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Abstract

Myocardial revascularization in coronary artery disease via percutaneous coronary intervention or coronary artery bypass graft (CABG)
surgery effectively relieves symptoms, significantly improves prognosis and quality of life when combined with guideline-directed medic-
al therapy. Hybrid coronary revascularization is a promising alternative to percutaneous coronary intervention or CABG in selected
patients and is defined as a planned and/or intended combination of consecutive CABG surgery using at least 1 internal mammary artery
to the left anterior descending (LAD), and catheter-based coronary intervention to the non-LAD vessels for the treatment of multivessel
disease. The main indications for hybrid coronary revascularization are (i) to achieve complete revascularization in patients who cannot
undergo conventional CABG, (ii) to treat patients with acute coronary syndromes and multivessel disease with a non-LAD vessel as the
culprit lesion that needs revascularization and (iii) in highly select patients with multivessel disease with complex LAD lesions and simple
percutaneous coronary intervention targets for all other vessels. Hybrid coronary revascularization patients receive a left internal mam-
mary artery graft to the LAD artery through a minimal incision along with percutaneous coronary intervention to the remaining diseased
coronary vessels using latest generation drug-eluting stents. A collaborative environment with a dedicated heart team is the optimal plat-
form to perform such interventions, which aim to improve the quality and outcome of myocardial revascularization. This position paper
analyses the rationale of hybrid coronary revascularization and the currently available evidence on the various techniques and delves
into the sequence of the interventions and pharmacological management during and after the procedure.
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DEFINITION, RATIONALE AND CLINICAL
CONCEPTS FOR HYBRID CORONARY
REVASCULARIZATION

The role of coronary artery bypass grafting (CABG) as a revascu-
larization strategy in patients with stable coronary artery disease
(CAD) and acute coronary syndromes (ACS) has been well dem-
onstrated in the past [1, 2]. A recent meta-analysis demonstrated
that the combination of CABG and guideline-directed medical
therapy led to a significant reduction in myocardial infarctions,
compared with medical therapy alone [3]. Despite the anatomic-
al indication, surgical revascularization may not be considered
as the first choice due to (i) the unavailability of grafts, (ii) calcifi-
cations of the proximal aorta and (iii) peripheral coronary sten-
oses or diffuse CAD. Incomplete revascularization or observation
strategies have been applied in such cases. The first is associated
with increased major cardiovascular and cerebral events, and
death after CABG [4, 5], especially if the affected major coronary
vessels are not revascularized sufficiently.

A more convenient way to optimize revascularization out-
comes in such conditions is with hybrid coronary revasculariza-
tion (HCR), which is the combination of surgical and
percutaneous techniques for the treatment of multivessel CAD
(Fig. 1). The rationale of HCR is based on the following: (i) the
left anterior descending artery (LAD) is responsible for the blood
supply to >50% of the myocardium of the left ventricle, and
revascularization of this vessel is associated with a clear clinical
prognostic benefit over time [6], (ii) to date the placement of a
left internal mammary artery (LIMA) to the LAD is the most ef-
fective strategy for revascularization of the anterior wall 7, 8]
and (iii) the benefit of CABG over percutaneous cardiovascular
interventions (PCl) for revascularization of non-LAD vessels
based on the patients’ clinical status and presentation remains
ambiguous. Therefore, the advancement of stent manufacturing
and implantation, the expansion of percutaneous treatment for
CAD in patients with complex such as bifurcations and chronic
total occlusions, and the development of minimally invasive
techniques for surgical revascularization have led to an increased
adoption of HCR over the past 2 decades [9]. It is important to
emphasize that the principle of HCR does not necessarily stride
with a multiarterial CABG approach [9], and that it facilitates but
not necessarily dictates the use of minimally invasive techniques
for performing surgical revascularization. Especially multiarterial
grafting is associated with substantially lower mortality rates at
10years after coronary artery bypass grafting as shown by the
ART trial (The Arterial Revascularization Trial) [10].

Of note, the most recent ESC/EACTS Guidelines on myocardial
revascularization provided a class Ilb recommendation for HCR
[11]. However, the use of minimally invasive techniques for the
surgical part of HCR provides a number of advantages, including
a sternum-sparing procedure and use of the best arterial conduit
without manipulation of the aorta. A minimally invasive ap-
proach for the surgical stage of HCR provides several advan-
tages, such as sternum-sparing procedures, utilization of
multiple arterial conduits without aortic manipulation, shorter
recovery time and prompt return to daily life activities.

Figure 1: Hybrid coronary revascularization—a combination of coronary by-
pass surgery and PCl. (Source: J. Heger, West-German Heart and Vascular
Center, University Hospital Essen, Germany). FFR: fractional flow reserve; PCl:
percutaneous cardiovascular interventions.

Issues of definition and categorization of hybrid
coronary revascularization

Definition of hybrid coronary revascularization. HCR is
defined as a planned and/or intended combination of consecu-
tive CABG surgery using at least 1 internal mammary artery to
the LAD, and catheter-based coronary intervention to the non-
LAD vessels for the treatment of multivessel CAD [12].

Types of hybrid coronary revascularization. According to
the extent of required revascularization and the number of dis-
eased vessels, one can differentiate between conventional and
advanced HCR [13]. The first is related to single-vessel PCI and
single-vessel CABG and reflects the simplest form of HCR for the
treatment of a double-vessel disease. The second can be per-
formed in terms of single-vessel PCI + multiple CABG or mul-
tiple vessel PCI + single CABG.

Intention-to-treat concept

One of the major requirements for HCR is to perform the pro-
cedure on an intention-to-treat basis. This is mainly related to
patients considered for HCR as the primary treatment concept
and excludes patients undergoing HCR to treat complications of
either a planned PCl, CABG or both. This exclusion of the HCR
concept relates to patients with unsuccessful PCl (failed lesion
crossing, insufficient stent expansion) or complications of the
latter (coronary dissection, stent thrombosis or early in-stent-
restenosis) requiring CABG of the primary PCl targets, before
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completion of the hybrid procedure. Similarly, the same is true
for unsuccessful attempted CABG (incomplete revascularization
due to poor grafts or targets) or complications of the latter (graft
occlusion or dysfunction, inadequate flow) before addressing
the PCI targets. Such cases are not considered as HCR because
the hybrid concept was not initially planned, and it was used to
treat complications of the PCl or CABG.

Heart team

If a patient is considered as a candidate for HCR, the final deci-
sion for a hybrid approach should be discussed using an institu-
tional multidisciplinary heart-team guided approach. Especially
in complex CAD, the heart-team approach is a class | recom-
mendation in contemporary guidelines [11]. In this structured
process, representatives from cardiac surgery, interventional car-
diology and non-invasive cardiology and anesthesiology should
be included. The heart team should also assess the sequence
of HCR.

Considerations in regards to patient selection

The rationale for a hybrid approach as the primary option can
be summarized with the following concepts:

« Patients with chronic coronary syndromes on the basis of
anatomically complex lesions of the proximal LAD and con-
comitant severe stenoses of non-LAD territories.

« Patients with chronic coronary syndromes on the basis of
an isolated distal left main disease including lesions of the
left main bifurcation or trifurcation.

In addition to the above approach, there are several concepts
that may fit to the principles of HCR but are not scope of this
article. These include patients with combined coronary and
valvular disease who undergo simultaneous PCl and transcath-
eter or minimally invasive valve surgery.

