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Abstract

The treatment of coronary artery disease (CAD) has consid-
erably evolved over the last three decades thanks to inno-
vations in percutaneous and surgical revascularization tech-
niques. The demographic shift towards an aging population
with complex coronary anatomy andmultiple comorbidities
necessitates a personalized approach. A primary challenge
for Heart Teams is to integrate new strategies into their
decision-making process. Hybrid coronary revasculariza-
tion (HCR) combines the long-term benefits of coronary
artery bypass grafting (CABG) with percutaneous coronary
intervention (PCI) to treat complex coronary artery disease.
Selection of the ideal candidate for HCR requires careful
evaluation of anatomic challenges and risk profiles. Al-
though recent evidence demonstrates the safety and efficacy
of HCR and makes it a viable alternative to conventional
methods, further large-scale randomized controlled trials
(RCTs) are needed to establish its role in routine practice. In
this manuscript, we have provided an overview of the major
advances in both percutaneous and surgical techniques. In
addition, we have addressed the innovative implications of
robotic-assisted minimally invasive direct coronary artery
bypass (RA-MIDCAB) and described the surgical proce-
dure and postoperative care in detail. Finally, we have out-
lined the key principles that guide our clinical practice in se-
lecting the appropriate approach for hybrid coronary revas-
cularization.
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Introduction

The treatment of coronary artery disease (CAD) has
considerably improved over the last thirty years. Advances
in both percutaneous coronary intervention (PCI) and sur-
gical revascularization have led to better treatment options
and long-term clinical outcomes [1].

However, demographic changes towards an older pop-
ulation and improved access to healthcare have led to more
complex clinical cases [2,3], often involving frail patients
withmultiple comorbidities and complex coronary anatomy
[4]. The integrated “Heart Team” approach is critical to
providing care tailored to patients’ needs. According to
the ESC/EACTS and ACC/AHA/SCAI guidelines for coro-
nary revascularization, the development of local institu-
tional protocols is essential to determine the most appro-
priate revascularization strategy [5,6].

The introduction of new minimally invasive surgi-
cal techniques and improved PCI technologies expands the
range of options for myocardial revascularization and chal-
lenges Heart Teams to effectively integrate these new strate-
gies into their decision-making process.

Innovations in Percutaneous Coronary Inter-
vention

The development of new-generation drug-eluting
stents (DES) has significantly improved clinical outcomes
for patients undergoing PCI, resulting in a lower inci-
dence of target vessel revascularization (TVR), target lesion
revascularization (TLR), in-stent restenosis (ISR) and stent
thrombosis (ST) compared to the first generation [7,8]. The
introduction of new platforms with reduced strut thickness
[9], the use of -limus analog drugs and the application of
polymer coatings for drug delivery have been key in im-
proving patient outcomes [10]. New generation DES have
significantly narrowed the gap between PCI and coronary
artery bypass grafting (CABG) in the treatment of left main
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(LM) disease, multivessel CAD and complex lesions, in-
cluding chronic total occlusions (CTO) and calcified lesions
[11].

The innovative aspect of PCI in CTO lies in the con-
cept that coronary anatomy not only determines the need
for revascularization, but also guides the choice between an
antegrade (forward-moving including dissection/reentry)
and retrograde (backward) approach. The improvement of
guidewire and microcatheter technologies such as the Tor-
nus (Asahi Intecc, Aichi, Japan) and the Turnpike Gold
(Teleflex Medical Australia), which are equipped with a
metallic tip to penetrate and disrupt the proximal, heav-
ily calcified CTO cap, and the expanded use of intravas-
cular ultrasound (IVUS)-guided re-entry have significantly
increased the success rates of CTO PCI [12].

