart
utilize this method. Cardiopulmonary bypass is usually
installed in the groin, the ascending aorta is occluded by
and endoballoon or via aortic crossclamping. Anastomotic
suturing is carried out through the mini-thoracotomy.

Terminology
The following abbreviations are used and published in the
literature: PA-CABG, Dresden technique and TCRAT.

Surgical technique

The IMA is harvested through the mini-thoracotomy.
The groin vessels are usually exposed and remote access
cardiopulmonary bypass is installed. In the PA-CABG
method a balloon catheter is brought into the side arm of
the femoral arterial perfusion cannula and advanced into the
aortic root under transesophageal echocardiography (TEE)
guidance. Availabity of an anesthesiologist well experienced
in TEE is of utmost importance. After going on pump,
the endoballoon is inflated and cardioplegia is delivered
through the balloon catheter into the aortic root. Ruling
out aortoiliac atherosclerosis and ascending aortic pathology
preoperatively is extremely important and mandatory
when applying the endoballoon together with femoral
access perfusion. Surgeons use regular non-thoracoscopic
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instrumentation for the anastomoses.

The Dresden technique used direct aortic arterial
cannulation and direct aortic crossclamping through the
mini-thoracotomy (46). Babliak and coworkers from Kiew
recently published their method in which a transthoracic
Chitwood clamp is inserted instead. All anastomoses
are carried out under direct vision through the mini-
thoracotomy (47). As shown by the Kiew group special
slings can be placed around the pulmonary veins and also
around the inferior vena cava for exposure of the lateral and

back wall of the heart.

Results

Table 3 lists the results of the on pump and cardioplegia
versions of minimally invasive CABG (46-51). Eight
hundred and ninety-six cases are published in the current
literature. An average of two grafts was placed, the rate of
single coronary bypass grafting is only 40%. Direct vision
LIMA harvesting took an average of 46+4.2 min (data not
shown in table) and an OR time of 4 hours and 12 min
is reported. The cumulative conversion rate to a larger
thoracic incision in a limited number of papers was 0.7%
and the revision rate for bleeding was 2.3%. Mortality in
the published series was 0.7% and the stroke rate reached
1.4%. Average intensive care unit (ICU) stay and hospital
stay are reported as 36.4 h and 5.8 days respectively. Only
one paper reports on intermediate term results: Farhat and
coworkers noted a 92% 5-year survival (51).

Comment

On pump coronary bypass grafting through mini-
thoracotomy was popular during the early stages of
less invasive heart surgery in the mid to late 1990s. As
compared to beating heart versions more grafts could be
placed and overall mortality was slightly lower than in
MIDCARB series published during that time. The stroke
rate, however, was always higher. This and the fact that
retrograde aortic dissections have occurred when the
endoballoon technology was introduced (48) have led to
criticism about this method. Also cost for the Heartport™™
system was an issue. In addition, enabling technology
for beating heart coronary bypass surgery through mini-
thoracotomy developed well and MIDCAB or MICS-
CABG became the preferred method by many less invasive
surgeons. The activities of Babliak and co-workers (47)
have caught recent attention and it can be expected that
due to his excellent results some groups will take over the
method. The endoballoon technology has also undergone
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Table 3 CABG on pump through mini-thoracotomy—intraoperative and postoperative results

Hospital,
d

RF dialysis Infection IChU’