Procedure-specific considerations

Minimally invasive techniques for surgical revascularization: The
HCR approach mostly involves PCl in combination with a min-
imally invasive CABG technique. This is not a prerequisite as per
definition, as HCR implies some kind of surgical revasculariza-
tion independent from access or the use of cardiopulmonary by-
pass (CPB) or not. However, due to the fact that HCR implies use
of the LIMA for revascularization of the LAD, minimally invasive
techniques are recommended. The procedure can be performed
through Minimally Invasive Direct Coronary Artery Bypass
(MIDCAB), and in some cases through a totally robotic endo-
scopic approach or via lower partial sternotomy. Minimally inva-
sive operations are commonly performed without the use of
CPB and cardioplegic arrest. Contemporary data shows several
advantages of minimally invasive techniques in terms of peri-
operative major adverse cardiac events (MACE) at least in
patients with a high operative risk, without compromising graft
quality [14, 15]. On the other hand, younger patients with lower
perioperative risks should not be excluded from multiple arterial
revascularizations for the sake of the hybrid concept. Total arter-
ial grafting has been associated with markedly lower all-cause

death in the long-term and should be definitely be encouraged
in selected patients with reasonable life expectancy. Multiple ar-
terial revascularizations can be achieved nowadays in a minimal-
ly invasive way, based on the use of bilateral internal mammary
arteries or combinations with the radial artery [13, 16].

In addition, there are intraprocedural factors, which may in-
fluence early- and long-term outcomes, such as:

1. The access or the technique used for the surgical or interven-
tional part of the revascularization (e.g. mini-thoracotomy or
sternotomy for CABG, femoral or radial access for PCl and on
or off-pump for CABG).

2. The material used for the components of revascularization
(e.g. types of stents or grafts).

3. The procedural sequence (PCl first, CABG first or one-
stop procedure).

4. The initial clinical presentation of the patient (e.g. stable an-
gina or acute coronary syndrome) since in the acute setting
more complex minimally invasive strategies or HCR are rarely
being performed.

All the factors mentioned above are important for decision-
making and clinical treatment and should be thorough-
ly documented.

Procedural sequence. The concept of HCR is based on 2
revascularization strategies (CABG and PCl), which are per-
formed concomitantly or at a specific interval. The main prin-
ciple driving the procedural sequence should be to first treat the
true ischaemic culprit [17]. For instance, revascularization of the
LAD should be performed first in patients with a tight proximal
lesion of the LAD and significant stenosis of any non-LAD tar-
gets. On the other hand, a patient with subtotal occlusion of the
right coronary artery (RCA) should be addressed by PCl before
surgical revascularization of a collateralized LAD with a chronic
occlusion. The principle of HCR allows for all 3 possible combi-
nations (CABG first, PCl first or a one-step intervention) as each
may be used for a specific rationale. Table 1 addresses decision-
making for sequencing the interventions. The procedural se-
quence of HCR indications is also illustrated in Fig. 2.

The advantage of a simultaneous revascularization approach
(simultaneous strategy) is that the patient only needs 1 single
intervention. The team of heart surgeons and interventional car-
diologists can switch from surgery to PCl and vice versa at any
time point of the operation. The drawback of this approach may
be the dual antiplatelet therapy (DAPT) required by the PCI

Table 1: Anatomical factors influencing decision-making on
the sequence of revascularization

PCI CABG Simultaneous
first  first
Non-LM/LAD as most significant 4F = =
coronary lesion
LM/LAD culprit lesion - + +
ACS with non-LM/LAD + - -
culprit lesion
Unprotected LM - + +

ACS: acute coronary syndromes; CABG: coronary artery bypass graft; LAD:
left anterior descending; LM: left main; PCl: percutaneous cardiovascular
interventions.
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Procedural Sequence of HCR

Heart-Team Decision

HCR Indication

i

One-step HCR:
¢ LM/LAD culprit lesion

¢ Unprotected LM

Y

Two-step HCR

.

PClI first:

culprit leason

PClI first:
¢ ACS with non-LM/LAD ¢ Non-LM/LAD

CABG first:
* LM/LAD culprit leason
* Unprotected LM

Figure 2: Procedural sequence of hybrid coronary revascularization. ACS: acute coronary syndromes; CABG: coronary artery bypass graft; HCR: hybrid coronary
revascularization; LAD: left anterior descending; LM: left main; PCI: percutaneous cardiovascular interventions.

procedure, the logistics and planning behind the time sequenc-
ing, and, of course, the need for a hybrid room.

CURRENT RESULTS IN HYBRID CORONARY
REVASCULARIZATION

The evaluation of safety, effectiveness and long-term outcomes
of HCR has grown in recent years. Nonetheless, evidence is still
limited, and any conclusions should be taken with caution as
studies in this particular field face specific challenges. Although
HCR has been have led to an increased interest over the past 2
decades, the current limitations are related to the still relatively
low routine adoption of this treatment option. Although the first
series was described in the late 1990s and one-third of the hos-
pitals in the United States report the use of HCR, it still repre-
sents less than 1% of the total CABG volume with 5% performed
in experienced centres, reflecting the inadequacy of sample size
for trials and observational studies [18, 19].

Notwithstanding a potential benefit of HCR, there is currently
insufficient evidence to support its widespread use. The 2018
ESC/EACTS Guidelines on myocardial revascularization [20] rec-
ommend hybrid procedures in specific patient subgroups at
experienced centres and assign HCR a IIb recommendation.

Results of hybrid coronary revascularization versus
percutaneous cardiovascular intervention

The ‘Hybrid coronary revascularization trial' (NCT03089398), a
project designed to evaluate potential superiority of HCR com-
pared with PCl using the composite of major adverse cardiac
and cerebrovascular events (MACCE) in a large cohort of 2354
multivessel patients was discontinued after enrolment of 200
patients because of delayed recruitment (Table 2) [21]. A recent
multicentre prospective cohort study [22] that provided a
defined set of anatomic and clinical eligibility criteria for HCR,
enrolled 200 HCR-eligible patients who received HCR and 98
HCR-eligible patients who underwent multivessel PCl along with

drug eluding stents (DES). Risk-adjusted MACCE rates were simi-
lar between the groups at 12 months, with a non-significant
trend favouring HCR at 18 months. Of note, there was a high
rate of agreement between cardiac surgeons and interventional
cardiologists regarding patients’ anatomic eligibility for HCR [22].

Defining perioperative end-points that compare PCl and HCR
is more complex, as some are typically associated with the sur-
gery, such as ventilation time, intensive care unit (ICU) length of
stay (LOS), as well as blood transfusions. In a recent retrospective
analysis of a large registry, Lowenstern and colleagues showed
that risk-adjusted in-hospital mortality was comparable between
HCR and PCI [23]. This outcome was also supported by a previ-
ous propensity score matched study [22]. The small amount of
data available does not show differences in perioperative
MACCEs, although significant reductions in hospital LOS and
bleeding have been reported in the PCl group [24].

Results of hybrid coronary revascularization versus
coronary artery bypass graft

Other possible issues related to HCR versus CABG are differences
in expertise and practice patterns, including on-off-pump CABG,
lack of equipoise, learning curve effects, challenges in blinding
operators, as well as lack of specific indications for HCR that led
to different use among centres [20]. Considering its hybrid na-
ture, the various control groups employed to validate HCR have
also not been standardized, with PCl, CABG or OPCAB all
chosen, leading to difficulties in summarizing and interpreting
results [25]. Similarly, the choice of end-points reflects the diffi-
culties in planning and conducting adequate studies in HCR.
Recently more studies have focused on perioperative outcomes
[26], while follow-up studies are mostly limited to 3 years, leaving
with insufficient long-term performance data of the HCR pro-
cedure, in terms of mortality and repeat revascularization [25,
27, 28].