In managing severely calcified coronary artery le-
sions, progress in techniques and tools have significantly in-
creased the procedural success [13]. Devices such as mod-
ified balloon catheters, including the AngioSculpt Scoring
balloon (Brandin Court, Fremont, CA, USA) and cutting
balloons such as Flextome and Wolverine (Boston Scien-
tific, Natick, MA, USA), facilitate lumen dilation in calci-
fied stenoses [14,15]. Super high-pressure balloons such
as the OPN NC balloon (SIS Medical AG, Winterthur,
Switzerland), which can be inflated up to 35 atm, and
ablative atherectomy techniques such as the ROTAPRO
rotational system (Boston Scientific, Boston, MA, USA)
and orbital atherectomy (Diamondback 360, Cardiovascu-
lar Systems, St. Paul, MN, USA) are effective for plaque
preparation [16,17]. Intravascular lithotripsy (IVL) is a
novel technique that has evolved from a similar technol-
ogy for the treatment of ureteral and renal calculi [18]. It
has been adapted for use in calcified arterial lesions with
the Shockwave IVL catheter (Shockwave Medical, Santa
Clara, CA, USA), a standard monorail system balloon com-
patible with 0.014-inch guidewires. It effectively disrupts
both superficial and deep calcifications by emitting acoustic
pulse waves in the circumferential direction [17]. Its sim-
plicity and technical efficiency make it useful for complex
interventions. IVL is particularly effective in the treatment
of bifurcation stenosis as the side branch wire can be pre-
served during inflation [19].

While recent technological advances have facilitated
the treatment of complex coronary lesions [20], the results
of randomized trials in recent decades have highlighted
the effectiveness of fractional flow reserve (FFR)-guided
PCI in terms of improved follow-up outcomes, including
a reduction in mortality and myocardial infarction [21,22].
This method results in fewer vessels being treated, fewer
stents being used and a lower rate of repeat revasculariza-
tion [23]. In addition, the ability of FFR to distinguish be-
tween diffuse and focal disease patterns during pullback is
key to determining the most appropriate anatomic target,
facilitating decision making regarding the need and opti-
mal strategy for revascularization [21]. New tools such as

the TruePhysio® Rapid Exchange Pressure Microcatheter
(Insight. Lifetech, Shenzhen, China) allow for easier FFR
assessment due to the possibility to use a workhorse 0.014′′
guidewire. Moreover, new specialized software is now
available, such as the Quantitative Flow Ratio (QFR 2.0
software version, ClinFact Medis, Leiden, Netherlands). It
allows estimation of FFR by tridimensional (3D) recon-
struction during diagnostic coronary angiography. This
makes the analysis of stenoses faster and less invasive,
shortening the process and reducing the need for more in-
vasive traditional FFR measurements [24].

Routine use of functional-guided assessment in the
context of multivessel coronary artery disease often leads
to its reclassification and allows treatment of stenoses that
have been shown to be functionally significant. This strat-
egy leads to less invasive and simpler interventions [23].

Progress in Surgical Technique Revascular-
ization

Traditional Coronary Artery Bypass Grafting (CABG)

CABG has become one of the most performed major
operations in the world [25]. The procedure had evolved
considerably by themid-20th century, with Vasilii Kolessov
performing the first ‘modern’ CABG [26]. René Faval-
oro further refined the technique and is considered the ‘fa-
ther’ of bypass surgery [27]. Traditional CABG involves
a sternotomy, cardiopulmonary bypass (CPB) and cardiac
arrest by cardioplegia. These elements can lead to com-
plications such as wound infection, systemic inflammation
and embolization risks [28]. To mitigate these risks, less in-
vasive methods such as off-pump CABG (OPCAB), mini-
mally invasive direct CABG (MIDCAB) or totally endo-
scopic techniques (TECAB) have been developed. OPCAB
is performed on the beating heart without CPB, which po-
tentially reduces the associated risks of inflammation and
embolization [29]. Observational studies have shown that
OPCAB is associated with a reduced need for transfusion
and a lower risk of renal dysfunction and postoperative
atrial fibrillation [30]. However, randomized clinical tri-
als such as the CABG Off or On Pump Revascularization
Study (CORONARY) [31] and the RandomizedOn/Off By-
pass (ROOBY) trials [32], have provided mixed results in
terms of early mortality or major complications, suggesting
that the benefits of OPCAB over standard CABG may be
particularly important in high-volume centers.