Rev
bleeding

h Conversion Mortality — Stroke

OR

Single
of grafts bypass, % time,

Mean #
Patients Institution

Citation
#

Year

Author

NA 24 5.0

NA

4.5

42 Dresden 1.0 100.0

48

1998

Reichenspurner

6.0

24

NA NA NA

NA

85 Dresden 1.8 NA NA

46

1999

Gulielmos

4.3

38

NA

229 Ashville 2.6 NA NA NA

49

1999

Groh

NA NA NA NA

10

302 US three 2.3 73.8 NA NA

50

1999

Grossi

centers

NA 46 7.3

NA

68 Bron 1.3 69.1 3.8 NA

51

2005

Farhat

NA 50 6.3

NA

170 Kiew 3.1 NA 4.3

47

2019

Babliak

5.8

36.4

19 NA

11

40.0 4.2

2.0

896

Total/mean

1.2

10.8

0.4

0.7

Stdev
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4.3

Reported Reported Reported Reported Reported Reported 24

3.8

Reported

1.0

Min

4.5 297 811 769 811 NA 391 50 7.3

412

3.1

Max

2.3 NA 1.8

1.4

0.7

0.7

Percentage

CABG, coronary artery bypass grafting; Rev bleeding, revision for bleeding; RF, renal failure; ICU, intensive care unit.
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several improvement steps and has become routine at
a considerable number of centers. It is, however, used
more frequently in the field of minimally invasive mitral
valve surgery. For all on pump methods it cannot be
overemphasized enough that preoperative imaging of the
aortoiliac tree by CT angiography is of utmost importance
so as to avoid the catastrophic complication of a retrograde
aortic dissection. In the experience of the first author
of this review approximately 70% to 80% of the CABG
population has only mild aortoiliac atherosclerosis and is
therefore probably well suited for this procedure. The most
striking advantage of on pump minimally invasive CABG
is unloading of the heart and therefore a better exposure of
the lateral and back wall of the heart as well as a completely
still operating field in a limited surgical environment. This
makes placement of multiple grafts easier than on the
beating heart.

The 4 h + operative time in the on pump/cardioplegia
methods can probably be explained by the more time-
consuming delicate maneuvers of peripheral arterial
cannulation and use of the heart lung machine overall. In
addition, more bypasses were placed than in MIDCAB and
in video assisted MIDCAB.

The next part in this review will deal with the
introduction of robotic technology into the field of
minimally invasive coronary bypass surgery.

Robotically assisted coronary bypass grafting through mini-
thoracotomy [RACAB, robotically assisted direct coronary
artery bypass (RADCAB), robotically assisted MIDCAB]

Definition

In this version of less invasive coronary bypass surgery
the internal mammary arteries are harvested using
robotic technology. The graft to coronary anastomoses
are performed through a left sided mini-thoracotomy as
described for MIDCAB.

Terminology

Most commonly the terms RACAB, and robotically assisted
MIDCAB or robotically assisted endo ACAB are used.
One surgeon created the term “precision incision” for this
procedure (52).

Surgical technique

The patient is placed in supine position with the left chest
slightly elevated. A double lumen endotracheal tube is
introduced and the left lung is deflated. Under left lung
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collapse a camera port is placed into the 4™ intercostal
space on the anterior axillary line. Instrument ports are
placed in the second and 6™ intercostal spaces close to the
midclavicular line. Insertion of these ports should always be
carried out under camera vision. The ports are docked to
the arms of a surgical robot. For IMA harvesting a camera
view 30 degrees up is taken. A robotic electrocautery
spatula is inserted into the right and a robotic forceps is
inserted into the left instrument port. The surgeon controls
these instruments from a console using joy sticks, so called
“masters”. He or she looks into a 3D/HD binocular, steers
the camera remotely, and activates the electrocautery from
the console using a foot pedal. The internal mammary
arteries can be harvested in pedicled or skeletonized fashion.
Care needs to be taken to use low cautery power, specifically
if skeletonized harvesting is chosen. After graft harvesting
the pericardial fatpad is taken down and the pericardium is
opened using the surgical robot. With the robotic camera
the landing zone on the target vessels can be identified and
the corresponding appropriate incision site for the mini-
thoracotomy can be chosen. The latter three maneuvers are
carried out with a camera view 30 degrees down. The mini-
thoracotomy incision is placed and the rest of the procedure
is similar to what has been described above for MIDCAB.