Both prospective trials as well as observational studies have
shown that HCR is a safe and effective treatment option for
treating patients with multivessel disease [25]. In-hospital and/or
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30-day mortality are comparable between HCR and CABG, irre-
spective of the surgical technique employed (CABG, OPCAB or
minimally invasive coronary revascularization [MICR]) [26-36].
LOS is one of the main outcomes used to compare HCR and sur-
gical myocardial revascularization in the short term. Shorter LOS
in HCR has been demonstrated in some comparative studies [33,
37-39], supported by the pooled results of a recent meta-
analysis by Reynolds and colleagues [26] and also corroborated
in some subsets of surgery patients, such as those undergone
MICR [30]. Risk of perioperative blood transfusions was signifi-
cantly lower in HCR compared with CABG, as shown in a meta-
analyses and single centre studies [26, 29, 30, 33, 35, 40]. HCR
appears to be superior to surgery in regards to ventilation time
[26, 30], and non-inferior to surgery for rates of postoperative
atrial fibrillation, renal complications, myocardial infarction and
stroke [26, 28-30], and it also compares favourably to MICR in
terms of reduced risk for reoperation and incidence of postoper-
ative infection [30]. Harskamp and colleagues also showed a sig-
nificant reduction in perioperative troponin | release after HCR
compared with OPCAB [41]. Of note, the non-inferiority in terms
of stroke should be carefully considered, also in meta-analyses,
as the low incidence of this specific complication requires a high
sample size to detect any statistically significant differences.
Evaluation of mid- and long-term outcome is more complex,
as evidence is limited and inhomogeneous. Long-term efficacy
of HCR should be confirmed by adequately powered trials.
Mortality at follow-up is comparable between HCR and CABG,
as shown by 4 meta-analyses [28-30, 42] and prospective studies
[31, 33], although follow-up was mostly limited to up to 3years
so that longer term evaluation was not possible. With the same
limitations, MACCE incidence was not different between surgery
and HCR [27-31, 33]. Repeat revascularization, however, was
probably the key issue in the mid-term comparison between
surgery and HCR. In an early meta-analysis by Harskamp and
colleagues, HCR was shown to be a risk factor for repeat
revascularization compared with CABG, with an hazard ratio
increasing from 2.65 (95% Cl: 1.16-6.06, P=0.021) to 3.25 (95%
Cl: 1.8-5.87, P<0.001) at 3years [43]. This negative effect was
repeated in a recent meta-analysis which reported a superim-
posable hazard ratio of 3.1 (95% Cl: 0.139-6.9) [29], confirmed
by another meta-analysis showing a similar incidence of repeat
revascularization [28]. Nevertheless, these results are biased as
they mix different follow-up periods, with the hazard ratio of
1.28 (95% Cl: 0.58-2.83, P> 0.05) as shown by Sardar and col-
leagues summarizing 1-month follow-up in 2 studies, 12-month
follow-up in 3 studies and 36-month follow-up in 1 study [28].
Also, recent prospective trials have shown contrasting results.
The 5-year outcomes of the POLMIDES study [31], a
randomized-controlled trial (RCT) comparing 2-stage HCR to
standard CABG, found a comparable incidence of repeat revas-
cularization between the 2 groups, which contradicts the results
of another small and under-powered trial, which found an asso-
ciation between HCR and repeat revascularization at 2 years [32].
In the same way, retrospective evaluations have found opposing
outcomes, although the same methodology for balancing groups
were employed [35, 37, 40]. Mortality, MACCE and repeat revas-
cularization up to 18 months were found to be comparable be-
tween HCR and PCl [22, 24], although the small number of
published evidence has to be taken into account. As stated,
all these studies included different follow-up time points,
which were predominantly shorter term; so it comes as no sur-
prise that outcomes don't differ significantly during this early

follow-up period, as the benefit of CABG becomes more evident
in the long term. This may not be an issue, though, as patients
considered candidates for HCR are higher risk, with an expected
lower estimated survival.

Results of hybrid coronary revascularization versus
coronary artery bypass graft versus percutaneous
cardiovascular intervention

RCT's comparing HCR versus CABG have been small in size [31,
32], with the only RCT to date comparing HCR with multivessel
PCl terminated prematurely due to slow recruitment [21].
Prospective trials that directly compared HCR with CABG and
PCl are currently limited to only 1 randomized study, which was
also small in sample size, and reported no difference between
the 3 treatment arms [24]. Moreover, a recent meta-analysis of
119 studies with a maximum follow-up of 1 year reported no
significant difference between the 3 treatment modalities [44]. In
summary, the evidence for the best treatment option is currently
uncertain and future prospective randomized trials comparing
HCR with CABG and PClI are still warranted.

Invasive functional evaluation of coronary stenosis
before pci or surgical revascularization. Invasive function-
al evaluation is recommended to assess the haemodynamic rele-
vance of intermediate-grade coronary stenosis when other
evidence of ischaemia is not available [20]. This is often the case
in patients being considered for possible HCR who present with
multivessel disease (MVD) or left main involvement. In these
cases, non-invasive functional evaluation has shown lower diag-
nostic accuracy, especially in terms of spatial resolution (e.g.
ability to identify the ischaemic vessel/myocardial territory) [45,
46]. In addition, systematic implementation of invasive function-
al assessment might enable the LAD artery to be specifically tar-
geted with the LIMA, treating the remaining coronary segments
with stenting or medical therapy depending upon their relative
functional significance (Fig. 3) [47]. Invasive functional assess-
ment is currently recommended with fractional flow reserve
(FFR) and with instantaneous wave-free ratio (iwFR) [20].

Functional strategy ahead of percutaneous cardiovascular
intervention

FFR has been extensively validated in PCI guidance, especially in
patients with stable CAD or stabilized ACS. In stable patients,
deferring revascularization with an intermediate stenosis in 1
coronary artery based upon a preserved FFR value was associ-
ated with a favourable clinical outcome [48]. Importantly, after
15 years of follow-up, the lesions with negative FFR treated with
medical therapy remained stable, while lesions with negative
FFR treated with bare metal stenting had an excess incidence of
myocardial infarction [49]. These results have been recently con-
firmed with contemporary drug-eluting stents in 2 large regis-
tries and a pooled analysis of 2 large randomized clinical trials
(Fig. 4) [50-52]. In patients with MVD with stable CAD or stabi-
lized ACS, FFR-guided PCl has shown improved clinical out-
comes compared with PCl guided by the angiographic
appearance of the coronary stenoses up to 5years [53-55]. In
patients with stable angina with at least 1 lesion with positive
FFR (<0.80) in a large coronary artery territory, FFR-guided PCI
was superior to a conservative strategy with the best available
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Totally Occluded Stenosis LCx Stenosis RCA
LAD %DS: 73% %DS: 54%
1 FFR: 0.46 FFR: 0.92
Robotically Enhanced Stent Defer
MIDCAB