Robotic-Assisted Minimally Invasive Direct Coronary
Artery Bypass (RA-MIDCAB)

Application Progress

Originally limited to revascularization of the left ante-
rior descending artery (LAD) due to technical limitations,
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the use of MIDCAB in high-volume centers has now ex-
panded to a broader patient population, including those
with two- or three-vessel disease [33]. Robotic-assisted
minimally invasive direct coronary artery bypass (RA-
MIDCAB) is amajor step forward. Indeed, the use of robots
in minimally invasive CABG has led to progresses such as
improved visualization, better camera control, 3D-vision,
magnification and better surgical dexterity. Compared to
conventional MIDCAB, robotic harvesting often results in
longer grafts as access to both the proximal and distal seg-
ments is improved. Robotic telemanipulation allows the
removal of pericardial fat, precise localization of the left
anterior descending artery (LAD), assessment of anatomi-
cal suitability for minimally invasive techniques, and pre-
cise determination of the intercostal space [34]. Conse-
quently, this allows for a much more comfortable procedure
for the harvesting of single and double collections of the
internal mammary artery (IMA), as demonstrated by two
studies which found similar collection times for right in-
ternal mammary artery (RIMA) and left internal mammary
artery (LIMA) [35,36]. In expert hands, RA-MIDCAB has
proven to be safe and effective, offering benefits such as a
reduced need for blood transfusions and faster patient re-
covery [37]. Several studies have compared conventional
MIDCAB with RA-MIDCAB, finding a similar incidence
of angina and major adverse events at mid-term. They also
highlight the benefits of the robotic technique, including
shorter intensive care unit (ICU) and hospital length of stay,
faster extubation, and a lower rate of major adverse events
in the mid-term, despite the slightly longer operative time
[38,39].

Thanks to advances in robotic surgical technologies,
MIDCAB is increasingly being performed as a totally endo-
scopic strategy (TECAB). This operation can be performed
both on the beating heart and on the arrested heart. Both sin-
gle and multiple grafts can be placed, and both TECAB and
MIDCAB can be combined with percutaneous coronary in-
tervention in hybrid procedures [40], which show excellent
short- and long-term results [41,42].

Surgical Technique

The patient is positioned in the anterolateral decubi-
tus position with the left chest and left buttock elevated by
about 20–30 degrees. In an emergency, the left groin is kept
in a sterile state and is accessible. For better recognition,
one-lung ventilation is performed, which is facilitated by
the insertion of a double-lumen endotracheal tube (Fig. 1).

The left internal mammary artery (LIMA) is care-
fully removed from the left chest using RATS instruments
(Robot-Assisted Thoracic Surgery). These instruments are
inserted through ports in the second, third and fourth inter-
costal spaces located about 2 cm above and below the an-
terior axillary line, with the trajectory directed towards the
mediastinum (Fig. 1a).

In order to improve visibility during the procedure, a
controlled pneumothorax is induced by carbon dioxide in-
sufflation.

The LIMA is removed, whereby it can either be skele-
tonized or pedicled (Fig. 2). Heparin is then administered
to the patient and the distal ends of the chest wall arteries
are transected. After LIMA removal, the robotic device is
detached.