Results

One thousand seven hundred and sixty-two cases in 12
papers are available in the published literature (23,24,53-62)
(Tuble 4). Mostly single LIMA to LAD bypasses were
performed (85.5% single vessel revascularization). LIMA
harvesting times were 57.0+35.4 on average (data not shown
in the table). Total operative time was 4 h and the conversion
rate to a larger thoracic incision was 6.6%. Revision for
bleeding, Mortality and stroke rate are reported as 0.4%
each. Hospital stay was 5.4=1.6 days. Five-year survival was
calculated in one paper and reached 94% (44).

Comment

Robotic assistance has added better visualization, better
camera control, 3D vision, magnification, and better
surgical dexterity to the field of minimally invasive CABG.
This enables a much more comfortable IMA harvesting
process. More comfortable bilateral IMA harvesting may
also be underlined by the fact that two studies (56,59)
found exactly the same harvesting times for the LIMA
and the RIMA. The group of Bob Kiaii from London,
Ontario recently reported on a series of more than 600
patients with a mortality rate of only 0.3% (61). In the
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robotic heart surgery community this procedure has gained
more acceptance than the totally endoscopic version most
likely because the anastomotic process through a mini-
thoracotomy is more straight forward and can be carried
out using classic surgical instrumentation.

Next, we give insights why completely endoscopic
coronary bypass grafting using conventional, long-shafted
thoracoscopic instrumentation is extremely difficult and
explain why technological support by robotic devices is
necessary.

Video assisted (non-robotic) totally endoscopic CABG
(nrTECAB)

Definition

In this procedure IMA harvesting, pericardiotomy, and the
anastomoses are all carried out with long shafted minimally
invasive instrumentation under videoscopic guidance.

Terminology
The operation is called as nr' TECAB in the literature.

Technique

Any totally endoscopic surgery is performed through ports
only without auxiliary incisions. Therefore, surgeons who
developed this procedure placed ports in approximately
the same locations as described for robotically assisted
MIDCAB and inserted regular thoracoscopic instruments.
All procedure steps—IMA takedown, pericardial fatpad
removal, opening of the pericardium, and anastomotic
suturing were carried out this way.

Results

Two very small series (31 patients total) are published in
the literature (63,64) (Table 5), one from Ulm/Germany
another form Kanazwa/Japan (33,65). Both groups managed
to perform this extremely difficult operation. The technical
challenges are reflected by a 45.1% conversion rate to
larger incisions. There were, however, no mortality events
and no strokes occurred. Unfortunately, except for LIMA
harvesting (mean 77+33.9 min) no operative times and no
detailed further postoperative morbidity are reported in
these papers. Longterm data are also unavailable.

Comment

A nr'TECAB approach has been attempted immediately
after the advent of remote access heart lung machine
perfusion and the endoballoon for endoaortic occlusion
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Figure 3 Intraoperative setup in a robotic TECAB procedure. A camera arm (CAM) and a left instrument arm (LIA) and a right instrument

arm (RIA) are docked to the patient’s left chest. The surgeon controls these arms from a console (CON) using joysticks, so called “masters”

(MAS). The surgical team can follow the procedure on a video screen (VID). TECAB, totally endoscopic coronary artery bypass.

and cardioplegia. The Stanford group carried out animal
experiments (63). Clinical application by this group was
mentioned in talks and discussions but to our knowledge
the experience has not been published. Probably due to the
extreme technical challenges robotic support was then used
to further develop a totally endoscopic version of coronary
bypass grafting. Given the technical difficulties it has to
be appreciated that two groups attempted the approach
clinically. As reflected in the numbers of patients reported
and as seen in clinical practice broader application can
probably not be expected.

The attempts to perform TECAB using video-assisted
thoracoscopic surgery (VATS) instrumentation can almost
be regarded as heroic. It is obvious that major technological
support is necessary for completely endoscopic suturing of
a coronary bypass graft anastomosis. Surgical robots serve
this purpose.

Robotically assisted TECAB

Definition

In the robotically assisted totally endoscopic method the
whole bypass grafting procedure including IMA harvesting,
pericardiotomy, and anastomotic suturing is carried out
using a surgical robot.