2 Days Post
Enhanced MIDCAB

e

Post Stenting LCx

Scar 6 months after

Figure 3: Example of a patient with a chronic total occlusion of the LAD that could not be recanalized percutaneously (A) and a stenosis in the left circumflex (B) and
RCA (C). FFR in the LCx was 0.45 and in the RCA was 0.92. Accordingly, stenting of the LCx was performed, PCI of the RCA was deferred, and a robotically enhanced
MIDCAB graft with a LIMA to the LAD was done. (D), Angiographic control of the LIMA graft to the LAD. (E), Poststent angiographic result in the LCx. (F), Minimal
scars of the surgical incisions. (Source: Davidavicius et al. Circulation 2005; 112: 1-317-1-322). FFR: fractional flow reserve; LAD: left anterior descending; LIMA: left in-
ternal mammary artery; MIDCAB: Minimally Invasive Direct Coronary Artery Bypass; PCl: percutaneous cardiovascular interventions; RCA: right coronary artery.

medical therapy [56, 57]. When analyzed as a continuous vari-
able, the absolute value of FFR has been shown to have a prog-
nostic value for predicting major adverse cardiovascular events
(Figs 4 and 5) [58, 59]. At 5years, a lower rate of myocardial in-
farction was observed in the FFR-guided PCI group of patients
compared with patients managed conservatively [5]. In a recent
meta-analysis, FFR-guided PCI resulted in a reduction of the
composite of cardiac death or MI compared with medical ther-
apy, which was driven by a decreased risk of Ml [6]. FFR is also
reliable in PCl guidance of patients presenting with ACS, as it
pertains to the evaluation of the non-culprit stenotic vessel [60].
In 2 randomized trials [61, 62], the primary composite end-point
was significantly reduced in patients treated with FFR-guided
PCI of the non-infarct related artery, irrespective of whether PCI
of the non-culprit lesion was performed during the same pro-
cedure as the primary PCl, or staged during the same index
hospitalization.

IWFR has shown a good predictive value for FFR [63]. In
patients with stable CAD and stabilized ACS, iwFR-guided PCI
was reported to be non-inferior for a combined primary end-
point of death from any cause, nonfatal myocardial infarction or

unplanned revascularization compared with FFR-guided PCI up
to 1-year follow-up (Fig. 6) [64, 65]. In addition, deferral of revas-
cularization in intermediate coronary stenoses based on iwFR
values is equally safe compared with FFR up to 1-year follow-up
[60, 66].

Functional strategy ahead of coronary artery bypass graft

In up to 25% of cases, bypass grafts are anastomosed onto cor-
onary arteries with no regional myocardial perfusion impairment
[67]. Grafting a non-functionally significant stenotic vessel might
accelerate atherosclerosis progression in the native coronary ar-
tery [68], leading to reduced graft patency rate [69]. On the other
hand, recent evidence showed that the use of the mammary
artery could present a positive effect on the endothelial metab-
olism of the coronary artery, and slow - or even return - athero-
sclerotic disease [70].

The most important impact of invasive functional evaluation
in patients who are potentially candidate for CABG is in the
functional staging of the severity of CAD. In 497 patients with
angiographic multivessel disease, the anatomic severity of CAD
by the Syntax Score was reassessed by incorporating only the
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Figure 4: Schematic representation of a left coronary artery with sequential stenosis of the ostial LM and proximal LAD coronary artery (A, arrows). FFR of the LM
measured with the pressure wire positioned in the left circumflex artery is 0.84 (B). If the proximal LAD was stented, FFR of the LM would lower to 0.72 as a conse-
quence of the significant increase in the subtended myocardial mass (C). If a bypass graft would be implanted distal to the LAD stenosis, FFR of the LM would either
remain the same or slightly increase, as a consequence of the fact that a large part of the left coronary artery territory is now being perfused by another vascular con-
duit (D). LAD: left anterior descending; LM: left main; FFR: fractional flow reserve. (Source: Pellicano et al. European Heart Journal 2017; 38:1959-1968).
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Figure 5: Safety of deferral of percutaneous revascularization in 2 large contermporary registries and a pooled analysis from 2 large randomized clinical trials.
(Source: Tanaka et al. Circ ] 2017; 81:1301-1306; Ahn et al. Circulation 2017; 135:2241-51; Escaned et al. JACC Intv 2018; 11:1437-1449). FFR: fractional flow reserve;

PCl: percutaneous cardiovascular interventions.

coronary stenosis with abnormal FFR values into the calculation.
By using the functional Syntax Score, CAD severity was down-
graded in 32% of patients, with improved discrimination of the
clinical end-points [71]. The application of the functional Syntax
Score to the stratification of patients with MVD might signifi-
cantly impact management strategies by moving patients from
CABG to PCl, for example, in patients in whom the functional
syntax score significantly downgrades the CAD severity. At this
regard, the FAME 3 trial tests whether FFR-guided PCl in patients
with multiple vessel disease is non-inferior to angiographically
guided surgical revascularization [72]. Alternatively, patients

might initially be considered for less invasive approaches such as
hybrid therapy or minimally invasive CABG. Invasive functional
evaluation might also reveal haemodynamically significant sten-
osis of the left main or proximal LAD artery, that had been clas-
sified as mild on the angiogram, therefore upgrading the
functional severity of CAD.

The clinical impact of functionally guided surgical revasculari-
zation has been investigated thus far with only FFR. The occlu-
sion rate at 1year of the bypass grafts implanted on functionally
non-significant stenoses (i.e. with preserved FFR) was twice as
high compared with the bypass grafts implanted on functionally
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Figure 6: Conceptual plot for FFR as continuous marker of risk in patients treated with medical therapy (blue line) or revascularization (red line). (Source: Johnson
et al. ] Am Coll Cardiol 2014; 64:1641-54). FFR: fractional flow reserve; PCl: percutaneous cardiovascular interventions.

significant stenosis [69]. In 627 patients, FFR-guidance was asso-
ciated with a significant downgrade in the rate of MVD [73]. This
reclassification of patients led to a simplification of the surgical
protocol as suggested by the lower number of anastomosis and
lower rate of on-pump surgery observed in the FFR-guided
CABG group of patients. Despite incomplete anatomical revas-
cularization of these latter patients, at 3 years, there was no dif-
ference in terms of adverse cardiac events and an even lower
rate of angina Canadian Class Society Class Il-IV as compared
with patients treated with a traditional strategy, suggesting the
safety of performing functionally complete revascularization in
these patients. In addition, exploratory analysis showed that the
graft patency rate was higher when surgical revascularization
was guided by FFR compared with angiography, confirming and
extending up to 3years the previous findings [69].

More recently, the ‘Fractional Flow Reserve versus Angiography
Randomization for Graft Optimization’ (FARGO) and the ‘GRAft pa-
tency after FFR-guided versus angiography-gulded CABG'
(GRAFFITI) trials confirmed a significant procedural impact in terms
of simplification of the surgical operation [74-76]. Despite this,
both failed to show lower graft failure rates in patients undergoing
FFR-guided CABG compared with angiography-guided CABG at 6
and 12 months, respectively. This discrepancy with the previous
findings might be explained by a time-sensitive impact of the inva-
sive functional guidance on surgical revascularization. In fact, an
extended clinical follow-up of a previous registry demonstrated
that FFR-guided CABG is associated with a significant reduction in
the rate of overall death or myocardial infarction at 6-year follow-
up (Fig. 7) [77]. This clinical benefit with FFR-directed bypass graft
compares to higher patency rate of arterial but not venous grafts
up to 6 years follow-up (Fig. 8) [78].