The anastomosis between the LIMA and the LAD is
performed via a mini-thoracotomy approach (Fig. 2d). This
is usually a 5–6 cm left anterolateral muscle-sparing inci-
sion in the fourth or fifth intercostal space, located 2–3 cm
inferior to the nipple. The pericardium is longitudinally in-
cised, typically 1–2 finger widths lateral to the LIMA pedi-
cle, and held open with traction sutures. The LAD is then
identified. The lateral traction sutures are moved upward
toward the top of the wound to facilitate rotation of the
heart, exposing the LAD for easier anastomosis. One of
the ports is used for insertion of tissue stabilizing devices.
The distal end of the LIMA is divided and prepared for the
anastomosis. Visualization of the LAD is further enhanced
by manipulation of the pericardial margins and selective in-
flation of the lung. A suction stabilizer is used to secure the
LAD during the anastomosis.

A shunt is inserted into the LAD to create a bloodless
field. After anastomosis, restoration of blood flow through
the LAD is confirmed. Hemostasis is carefully achieved,
and the effect of heparin is reversed.

Finally, a chest drain is placed in the left pleural space
and the thoracotomy site is closed according to standard
procedures.

Post-Operative Care

The patient is then transferred to the intensive care
unit (ICU) for intensive monitoring. This early postopera-
tive phase, which lasts approximately six hours, is crucial to
detect immediate complications such as excessive bleeding
through the thoracic drain [43]. During this critical phase,
the patient undergoes close hemodynamic monitoring, in-
cluding analysis of hematological and biochemical param-
eters and chest radiographs to immediately detect signs of
bleeding or other abnormalities. If the monitored param-
eters are within the limits specified in the guidelines and
the amount of bleeding meets the predefined safety crite-
ria, the patient is gradually awakened from anesthesia and
then extubated. The stay in the intensive care unit lasts
a total of 24 hours. Thereafter, a repeat blood test and
chest X-ray are performed to confirm the absence of com-
plications before the patient is approved for transfer to the
cardiothoracic surgery ward. Post-operative management
on the ward aims to promote healing and avoid complica-
tions. On the second postoperative day, the chest drain is
removed and the surgical wound is dressed. This proce-
dure is repeated every other day until complete healing is
achieved. Between the fourth and fifth day after surgery,
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Fig. 1. Patient preparation phases for a robotically assisted minimally invasive direct coronary artery bypass (RA-MIDCAB).
(a) shows the precise preoperative markings on the patient’s chest. (b) shows the robotic system positioned for surgery, while (c) shows
the robot actively involved in the RA-MIDCAB procedure, surrounded by the surgical team and advanced technology in the operating
room.

Fig. 2. Visual overview of the operative phases of RA-MIDCAB. (a,b) show the careful incisions through the pleura and pericardium,
respectively. (c) focuses on the meticulous isolation of the left internal mammary artery (LIMA). (d) The last panel shows the anastomosis
between the LIMA and the left anterior descending artery (LAD), which was performed via a mini-thoracotomy approach.

an echocardiographic check is performed to assess cardiac
function and detect possible complications, such as a peri-
cardial effusion. If there are no significant abnormalities,
the patient can be discharged, which usually happens be-

tween the fourth and fifth postoperative day. Postopera-
tive care continues at home, with sutures removed in the
previously drained region between the tenth and fifteenth
day. Approximately one month after discharge, the patient
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is called back for an outpatient follow-up visit, which offi-
cially concludes the surgical procedure. This multilevel ap-
proach to postoperative care aims to optimize the patient’s
recovery, minimize the risk of complications and accelerate
the healing process [44].

Percutaneous versus Surgical Revasculariza-
tion

The cornerstone of the decision between percutaneous
and surgical revascularization was the SYNTAX trial [45].
This multicenter, randomized trial, initiated in 2005, in-
volved 85 medical centers in 17 countries. It included 1800
patients with complex coronary artery disease, including
patients with three-vessel disease and left main coronary
artery disease. Patients were assigned in a 1:1 ratio to either
PCI with the first-generation paclitaxel-eluting Taxus stent
or CABG.