© Journal of Thoracic Disease. All rights reserved.

Terminology
This procedure carries the abbreviation robotic TECAB.

Technique

Robot docking, IMA harvesting and pericardial opening is
performed as described for robotically assisted MIDCAB.
Then the target vessel is either immobilized using a
robotic suction endostabilizer or the heart is arrested using
remote access perfusion and endoballoon cardioplegia (see
also PA-CABG). The graft is sutured to the anastomosis
with a double armed 7 cm short 7/0 synthetic suture or
anastomosed with an automated anastomotic connector (64).
Figure 3 shows the intraoperative setup in a robotic TECAB
procedure.

Results

Since the first robotic TECAB procedure carried out by
Loulmet and coworkers in Paris in 1998 (66), 1,678 cases
have been published in larger series in the cardiac surgery
literature (21,60,64,66-76) (Table 6). The mean graft
number is currently 1.2+0.3 and multivessel procedures
have been increasingly carried out since the mid-2000s.
Twenty-seven point eight percent of these procedures
were multivessel coronary bypass grafting. Detailed
literature on this multivessel approach is available (77).
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Conduit harvesting times amount to 5519 min for LIMA
harvesting and 32 min for RIMA harvesting (one single
paper reporting on the RIMA) (74). Total operative times
reached 5.3+0.8 hours and the cumulative conversion rate
to a larger thoracic incision for all published TECABs was
10.3%. Revision for bleeding was 3.4%, the stroke rate
was 1.0%, and the perioperative mortality reached 1.3%. A
5.2+1.6 days hospital stay was reported. Three-year survival
is reported by two papers (21,76) at 96% and 95.5%.

Comment

Given the more or less complete failure of conventional
videoscopic surgery in the attempt to carry out a TECAB
procedure robotics proved to be an essential enabling
technology. Until now no other technology has provided
enough support for a TECAB operation. After an initial
phase where only single grafts were carried out bilateral
IMA grafting was increasingly performed. Triple and
quadruple bypass grafting has been reported (78). Both
beating heart and arrested heart versions of robotic TECAB
were executed in routine clinical practice by active groups.
Despite adequate clinical results overall acceptance in the
cardiac surgery community has been slow, most probably
due to significant learning curves, long procedure times,
significant team commitment, and cost. Concerning
learning curves similar to the MIDCAB procedure a triple
digit number of repetitions is necessary for the individual
surgeon and the team to achieve a good comfort level
(79,80). For conversion a learning curve for the whole
community of robotic heart surgeons has been described
recently (81). Conversion rates affected almost one out
of two patients in the early 2000s but nicely fell below
5% over the last years. Of all minimally invasive coronary
bypass grafting procedures robotic TECAB is the most
complex with the highest technological demands. From a
pure surgical invasiveness perspective, however, it is the
coronary surgery procedure with the least tissue trauma.
The significant investment in robot hardware, the long
training of surgeons and their teams, and also the strong
dependence on complex technology and interdependence
of all members of the surgical team remains a point of lively
discussion. Proper device handling and team training as well
as aspects of new surgical robots coming into the field have
been described by our group recently (82).

Mixed series

Two papers in our review did not describe one of the above

© Journal of Thoracic Disease. All rights reserved.
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methods specifically but a mix of different methods (83,84).
Results of 345 cases are shown in 7able 7. They are in line
with what was shown for the individual procedures with
a low mortality of 0.6%, a zero percent stroke rate, and
hospital stay of only 4.4 days. A 5-year cumulative survival
rate of 95% is reported by both papers.

Grand total view on minimally invasive and
robotic coronary bypass surgery—what can the
different approaches offer?