ANTIPLATELET THERAPY IN HYBRID CORONARY
REVASCULARIZATION

The type and extent of antiplatelet therapy in coronary revascu-
larization is clearly defined by the most thrombogenic proced-
ure which is PCl. However, no randomized-controlled data exist
regarding HCR and the protocols followed, which were based
on expert opinion or current practice for PCl and CABG.
According to recent guidelines and newest drug-eluting stent
technologies, a shorter period on DAPT may be suitable for
many patients, depending on individual anatomical and clinical
features. This allows for better selection of HCR candidates and
for planning the strategy staging of the interventional steps.

Patients presenting with an ACS undergo primary PCI ('PCI first
strategy’) of the culprit lesion, if non-LAD vessels are involved. In
this scenario, DAPT may be given for at least 4weeks and the
CABG procedure can be safely performed thereafter under single
antiplatelet therapy [79-81]. DAPT starts on the day of the PCI
procedure using clopidogrel (600mg) as a loading dose. In
patients with ACS and a low bleeding risk, a more aggressive
medical approach is indicated, with ticagrelor or prasugrel
administered as soon as possible after PCI, which is then discon-
tinued before the CABG procedure or removed intraoperatively
[82-84] and then readministered as soon as possible postopera-
tively and continued for the following 12 months [85].

In patients presenting with chronic coronary disease, the anti-
platelet regimen in this setting may be reserved to aspirin mono
therapy after surgery. DAPT is recommended in specific situa-
tions for those patients with severely diffused CAD or those
undergoing coronary artery endarterectomy. Moreover, the
2017 EACTS guidelines on perioperative medication in cardiac
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Figure 7: Cumulative incidence of death and myocardial infarction up to 6 years. (Source: Fournier et al. Circulation Cardiovasc Intv 2018; 11: €006368). FFR: fraction-

al flow reserve.
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Figure 8: Kaplan-Meier graph reporting 6-years patency rate in all grafts and
12:e007712).

surgery recommended DAPT as class Ilb recommendation in
CABG patients in CABG patients with a higher ischaemic risk (e.
g. coronary endarterectomy or off-pump surgery) [86].

In patients with a high-risk coronary anatomy, bridging ther-
apy is recommended in patients after PCI who require CABG
within the next 4-6 weeks. In those patients less aggressive DAPT
starts on the day of the PCl procedure adding clopidogrel
(600 mg) as a loading dose to the aspirin therapy and continued
with a normal dose up to the day of surgery, or clopidogrel ther-
apy can be switched to intravenous heparinization within
48 hours from surgery to avoid any DAPT bleeding risks. DAPT
should be resumed postoperatively as soon as possible and con-
tinued until the prescribed duration of therapy is completed

in arterial grafts. (Source: From Fournier S et al. Circulation Cardiovasc Interv 2019;

taking into account the bleeding risk of a patient. Even in
patients presenting with high bleeding risks and need for antico-
agulation due to atrial fibrillation or recurrent thrombotic em-
bolism, a very short period of DAPT after coronary stenting is
advised by international guidelines [84].

CURRENT INDICATION AND PATIENT
SELECTION FOR HYBRID CORONARY
REVASCULARIZATION

Candidates for HCR may include patients who also have ather-
omatous aortic disease leading to high risk of stroke, patients
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with depressed left ventricular function, chronic kidney disease
or patients undergoing repeat sternotomy, all conditions leading
to a higher surgical risk. Also lack of availability of adequate by-
pass conduits might be an indication for HCR. In obese and/or
poorly controlled diabetic patients, HCR offers the survival ad-
vantage of LIMA to LAD, reducing the (higher) risk for deep ster-
nal wound infection associated with sternotomy [27].

It must be iterated that the heart-team approach is key to
deciding which type of revascularization, including HCR, be
advised for the individual patient, as mentioned above [25]. So
that, in selected patients, HCR provides a further tool to treat
coronary heart disease in the most appropriate way, according
to each patients’ findings, anatomical and clinical status.

Guidance when considering HCR

Table 3 summarizes all considerations and indications for HCR
as follows:

Patients with double-vessel disease and a LAD lesion not amenable to PCl

Patients with multivessel disease and an indication for CABG requiring
complete revascularization in whom a full sternotomy is
contraindicated

Patients with multivessel disease and an indication for CABG requiring
complete revascularization and lack of supplemental venous and/or
arterial conduits

Patients with multivessel disease and a complex proximal LAD lesion
and poor surgical targets in the circumflex artery (CX) or RCA territory
amenable to PCI

Patients with multivessel disease undergoing emergent culprit lesion PCI
of a CX or RCA lesion and staged surgical revascularization of a re-
sidual LAD lesion

Patients with multivessel disease and extensive atheromatous aortic dis-
ease at high risk of stroke in whom compete revascularization cannot
be achieved without manipulation of the aorta

Clinical issues: elderly or high-risk patients with complex LAD lesions
who may benefit from avoiding sternotomy and CPB. HCR could be
considered as bailout in patients

e with otherwise incomplete revascularization (patients’ lack of graft con-
duits or severe atherosclerosis of the ascending aorta)

e with relative contraindications to sternotomy for primary or repeat
revascularization (multi- or comorbid patients, patients with severe
mobility limitations, patients with impaired healing, relevant anatomic-
al conditions e.g. pectus excavatus or carinatus, complex sternal recon-
struction after previous surgery, previous procedures on the
great vessels)

Based on these considerations, the indication for hybrid
approaches can be summarized into 2 issues:

1. Anatomical issues: when the LAD has complex or diffuse dis-
ease and non-LAD lesions are suitable for PCl with short and
relatively large stents which provide a lower risk for restenosis.

2. Clinical issues: young patients with complex LAD lesions (to
avoid ‘full metal jacket) and stenosis on the other vessels, par-
ticularly if kidney disease is present, in order to offer a long-
term advantage over repeat revascularizations and probably
on survival.

In addition, there are some other relevant factors where HCR
could be considered or preferred. Regard this, Table 4 summa-
rizes demographic, clinical and angiographic factors and pro-
vides an overview of the possibilities for favouring each
revascularization method.

Table 3: Current indications for HCR

Patients with double-vessel disease and a LAD lesion not amenable
to PCI

Patients with multivessel disease and an indication for CABG requiring
complete revascularization in whom a full sternotomy is
contraindicated

Patients with multivessel disease and an indication for CABG requiring
complete revascularization and lack of supplemental venous and/or
arterial conduits

Patients with multivessel disease and complex proximal LAD lesion and
poor surgical targets in the circumflex (CX) or right coronary artery
(RCA) territory amenable to PCI

Patients with multivessel disease undergoing emergent culprit lesion PCI
of a CX or RCA lesion and staged surgical revascularization of a re-
sidual LAD lesion

Patients with multivessel disease and extensive atheromatous aortic dis-
ease at high risk of stroke in whom compete revascularization cannot
be achieved without manipulation of the aorta

Source: adapted from Head et al. Eur Heart ) 2013; 34:2873-86 [89].

CABG: coronary artery bypass graft; CX: circumflex artery; HCR: hybrid cor-
onary revascularization; LAD: left anterior descending; PCl: percutaneous
cardiovascular interventions; RCA: right coronary artery.

Table 4: Clinical and angiographic factors predisposing to a
particular revascularization method

PCl HCR CABG

Clinical characteristics
Advanced age
Frailty
Low left ventricular ejection fraction —
(LV-EF) (<30%)

Diabetes mellitus

Renal failure

Pulmonary dysfunction

Prior left thoracotomy

Prior sternotomy

Limited vascular access

Lack of available bypass conduits
Atheromatous asc. aortic disease
Contraindication for DAPT

Angiographic characteristics

Unprotected left main (unsuitable —
for PCI)

Intramyocardial LAD + - +
Complex LAD lesions = 4F F
Complex non-LAD lesions - - +

L+ 1+ ++ 0 + +
L+ + 1+ 11 ++ +++
e B B e I

L
RIS

Source: adapted from Harskamp et al. Ann Thorac Surg 2013; 34:2873-
86[90].).