The SYNTAX trial introduced the SYNTAX score, a
tool for grading the complexity of coronary artery disease
to help physicians decide on the most appropriate treat-
ment. The primary results published in 2009 showed that
PCI was associated with similar rates of death and my-
ocardial infarction compared to CABG but had higher rates
of repeat revascularization [45]. CABG showed better ef-
ficacy in patients with higher SYNTAX scores indicating
more complex coronary disease. Long-term follow-up data
showed that CABG was superior to PCI in terms of major
adverse cardiac and cerebrovascular events, especially in
patients with higher SYNTAX scores [46,47]. The SYN-
TAX trial has significantly influenced guidelines [5,6] and
the treatment of complex coronary artery disease by em-
phasizing a personalized approach based on anatomic com-
plexity. However, it is important to note that the SYNTAX
trial used a first-generation drug-eluting stent.

Recent randomized controlled trials (RCTs) have
compared surgical and percutaneous revascularization in
complex coronary anatomies using new generation DES
[48]. These studies have significantly narrowed the gap
between PCI and CABG in the treatment of LM coronary
artery disease and multivessel CAD.

While the indication for CABG in patients with a high
SYNTAX score is now well established, the optimal ap-
proach for LM disease with low to moderate SYNTAX
scores remains controversial. The NOBLE trial [49], which
focused on patients with LM disease, failed to demonstrate
the non-inferiority of PCI over CABG. In contrast, the EX-
CEL trial found that PCI with everolimus-eluting stents was
comparable to CABG in terms of the composite endpoint of
death, stroke or myocardial infarction at three years [50].

The interpretation and methodology of these RCTs
is controversial, particularly regarding the criteria for pa-
tient selection, the endpoints considered and the duration
of follow-up.

In a comprehensive meta-analysis including data from
EXCEL and NOBLE, a cohort of 4595 patients with coro-
nary artery disease LM was studied. Despite some method-
ological limitations such as the lack of stratification accord-
ing to the anatomical complexity of CAD and patients’ co-
morbidities, the analysis showed that the risks for all-cause
mortality, cardiovascular mortality, myocardial infarction
and stroke were comparable between PCI and CABG after
a median follow-up of 60 months [51]. In addition, a meta-
analysis of 11 randomized trials showed a mortality benefit
of coronary CABGover PCI, especially in patients with dia-
betes and in patients with high SYNTAX scores. However,
in LM coronary artery disease, survival rates were similar
between PCI and CABG, regardless of diabetes status or
SYNTAX score [52].

Specific indications for PCI or CABG can be identi-
fied, such as high coronary complexity reflected in a high
SYNTAX score or increased operative risk for CABG due
to comorbidities. Both anatomic complexity such as multi-
vessel or LM involvement, the presence of CTOs or severe
calcified stenosis, and individual patient factors, including
diabetes status, play a role in deciding on the optimal revas-
cularization strategy.

In this context, the SYNTAX II score becomes an im-
portant tool [53]. In contrast to the original SYNTAX score,
which focused primarily on anatomic complexity, this score
incorporates clinical variables and comorbidities, providing
a more comprehensive assessment to inform the treatment
decision between PCI and CABG in complex cases.

Hybrid Coronary Revascularization

Current Status

With the increasing complexity of clinical cases and
the improvement of revascularization techniques, Hybrid
Coronary Revascularization (HCR) has become an increas-
ingly important approach in recent decades [54]. It com-
bines the benefit of CABG surgery with PCI. The main
advantage of HCR is that it is less invasive compared to
traditional CABG, resulting in shorter hospital stays and
faster recovery times [55]. In addition, HCR allows for
precise treatment of complex lesions using PCI while of-
fering the durability of surgical bypass revascularization.
Conventional HCR typically combines procedures such as
MIDCAB using the LIMA to the LAD artery and is comple-
mented by PCI on at least one non-LAD coronary artery. In
more advanced HCR variants, both internal thoracic arter-
ies (ITAs) are used, extending access not only to the LAD
but also to the left circumflex artery or diagonal branches
[56].