The first classic coronary bypass grafting procedures
through median sternotomy were introduced by Favaloro
in 1968 (85) and soon became a worldwide spread and
frequently applied procedure (86). It took a little more
than 25 years until the idea of reducing the surgical trauma
came up. Surgeons in South America had in the early
1980s tried to take out the factor heart lung machine and
thereby were successful in reducing blood transfusions
and other perioperative adverse events (1). After video
assisted thoracic surgery was established Benetti was the
first to approach the placement of a LIMA bypass to the
LAD through a mini-thoracotomy (2). The chronological
development of minimally invasive CABG since then is
outlined in Figure 4. The main steps were the availability of
videoscopic tools and instruments which allowed working
through small incisions and ports, the introduction of
suction and pressure stabilizers for beating heart coronary
surgery, the invention of surgical robots with multiwristed
endeffectors, the availability of anastomotic connector
devices, and 3D endoscopy.

Demographics

Demographics were very inconsistently reported in the
literature that we reviewed. The mean age was 61.9 years
and 76.5% of the patients were male (data not shown in
tables).

Intraoperative outcome in minimally invasive CABG

Extent of surgical revascularization

Table 8§ shows the intraoperative and postoperative
performance of all methods described in this review.
The approaches with the highest degree of surgical
revascularization appear to be those which use the heart
lung machine. The mean number of grafts placed in
these operations was 2.0 and 60% of the patients received

7 Thorac Dis 2021;13(3):1922-1944 | http://dx.doi.org/10.21037/jtd-20-1535



1936 Bonatti et al. Minimal invasive and robotic bypass grafting

= multiple bypass grafts. Complete unloading of the heart
Tole N T @~ o | allows access to all coronary territories including the right
7] [s2] < o [s) o] . .
kel coronary artery system and distal branches of the circumflex
coronary artery.
j e < < < | | | |
&} zZ Z2 z
Operative times
5 3 LIMA takedown during the 25 years of development was
= = . . .
§ <zt o 1 1 g g I performed in 52.1 min whereas RIMA harvesting was
£ i carried out within 39.7 min (results not shown in 7able §).
" - ittle data is available on harvesting times for the in
Little dat labl h ting ti for the IMA
2 (9]
W % 4 o <« | *é_ g 3 CABG through median sternotomy. Kieser and coworkers
© 2 achieved a reduction of harvesting times from 36 to
5 15 min using the harmonic scalpel (87). The fact that RIMA
(@] . . . .
> S| ¢« 2 < harvesting in our cumulative analysis was shorter than
(] | | o O . .
gz =z 2 z LIMA harvesting may be explained by the fact that more
Q o . . .
experienced surgeons harvested the RIMA in multivessel
o .
% e 5 bypass grafting. These surgeons had probably passed the
= ° < v 08; ° o learning curve for LIMA harvesting and managed to take
T the RIMA down approximately 10 min faster. Taggart in the
o . . .
%’ 2, . ART trial found that adding the RIMA as a second arterial
5|2 %' 88 o graft added 23 min of operative time (88).
i T Total operative times for minimally invasive CABG
9 3 procedures in our review averaged 3 h and 42 min. Mohr
e h - . . . .
g £ 25 1 g o % and coworkers in a publication on the SYNTAX trial
[ . . .
8 & reported an operative time of 3 hours and 30 min for
< patients with an average of 3.4 grafts placed through
& g S S o o y sternotomy (89). The operative time in the minimally
- = invasively treated patients in our current review was 3 hours
5 y p
3|0 o o § ° g 43 min, about a quarter of an hour longer. The mean
O o > o
° & s 8 8 ! 08)_ s ! o number of grafts, however was only 1.3 and only 18.5% of
» < o« @ treated patients received two or more bypass grafts. Three
9] o . . .
ENE] £ hours 50 min is also a significant prolongation of operative
= £ g p g p
z §loa @ 9 2 o 9 - . . S
318 5| ~ =~ o = « |2 time as compared to the 2 hours 17 min operative time
£ e o p p
£ ° . for CABG x1 through sternotomy described by Halkos in
o g y y
= c © s . . . .
gl s | s @ = 2012 (45). The question remains whether investing longer
& 5 | o 8 . . . .
gl £ |5 é = surgical time for less grafts and reduced surgical trauma is
o - c . .
& = = g worthwhile. The authors feel that given the overall very
g2 i romising results it is absolutely justified to further promote
£ | o © p g Y] p
54 [} 5 . I .
Bl g [® ¥ 2 CABG through limited incisions. What our review also
g % shows is that the more technology is brought in (videoscopy,
ol & el . .
£ 8 e heart lung machine, surgical robot) and the more grafts are
ElE=8 3 5 o S -
T8 pa placed the more extensive operative times get. The limits
- s L. . .
Sl = | o @ how long one can allow a minimally invasive coronary bypass
5| 8 |5 5 3 . . . .
20 > |® & 2 grafting procedure to take is not quite clear. An analysis
é’ o c 0|2 on operative times in robotic TECAB by Wiedemann
2 [ D | T . .
~ % 2 g3 demonstrated a time frame of approximately 8 h
o} o e} .1 .. ..
2| £ |2 % s % c % 8|2 before morbidity and mortality increase significantly (90).
< > o) o £ = o | @ .. . . . . .
E|l < |0 o B & 2 =2 o|x Again, it needs to be kept in mind that operative time in less