CABG: coronary artery bypass graft; DAPT: dual antiplatelet therapy; HCR:
hybrid coronary revascularization; LAD: left anterior descending; PCI: per-
cutaneous cardiovascular interventions.

CONCLUSION

With this consensus expert opinion position paper, the ESC
Working Group on Cardiovascular Surgery in collaboration
with  EAPCl  (European  Association of Percutaneous
Cardiovascular Interventions) is committed to providing guid-
ance on hybrid coronary artery revascularization strategies and
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techniques according to the current state-of-the-art and avail-
able evidence.

Of note, it is essential to include also technical considerations
such as off-pump CABG (aorta no-touch technique) or epi-
aortic scanning (porcelain aorta) into the revascularization strat-
egy, which can be also applied in the minimally invasive setting.
Also, the presence and amount of calcification in the coronary
arteries should be considered as this would add technical com-
plexity to the surgical approach [87].

Due to the increasing ageing population with a higher preva-
lence of comorbidities, a growing number of patients at higher
risk are facing appropriate treatment of multivessel CAD either
by PCl or CABG. HCR may play an important and complemen-
tary role in the treatment of multivessel coronary disease in the
future. Emerging technological advances in both interventional
and surgical revascularization strategies and techniques enhance
the possibility of an integrated hybrid approach, in which the
patient receives a minimally invasive LIMA revascularization to
the LAD and PCI to the remaining diseased coronary vessels.
However, the concept of multiarterial grafting especially in
younger patients with reasonable life expectancy should not be
influenced by HCR techniques.

Additionally, patients who present with an acute coronary
syndrome could be assigned to HCR. In cases where the cul-
prit lesion is localized to a non-LAD vessel, urgent PCl is per-
formed, with concomitant complex LAD stenosis not
amenable for PCI subsequently referred for surgical revascula-
rization, according to the hybrid principle. The intention to
perform HCR in these patients should be documented during
the primary hospitalization and should be discussed using the
heart-team approach. Any deviation from this concept due to
relevant ischaemia or haemodynamic instability due to the
remaining lesions should be considered as contraindication to
perform HCR. However, planned PCl of a second non-LAD
territory is still compatible with the hybrid concept. Treatment
of ACS is based on immediate revascularization of the culprit
lesion by PCI (within hours). In previous studies, almost 17% of
HCR candidates presented with an ACS [88]. Of these, the RCA
is involved in 63% of patients and the left circumflex artery in
50% [22]. In 47% and 70% of patients, a proximal and a mid-
LAD lesion was noted. In these cases, the concept of HCR can
be applied under the condition of successful revascularization
of the culprit lesion by primary PCI and the presence of a tight
lesion of the LAD.

Specialized surgical skills, advanced training and expertise
are crucial for a broad acceptance of HCR. This is perhaps
the main reason why as of now MIDCAB in combination
with HCR has not presented a wider adoption. The same holds
true for total endoscopic robotic CABG surgery, which is asso-
ciated with a substantial learning curve. Such minimally inva-
sive techniques should be implemented into clinical routine as
a first step to ensure satisfactory results of HCR as the
next step.

Therefore, the HCR approach performed by a dedicated heart
team with close interaction between cardiologists and surgeons
may represent an optimal and safe method with favourable
long-term outcomes, performed in selected patients and at sites
with broad experience of minimally invasive CABG surgery and
consecutive PC| procedures.

LIMITATIONS

HCR is limited with the following points:

The lack of immediate complete myocardial revascularization
may result in MACE. The different procedural risks of PCl and
CABG might result in undesired outcomes. For instance, the
need for antiplatelet therapy may increase the risk of bleeding
after CABG. On the other hand, the pro-coagulant effects of the
operative trauma and/or the need for reduced or shortened
antiplatelet therapy may increase the risk of stent thrombosis.
This may offset the long-term benefits of complete revasculari-
zation only achieved by the hybrid approach.

DISCLOSURES

MT, NB, EB, FB, DC, TF, GF, RG, JL, AP, PP, SS, PS, SES, DW, MC
and CM have no disclosures.

FUNDING

All authors have declared that no financial disclosures exist.

Conflict of interest: The authors have declared that no compet-
ing interests exist.

Reviewer information

European Journal of Cardio-Thoracic Surgery thanks Stefano Schena and the
other anonymous reviewers for their contribution to the peer review process
of this article.

REFERENCES

[1] Frye RL, August P, Brooks MM, Hardison RM, Kelsey SF, MacGregor M
et al.; BARI 2D Study Group. A randomized trial of therapies for type 2
diabetes and coronary artery disease. N Engl ] Med 2009;360:2503-15.

[2] Howlett JG, Stebbins A, Petrie MC, Jhund PS, Castelvecchio S,
Cherniavsky A et al; STICH Trial Investigators. CABG improves out-
comes in patients with ischemic cardiomyopathy: 10-year follow-up of
the STICH trial. JACC Heart Fail 2019;7:878-87.

[3] Soares A, Boden WE, Hueb W, Brooks MM, Vlachos HEA, O'Fee K et al.
Death and myocardial infarction following initial revascularization ver-
sus optimal medical therapy in chronic coronary syndromes with myo-
cardial ischemia: a systematic review and meta-analysis of
contemporary randomized controlled trials. ] Am Heart Assoc 2021;
10:e019114.

[4] Mohr FW, Rastan AJ, Serruys PW, Kappetein AP, Holmes DR, Pomar JL
et al. Complex coronary anatomy in coronary artery bypass graft sur-
gery: impact of complex coronary anatomy in modern bypass surgery?
Lessons learned from the SYNTAX trial after two years. ] Thorac
Cardiovasc Surg 2011;141:130-40.

[5] Mocanu V, Buth K], Kelly R, Légaré J-F. Incomplete revascularization
after coronary artery bypass graft operations is independently associ-
ated with worse long-term survival. Ann Thorac Surg 2014;98:549-55.

[6] Cameron A, Davis KB, Green G, Schaff HV. Coronary bypass surgery
with internal-thoracic-artery grafts—effects on survival over a 15-year
period. N Engl ] Med 1996;334:216-9.

[71 Hlatky MA, Shilane D, Boothroyd DB, Boersma E, Brooks MM, Carrié D
et al. The effect of internal thoracic artery grafts on long-term clinical
outcomes after coronary bypass surgery. ] Thorac Cardiovasc Surg 2011;
142:829-35.

[8] Wang XW, Qu C, Huang C, Xiang XY, Lu ZQ. Minimally invasive direct
coronary bypass compared with percutaneous coronary intervention

=
z
wl
=
wl
<
=
wv
4
(e
=
v
o
o

20z 1snBNy 61 U0 1s8NB Aq | 8/€€///11298Z8/Z/99/8l01ME/SIole/Ww00 dno"olwepeoe)/:sdny Wwoly papeojumoq



14

[

(o]

1]

n2]

3]

4]

(5]

(el

7]

18]

(9]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

M. Thielmann et al. / European Journal of Cardio-Thoracic Surgery

for left anterior descending artery disease: a meta-analysis. |
Cardiothorac Surg 2016;11:125.