In a prospective, non-randomized study, Bachinsky et
al. [57] reported a significant reduction in blood transfu-
sions (12% vs. 67%, p < 0.001) and hospital stays (5.1 ±
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Fig. 3. Clinical, anatomical and surgical characteristics of a patient who could ideally be referred for an HCR procedure in our
center. List of abbreviations: MVD, multivessel disease; ACS, acute coronary syndrome; CCS, stable coronary artery disease; LM, left
main; LAD, left anterior descending; PCI, percutaneous coronary intervention; COPD, chronic obstructive pulmonary disease; HBR,
high bleeding risk; CTO, chronic total occlusion; HCR, hybrid coronary revascularization.

0.8 vs. 8.2 ± 5.4 days, p < 0.01) with HCR compared to
CABGLength of hospital staywas examined as a secondary
endpoint in the HREVS (ResidualMyocardial Ischemia and
Clinical Outcomes at One Year—Hybrid coronary REvas-
cularization Versus Stenting or Surgery) trial [58]. Both
CABG and HCR surgery were associated with a longer hos-
pital stay compared to PCI, with no significant differences
between CABG and HCR (13.8 days and 13.5 days, respec-
tively). In addition, the rate of MACCE in the HCR group
(secondary endpoint) was the same as in the CABG group.

These results are consistent with those from the POL-
MIDES study [59]. In particular, it was found that the mor-
tality rate at 5 years was similar between the HCR group
(6.4%) and the CABG group (9.2%). In addition, no sig-
nificant differences were found between the two groups in
terms of myocardial infarction, repeat revascularization and

major adverse cardiovascular and cerebrovascular events
(MACCE). On the other hand, a small, randomized pilot
study by Esteves et al. [60] found a possible tendency to-
wards increased revascularization and myocardial infarc-
tion in patients with high SYNTAX scores.

This trial suggests that HCR is a safe and viable option
for patients with multivessel disease. This trend towards in-
creased revascularization after HCR was also observed in a
meta-analysis of 9 studies by Nolan et al. [61]. Despite
these results, HCR was associated with a shorter ICU stay
(25.4 hours for HCR vs. 45.7 hours for CABG) and hospi-
talization (6.0 days for HCR vs. 7.8 days for CABG) and
fewer infections (OR, 0.19; 95% CI, 0.04–0.98) compared
to CABG. A recent meta-analysis by Lui Yu et al. [62] eval-
uated a total of 18 studies, including three randomized trials
and 15 observational studies, which included 2041 cases of
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Fig. 4. Timing of HCR intervention based on the patient’s
clinical presentation. In stable patients in particular, a CABG-
first approach is usually preferred, whereas in patients with ACS,
especially those with a culprit lesion that is not part of the left
anterior descending branch, a PCI-first strategy is usually used.
List of abbreviations: ACS, acute coronary syndrome; CCS, stable
coronary artery disease; PCI, percutaneous coronary intervention;
MID-CAB, minimally invasive direct – coronary artery bypass.

hybrid coronary revascularization (HCR) and 2993 cases of
coronary artery bypass grafting (CABG).