© Journal of Thoracic Disease. All rights reserved. 7 Thorac Dis 2021;13(3):1922-1944 | http://dx.doi.org/10.21037/jtd-20-1535



Journal of Thoracic Disease, Vol 13, No 3 March 2021

Minimally Invasive and
Robotic Coronary
Bypass Surgery
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Figure 4 Historical development of minimally invasive coronary bypass surgery. MIDCAB, minimally invasive direct coronary artery bypass;

MICS-CABG, minimally invasive cardiac surgery-coronary artery bypass grafting; TECAB, totally endoscopic coronary artery bypass; IMA,

internal mammary artery; MICAB, minimally invasive coronary artery bypass.

Table 8 Grand total minimally invasive CABG—intraoperative and postoperative results

) Single ,OR Conversion, Mortality, Stroke, e. . F_ Infection, ICU, Hospital,

Method Papers Patients of arafts bypass, time, % % % bleeding, dialysis, % h d
g % h (] o (] % % (]

MIDCAB/MICS-CABG/ 25 5,226 1.3 769 26 1.7 1.0 0.5 2.7 0.8 1.3 352 6.1
LAST
Video assisted 13 1,197 1.1 87.6 35 4.5 0.8 0.4 1.4 1.3 1.8 233 5.5
MIDCAB/Endo ACAB
Mini-thoracotomy 6 896 2 40.0 4.2 0.7 0.7 14 2.3 NA 25 364 5.8
Cardioplegia
PA-CABG/Dresden
technique/TCRAT
Robotically assisted 12 1,762 14 855 4.0 6.6 0.4 0.4 1.9 1.4 0.7 283 5.4
MIDCAB/RACAB
Non robotic 2 31 1 100.0 NA 451 0.0 0.0 NA NA NA 283 NA
TECAB-nrTECAB
Robotic TECAB 14 1,678 1.2 722 53 10.3 1.3 1.0 3.4 0.4 1 31.1 5.2
Mixed series 2 345 1 100.0 34 NA 0.6 0.0 NA 0.4 0 NA 4.4
Total/mean (all studies) 74 11,135 1.3 80.3 3.7 4.3 1.0 0.6 2.5 0.9 1.2 32.1 5.6

CABG, coronary artery bypass grafting; Rev bleeding, revision for bleeding; RF, renal failure; ICU, intensive care unit.
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invasive CABG means increased surgical time with reduced
trauma and a burden to the thoracic tissue lower than
in median sternotomy approaches. We suggest that this
delicate balance deserves more investigation.

Conversion to larger thoracic incisions

Conversion to larger incisions in case of technical difficulties
has been a known fact in less invasive surgery practiced in
other disciplines and also was part of less invasive coronary
bypass grafting from the very beginning. Our review
revealed an overall conversion rate of 4.3%. Conversion
should never be seen as failure but as a necessary step and
should be carried out liberally if technical problems occur.