Panoulas VF, Colombo A, Margonato A, Maisano F. Hybrid coronary
revascularization: promising, but yet to take off. ] Am Coll Cardiol 2015;
65:85-97.

Taggart DP, Audisio K, Gerry S, Robinson NB, Rahouma M, Soletti GJ et
al. Single versus multiple arterial grafting in diabetic patients at 10 years:
the Arterial Revascularization Trial. Eur Heart ] 2022;43:4644-52.

Byrne RA, Fremes S, Capodanno D, Czerny M, Doenst T, Emberson JR et
al. 2022 Joint ESC/EACTS review of the 2018 guideline recommenda-
tions on the revascularization of left main coronary artery disease in
patients at low surgical risk and anatomy suitable for PCl or CABG. Eur
Heart ) 2023;44:4310-20.

Harskamp RE, Bonatti JO, Zhao DX, Puskas JD, de Winter R], Alexander
JH et al. Standardizing definitions for hybrid coronary revascularization.
J Thorac Cardiovasc Surg 2014;147:556-60.

Bonaros N, Schachner T, Kofler M, Lehr E, Lee J, Vesely M et al.
Advanced hybrid closed chest revascularization: an innovative strategy
for the treatment of multivessel coronary artery diseasedagger. Eur |
Cardiothorac Surg 2014;46:€94-102; discussion-e102.

Davierwala PM, Verevkin A, Bergien L, von Aspern K, Deo SV, Misfeld M
et al. Twenty-year outcomes of minimally invasive direct coronary ar-
tery bypass surgery: the Leipzig experience. ] Thorac Cardiovasc Surg
2021;165:115-27.e4.

Shen L, Hu S, Wang H, Xiong H, Zheng Z, Li L et al. One-stop hybrid cor-
onary revascularization versus coronary artery bypass grafting and per-
cutaneous coronary intervention for the treatment of multivessel
coronary artery disease: 3-year follow-up results from a single institu-
tion. ] Am Coll Cardiol 2013;61:2525-33.

Balkhy HH, Nisivaco S, Kitahara H, AbuTaleb A, Nathan S, Hamzat I.
Robotic advanced hybrid coronary revascularization: outcomes with
two internal thoracic artery grafts and stents. JTCVS Tech 2022;
16:76-88.

McKiernan M, Halkos ME. Hybrid coronary revascularization: are we
there yet? Curr Opin Cardiol 2020;35:673-8.

Harskamp RE, Brennan JM, Xian Y, Halkos ME, Puskas JD, Thourani VH
et al. Practice patterns and clinical outcomes after hybrid coronary
revascularization in the United States: an analysis from the society of
thoracic surgeons adult cardiac database. Circulation 2014;130:872-9.
Harskamp RE, Vassiliades TA, Mehta RH, de Winter RJ, Lopes RD, Xian Y
et al. Comparative effectiveness of hybrid coronary revascularization vs
coronary artery bypass grafting. ] Am Coll Surg 2015;221:326-34.e1.
Neumann FJ, Sousa-Uva M, Ahlsson A, Alfonso F, Banning AP,
Benedetto U et al.; ESC Scientific Document Group. 2018 ESC/EACTS
Guidelines on myocardial revascularization. Eur Heart ] 2019;40:87-165.
Bagiella E, Puskas ], Stone F. Randomized Trial Of Hybrid Coronary
Revascularization Versus Percutaneous Coronary Intervention. 2022.
https://clinicaltrials.gov/ct2/show/NCT03089398

Puskas JD, Halkos ME, DeRose JJ, Bagiella E, Miller MA, Overbey | et al.
Hybrid coronary revascularization for the treatment of multivessel cor-
onary artery disease: a multicenter observational study. ] Am Coll
Cardiol 2016;68:356-65.

Lowenstern A, Wu J, Bradley SM, Fanaroff AC, Tcheng JE, Wang TY.
Current landscape of hybrid revascularization: a report from the NCDR
CathPCl Registry. Am Heart ) 2019;215:167-77.

Ganyukov V, Kochergin N, Shilov A, Tarasov R, Skupien J, Szot W et al.
Randomized clinical trial of surgical vs. percutaneous vs. hybrid revascu-
larization in multivessel coronary artery disease: residual myocardial is-
chemia and clinical outcomes at one vyear-hybrid coronary
revascularization versus stenting or surgery (HREVS). ] Interv Cardiol
2020;2020:5458064.

Moreno PR, Stone GW, Gonzalez-Lengua CA, Puskas JD. The hybrid cor-
onary approach for optimal revascularization: JACC review topic of the
week. ] Am Coll Cardiol 2020;76:321-33.

Reynolds AC, King N. Hybrid coronary revascularization versus conven-
tional coronary artery bypass grafting: systematic review and meta-ana-
lysis. Medicine (Baltimore) 2018;97:e11941.

Harskamp RE, Walker PF, Alexander JH, Xian Y, Liberman HA, de Winter
RJ et al. Clinical outcomes of hybrid coronary revascularization versus
coronary artery bypass surgery in patients with diabetes mellitus. Am
Heart ) 2014;168:471-8.

Sardar P, Kundu A, Bischoff M, Chatterjee S, Owan T, Nairooz R et al.
Hybrid coronary revascularization versus coronary artery bypass

(29]

(30]

(31]

(32]

(33]

(34]

(35]

36]

(37]

(38]

(39]

[40]

[41]

(42]

(43]

(44]

[45]

[46]

grafting in patients with multivessel coronary artery disease: A meta-
analysis. Catheter Cardiovasc Interv 2018;91:203-12.

Nolan S, Filion KB, Atallah R, Moss E, Reynier P, Eisenberg MJ. Hybrid
coronary revascularization vs complete coronary artery bypass grafting
for multivessel coronary artery disease: a systematic review and meta-
analysis. J Invasive Cardiol 2018;30:E131-49.

Guan Z, Zhang Z, Gu K, Wang H, Lin J, Zhou W et al. Minimally invasive
CABG or hybrid coronary revascularization for multivessel coronary dis-
eases: which is best? A systematic review and metaanalysis. Heart Surg
Forum 2019;22:E493-502.

Tajstra M, Hrapkowicz T, Hawranek M, Filipiak K, Gierlotka M, Zembala
M, POL-MIDES Study Investigators et al. Hybrid coronary revasculariza-
tion in selected patients with multivessel disease: 5-year clinical out-
comes of the prospective randomized pilot study. JACC Cardiovasc
Interv 2018;11:847-52.

Esteves V, Oliveira MAP, Feitosa FS, Mariani J, Campos CM, Hajjar LA
et al Late clinical outcomes of myocardial hybrid revascularization ver-
sus coronary artery bypass grafting for complex triple-vessel disease:
long-term follow-up of the randomized MERGING clinical trial.
Catheter Cardiovasc Interv 2020;97:259-64.

Bachinsky WB, Abdelsalam M, Boga G, Kiljanek L, Mumtaz M, McCarty
C. Comparative study of same sitting hybrid coronary artery revasculari-
zation versus off-pump coronary artery bypass in multivessel coronary
artery disease. J Interv Cardiol 2012;25:460-8.

Vassiliades TA, Kilgo PD, Douglas JS, Babaliaros VC, Block PC, Samady H
et al. Clinical outcomes after hybrid coronary revascularization versus
off-pump coronary artery bypass: a prospective evaluation. Innovations
(Phila) 2009;4:299-306.