The study found that there was no statistically signif-
icant difference in the incidence of major adverse cardiac
and cerebrovascular events (MACCE) between the two pro-
cedures in the short-term follow-up periods (<30 days OR
= 0.90, 95% CI 0.54–1.48, p = 0.67), medium-term (1 to 5
years OR = 1.25, 95% CI 0.53–2.97, p = 0.61), and long-
term (>5 years OR = 0.93, 95% CI 0.61–1.41, p = 0.72). In
addition, patients who underwent HCR had a lower risk of
death than patients who underwent CABG in the long-term
follow-up (OR = 0.35, 95% CI 0.18–0.69, p = 0.002). HCR
patients had a significantly lower rate of blood transfusion
(OR = 0.38, 95% CI 0.28–0.51, p< 0.001) and experienced
shorter times in the ICU (WMD = –13.34, 95% CI –20.27
to (–6.41), p < 0.001) and hospital (WMD = –1. 62, 95%
CI –2.38 to (–0.85), p < 0.001) compared to those who un-
derwent CABG. In addition, less atrial fibrillation and in-
fection occurred in the HCR group compared to the CABG
group (R = 0.58, 95% CI 0.36–0.93, p = 0.02 and OR =
0.24, 95% CI 0.09–0.64, p = 0.004, respectively) . The cur-
rent evidence suggests that HCR is not inferior to CABG
in patients with multivessel disease. However, it should be
noted that these data are based on small randomized clini-
cal trials, which may limit the generalizability of the results.
In addition, the selection of patients and the timing of the
intervention are crucial aspects that need to be considered.
It should also be recognized that performing two high-risk
interventions (PCI and MIDCAB) in a short period of time
can be a significant logistical and financial challenge.

Patient Selection

Careful selection of patients for HCR requires a com-
prehensive assessment of their clinical and anatomical char-
acteristics to determine the most appropriate therapeutic ap-
proach. In such scenarios, strategies such as MIDCAB at
the LAD, possibly followed by PCI at other vessels, are a
safer alternative to conventional open surgery [63].

Ideal candidates are patients with anatomical chal-
lenges that make them unsuitable for PCI, especially in the
area between the LM and LAD. This group includes pa-
tients with long or heavily calcified stenoses, where under-
expansion of the stent is highly likely or where extensive
vessel stenting is required, as well as patients with CTOs
in anatomies unfavorable for PCI or with a previous unsuc-
cessful PCI attempt.

In addition, the patient’s risk profile is critical to their
suitability for HCR.

It is important to carefully assess the risk of bleeding
from dual antiplatelet therapy (DAPT) and other comorbidi-
ties that may affect the outcome of the procedure. Patients
with diabetes, morbid obesity, severely impaired cardiac
function, COPD, renal failure, significant carotid stenosis
or neurological disease are prime candidates for a less in-
vasive HCR procedure. The decision-making process also
includes an assessment of surgical-relate risk. Severe aortic
calcification, prior sternotomy, risk of deep sternal wound
infection, and lack of adequate venous conduits are condi-
tions that should lead to considering HCR as the optimal
treatment (Fig. 3).

Timing

The appropriate timing of intervention for HCR de-
pends on a combination of clinical factors, such as whether
the patient has stable coronary artery disease (CCS) or acute
coronary syndrome (ACS) (Fig. 4), as well as anatomic
considerations. For example, patients with a sub-occlusive
stenosis in the LM coronary artery cannot be safely dis-
charged and treated later, unlike patients with a CTO of the
LAD, in whom later intervention may be more feasible.

There are two approaches toHCR: a simultaneous pro-
cedure or a ‘second stage’ procedure [64].

The simultaneous approach, which is performed dur-
ing the same hospitalization, usually involves CABG be-
fore PCI (Fig. 4). This sequence allows assessment of the
LIMA-LAD graft prior to PCI. Typically, the MIDCAB
procedure is performed with acetylsalicylic acid 100 mg
therapy, while a single loading dose of clopidogrel (600mg)
is administered immediately prior to PCI. This approach
may increase cost-effectiveness, reduce hospital length of
stay and improve patient satisfaction, although it is chal-
lenging to balance antiplatelet therapy with surgical bleed-
ing risks.

In contrast, the ‘second stage’ procedure typically de-
pends on the clinical presentation and coronary anatomy.
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Fig. 5. Hybrid coronary revascularization case. Coronary angiography revealed a long, heavily calcified stenosis in the proximal
to mid left anterior descending (LAD) artery (a), a focal stenosis in the proximal left circumflex artery (b), and a severe stenosis in
the proximal and mid-distal right coronary artery (c). After a discussion in the Heart Team, a hybrid coronary revascularization (HCR)
strategy was chosen. A robotic-assisted minimally invasive direct coronary artery bypass (RA-MIDCAB) was performed to bypass the
LAD with the left internal mammary artery. Subsequent angiography confirmed the patency of the graft (d). The left circumflex and
right coronary arteries were then successfully stented (e,f). The white arrows show the coronary stenosis, while the red arrow represents
the anastomosis between LIMA and LAD.