Postoperative outcome

Mortality

Perioperative mortality rates in pooled large prospective
randomized trials are 1.5% for off-pump coronary bypass
grafting and exactly the same (1.5%) for on pump coronary
bypass surgery (91). In 2011 a review of the STS database
looking at 101,188 patients undergoing CABG revealed a
30-day mortality rate of 1.6% to 5.3% depending on the use
of one, two, or no internal mammary arteries (92). A similar
study investigating 144,526 patients in the STS database
found a perioperative mortality in the range of 1.7% to 2.6%
depending on procedural volume (93). From this perspective
the 1.0% total mortality rate in minimally invasive CABG
shown in this article appears very satisfactory but needs
to be seen with caution as, again, the mean number of
grafts placed was 1.3. The mean number of grafts in the
SYNTAX trial was 3.5 and Mohr and coworkers report a
0.9% mortality rate for the selected patients in this large
randomized trial (89). Literature on CABG mortality
depending on the grade of surgical revascularization
(45,94-100) shows a clear trend that rates increase with
the number of vessels diseased and the number of grafts
placed. The cumulative mortality for conventional single
and double coronary bypass and CABG for single and
double vessel disease is published in the range of 0% to 2%
with a mean of 0.9% for single vessel disease/single bypass
and 1.6% for double vessel disease/double bypass. The
corresponding rate for triple vessel disease/triple bypass
is 2.9%. It can therefore be stated that minimally invasive
procedures clearly maintained the level of perioperative
survival which is expected for low complexity conventional
CABG through sternotomy and many series of mini-CABG
were reported with 0% mortality despite the presence of
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innovation and learning curves.

Stroke

The recent large CABG trial FREEDOM reported a
perioperative stroke rate of 1.8% (101). In the ISMICS
consensus statement on sternotomy off-pump versus on-
pump CABG perioperative stroke rates were 1.4% and 2.1%
respectively (91). Halkos found a 1.3% stroke rate in a series
of 234 patients undergoing sternotomy CABG for single
vessel disease (45). Papers on low complexity CABG show a
stroke rate between 0% and 1.3% for conventional CABG
in single vessel disease or single bypass grafting (45,98,99). A
cumulative 0.6% stroke rate in 25 years of minimally invasive
CABG appears therefore very satisfactory and may indicate
that less invasive procedures lead to relatively low stroke
rates. Attempts to further reduce stroke rates in coronary
surgery are extremely important in the competition with
catheter-based intervention which is superior to coronary
surgery from this aspect in most studies.

Revision for bleeding

Puskas in the large ISMICS meta-analysis and consensus
statement on off-pump versus on-pump CABG which
investigated 19,101 patients in 102 randomized trials
reported a revision rate for bleeding of 2.3% and 2.6%
respectively (91). We found a cumulative rate of revision for
bleeding of 2.5% in minimally invasive CABG. The highest
rates were noted for MIDCAB and robotic TECAB. Why
minimally invasive approaches failed to reduce bleeding
rates needs further evaluation. Factors that may have played
a role are innovation and learning curves, surgical technical
difficulties and extensive operative times.

Renal failure, dialysis

Our literature review revealed a renal failure rate exactly in
the range of what the Emory group reported for patients
who underwent sternotomy single CABG (0.9%) (45).
Definitions of renal failure, however, were not standardized
in the papers we reviewed and the hard endpoints mortality,
stroke, and revision for bleeding were much more
consequently reported. Renal failure is also very dependent
on postoperative treatment on the ICU.