A CABG-first approach is usually preferred, espe-
cially in stable patients who prefer revascularization of a
larger myocardial area. This approach allows revascular-
ization of lesions previously considered unsuitable for PCI
and expands treatment options (Fig. 5). For example, a
complex lesion involving the distal left main bifurcation
can be easily treated with a provisional single stent strat-
egy from LM to left circumflex (LCx) artery after confirm-
ing patency of the LIMA-LAD graft during PCI. It is our
practice to give the patient aspirin before CABG, while the
second antiplatelet agent is used after the bypass procedure.

Alternatively, a PCI-first strategy is usually applicable
in patients with ACS, especially in patients undergoing PCI
for a non-LAD culprit lesion and significant comorbidities.
However, this strategy increases the risk of bleeding dur-
ing subsequent surgery, as DAPT usually starts before PCI.
However, previous studies have shown promising results
for staged HCR in ACS scenarios, with an average of 10–
14 days between PCI and surgery [65] (Fig. 4).

Future Directions

Available data suggest that hybrid coronary revas-
cularization provides equivalent long-term outcomes in

terms of major adverse cardiac and cerebrovascular events
(MACCE) and mortality, while reducing in-hospital mor-
bidity and shortening hospital length of stay by reducing
the need for blood transfusion and the incidence of infec-
tion [56–61]. However, the available evidence comes from
small randomized controlled trials and further studies with
larger cohorts are needed to confirm the efficacy of this
technique. Regrettably, the Hybrid Coronary Revascular-
ization trial (NCT03089398), which was designed to com-
pare HCR with multivessel PCI, was terminated early due
to slow patient recruitment and limited surgeon experience
in MIDCAB. The rationale of hybrid revascularization is to
perform the bypass in a minimally invasive manner, thereby
reducing surgical trauma and improving recovery. It is
worth noting that robotic CABG currently accounts for only
1% of all CABGs performed in North America. This is due
to several factors, including a lack of data in the medical
literature and a steep learning curve. Experts estimate that
perfecting this technique requires approximately 250–500
interventions with at least 2 years of training [66].

Recently, a study by Dokollari et al. [42] analyzed
the data of 2280 patients who underwent robotic CABG
between 2005 and 2021. The patients were divided into
three groups based on the years in which they underwent the
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procedure. The study found that the third group, who un-
derwent the procedure from 2017–2021, had a significantly
lower mortality rate (3.8% compared to 4.9% in Group I, p
< 0.01) and fewer major adverse cardiac and cerebrovas-
cular events (16% compared to 26% in Group I) over a me-
dian follow-up period of 4.2 years. In addition, the third
group had a shorter hospital stay (p < 0.001), a lower need
for intraoperative blood transfusion (p< 0.001) and a lower
rate of postoperative renal failure (p< 0.001). Furthermore,
these results suggest that with further research and refine-
ment of the technique, the use of robotic-assisted CABG
could increase in the future, which in turn would allow for
an increase in the rate of hybrid revascularization.

Conclusions

The role of HCR outside specific patient groups re-
mains uncertain as there are no comprehensive random-
ized trials. HCR is a valid treatment option for patients at
high risk for standard coronary artery bypass graft surgery.
Patient selection should be individualized and based on
a Heart Team approach. Large-scale RCTs are essential
to establish a solid evidence base for these methods and
to conclusively demonstrate their impact on patient out-
comes. Ongoing studies, such as the forthcoming prospec-
tive MIST trial (NCT03447938), are likely to provide
much-needed clarity in this area.
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