Wound infection

In larger CABG series we see rates of sternal wound
infection in the range of 2.4% to 4.4% (91). The wound
infection rate of 1.2% in our analysis from this perspective
appears more than acceptable. On the other hand,
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Halkos and coworkers described a 0.4% deep wound
infection rate for patients undergoing conventional single
CABG procedures (45). We have to keep in mind that
wound infections in minimally invasive surgery are many
times confined to the mini-thoracotomy area or may
be in relation with infected ports in TECAB, a pattern
completely different from deep sternal wound infection
and mediastinitis. The variable sternal osteomyelitis is
largely taken out of the equation. Potential risk factors
that are not seen in sternotomy CABG are long periods of
spreading a small incision and long periods of ports moving
in an intercostal space for hours. Both mechanisms can
lead to local tissue necrosis and bacterial contamination
with subsequent local infection that may spread into the
chest. The likelihood of reaching deep compartments is
probably lower. If bilateral IMAs are used a sternal sparing
approach appears specifically attractive. Taggart noted a
1.9% sternal wound complication rate if single IMA is used
in sternotomy CABG in the ART trial. The rate was 3.5%
for double IMA (88). Minimally invasive, sternal sparing
methods can probably help to overcome this risk associated
with bilateral IMA use, an advantage that should be
specifically attractive for insulin dependent diabetics, obese
patients, and those with COPD.

Hospital stay

Despite the fact that some perioperative adverse events
seen in minimally invasive CABG are not reduced as
compared with sternotomy CABG an average hospital stay
of 5.6 days is encouraging but does not quite fulfill the
promises of less invasive heart surgery to reduce length
of stay dramatically. The large SYNTAX trial reported a
postoperative stay of 9.0 days after multivessel sternotomy
CABG (89), in the ISMICS off-pump versus on-pump
CABG consensus statement hospital stay was 7.6 days
and 8.4 days respectively (91). Halkos found a 5.8-day
postoperative length of stay in 234 patients undergoing
sternotomy CABG for single vessel disease and showed
a gain of 0.6 days if non-sternotomy methods were
applied (45). A mean hospital stay of 5.4 days for patients
with low complexity single vessel disease/single coronary
bypass through sternotomy is reported in the literature
(45,99). It needs to be considered that factors related to
different health care systems may to some extent influence
the length of hospital stay. The effects of a less traumatic
version of CABG are probably more visible during the first
few weeks postoperatively and more comparative studies
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looking into the speed of recovery during this phase are
warranted.

Conclusions

From this review looking into 25 years of development
in minimally invasive CABG it can be concluded that the
vast majority of patients receives single LIMA to LAD
bypass grafts and the number of multivessel CABG cases
performed through mini-thoracotomy or through ports
has increased only recently. Six major groups of surgical
approaches can be defined depending on extent of the
incision, use of videoscopy, use of the heart lung machine,
and application of robotic technology.

The most important and appealing aspect of the method
is that the incision length and the overall surgical trauma
are significantly reduced. But procedures require longer
operative times than reported for open CABG through
sternotomy. In more than 95% of patients the procedures
are technically successful with full sternal preservation. The
awareness of a potential larger opening of the chest due to
technical issues in the rest of patients is important.

The hard-postoperative outcome variables mortality,
stroke, and renal failure lie clearly in the 1% to below
1% range indicating that procedure development has not
compromised basic safety standards of surgical coronary
revascularization. For stroke there is a signal that minimally
invasive procedures may even result in a rate lower than in
open procedures. Revision for bleeding lies in the range
of rates reported for sternotomy CABG. The occurrence
of renal failure rates is also similar. Wound infection
rates seem to be acceptable but wound infection follows
a different pattern than in sternotomy. Complete sternal
preservation when bilateral IMAs are used is one of the
main advantages of minimally invasive CABG. There are
reports of patients being sent home as early as 2 or 3 days
postoperatively but the average hospital stay after minimally
invasive coronary surgery is essentially in line with what is
seen after sternotomy for low complexity CABG. Benefits
in the early rehabilitation phase are usually not reported in
larger series but would deserve deeper evaluation. Five-year
survival matches results of open CABG.

Minimally invasive and robotically assisted techniques
are in any case important components to make surgical
coronary revascularization fit for the 21" century and
competitive in the spectrum of treatment methods for
coronary artery disease.
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