Halkos ME, Rab ST, Vassiliades TA, Morris DC, Douglas JS, Kilgo PD et al.
Hybrid coronary revascularization versus off-pump coronary artery by-
pass grafting for the treatment of multivessel coronary artery disease.
Ann Thorac Surg 2011;92:1695-701. discussion 1701-2.

Hage A, Giambruno V, Jones P, Chu MW, Fox S, Teefy P et al. Hybrid
coronary revascularization versus off-pump coronary artery bypass
grafting: comparative effectiveness analysis with long-term follow-up.
J Am Heart Assoc 2019;8:e014204.

Kon ZN, Brown EN, Tran R, Joshi A, Reicher B, Grant MC et al.
Simultaneous hybrid coronary revascularization reduces postoperative
morbidity compared with results from conventional off-pump coronary
artery bypass. ] Thorac Cardiovasc Surg 2008;135:367-75.

Reicher B, Poston RS, Mehra MR, Joshi A, Odonkor P, Kon Z et al.
Simultaneous "hybrid" percutaneous coronary intervention and minim-
ally invasive surgical bypass grafting: feasibility, safety, and clinical out-
comes. Am Heart ) 2008;155:661-7.

Hu S, Li Q, Gao P, Xiong H, Zheng Z, Li L et al. Simultaneous hybrid
revascularization versus off-pump coronary artery bypass for multives-
sel coronary artery disease. Ann Thorac Surg 2011;91:432-8.

Song Z, Shen L, Zheng Z, Xu B, Xiong H, Li L et al. One-stop hybrid cor-
onary revascularization versus off-pump coronary artery bypass in
patients with diabetes mellitus. J Thorac Cardiovasc Surg 2016;151:
1695-701 el.

Harskamp RE, Abdelsalam M, Lopes RD, Boga G, Hirji S, Krishnan M
et al Cardiac troponin release following hybrid coronary revasculariza-
tion versus off-pump coronary artery bypass surgery. Interact
CardioVasc Thorac Surg 2014;19:1008-12.

Harskamp RE, Bagai A, Halkos ME, Rao SV, Bachinsky WB, Patel MR
et al Clinical outcomes after hybrid coronary revascularization versus
coronary artery bypass surgery: a meta-analysis of 1,190 patients. Am
Heart ) 2014;167:585-92.

Harskamp RE, Puskas JD, Tijssen JG, Walker PF, Liberman HA, Lopes RD
et al. Comparison of hybrid coronary revascularization versus coronary
artery bypass grafting in patients>/=65 years with multivessel coronary
artery disease. Am ] Cardiol 2014;114:224-9.

Van den Eynde J, Bomhals K, Noé D, Jacquemyn X, McCutcheon K,
Bennett | et al. Revascularization strategies in patients with multivessel
coronary artery disease: a Bayesian network meta-analysis. Interact
CardioVasc Thorac Surg 2022;34:947-57.

Mouden M, Ottervanger JP, Knollema S, Timmer JR, Reiffers S, Oostdijk
AH) et al. Myocardial perfusion imaging with a cadmium zinc telluride-
based gamma camera versus invasive fractional flow reserve. Eur J Nucl
Med Mol Imaging 2014;41:956-62.

Lima RS, Watson DD, Goode AR, Siadaty MS, Ragosta M, Beller GA et al.
Incremental value of combined perfusion and function over perfusion
alone by gated SPECT myocardial perfusion imaging for detection of

20z 1snBNy 61 U0 1s8NB Aq | 8/€€///11298Z8/Z/99/8l01ME/SIole/Ww00 dno"olwepeoe)/:sdny Wwoly papeojumoq


https://clinicaltrials.gov/ct2/show/NCT03089398

[47]

[48]

[49]

[50]

[51]

[52]

(53]

[54]

[55]

[56]

[57]

(58]

[59]

[60]

[61]

[62]

[63]

M. Thielmann et al. / European Journal of Cardio-Thoracic Surgery 15

severe three-vessel coronary artery disease. ] Am Coll Cardiol 2003;
42:64-70.

Pellicano M, De Bruyne B, Toth GG, Casselman F, Wijns W, Barbato E.
Fractional flow reserve to guide and to assess coronary artery bypass
grafting. Eur Heart ) 2017;38:1959-68.

Bech GJ, De Bruyne B, Pijls NH, de Muinck ED, Hoorntje JC, Escaned )
et al Fractional flow reserve to determine the appropriateness of angio-
plasty in moderate coronary stenosis: a randomized trial. Circulation
2001;103:2928-34.

Zimmermann FM, Ferrara A, Johnson NP, van Nunen LX, Escaned J,
Albertsson P et al. Deferral vs. performance of percutaneous coronary
intervention of functionally non-significant coronary stenosis: 15-year
follow-up of the DEFER trial. Eur Heart ) 2015;36:3182-8.

Tanaka N, Nakamura M, Akasaka T, Kadota K, Uemura S, Amano T,
CVIT-DEFER Registry Investigators et al. One-year outcome of fractional
flow reserve-based coronary intervention in japanese daily practice-
CVIT-DEFER Registry. Circ ] 2017;81:1301-6.

Ahn JM, Park DW, Shin ES, Koo BK, Nam CW, Doh JH, IRIS-FFR
Investigatorst et al. Fractional flow reserve and cardiac events in coron-
ary artery disease: data From a prospective IRIS-FFR Registry
(Interventional Cardiology Research Incooperation Society Fractional
Flow Reserve). Circulation 2017;135:2241-51.

Escaned J, Ryan N, Mejia-Renteria H, Cook CM, Dehbi HM, Alegria-
Barrero E et al. Safety of the deferral of coronary revascularization on
the basis of instantaneous wave-free ratio and fractional flow reserve
measurements in stable coronary artery disease and acute coronary
syndromes. JACC Cardiovasc Interv 2018;11:1437-49.

Tonino PA, De Bruyne B, Pijls NH, Siebert U, lkeno F, Van' T Veer M,
FAME Study Investigators et al. Fractional flow reserve versus angiog-
raphy for guiding percutaneous coronary intervention. N Engl ] Med
2009;360:213-24.

van Nunen LX, Zimmermann FM, Tonino PAL, Barbato E, Baumbach A,
Engstrom T, FAME Study Investigators et al. Fractional flow reserve ver-
sus angiography for guidance of PCl in patients with multivessel coron-
ary artery disease (FAME): 5-year follow-up of a randomised controlled
trial. Lancet 2015;386:1853-60.

Pijls NH, Fearon WF, Tonino PA, Siebert U, Ikeno F, Bornschein B, FAME
Study Investigators et al. Fractional flow reserve versus angiography for
guiding percutaneous coronary intervention in patients with multivessel
coronary artery disease: 2-year follow-up of the FAME (Fractional Flow
Reserve Versus Angiography for Multivessel Evaluation) study. ] Am Coll
Cardiol 2010;56:177-84.

De Bruyne B, Pijls NH, Kalesan B, Barbato E, Tonino PA, Piroth Z, FAME
2 Trial Investigators et al. Fractional flow reserve-guided PCl versus
medical therapy in stable coronary disease. N Engl J Med 2012;
367:991-1001.

De Bruyne B, Fearon WF, Pijls NH, Barbato E, Tonino P, Piroth Z, FAME
2 Trial Investigators et al. Fractional flow reserve-guided PCI for stable
coronary artery disease. N Engl ] Med 2014;371:1208-17.

Johnson NP, Téth GG, Lai D, Zhu H, Acar G, Agostoni P et al. Prognostic
value of fractional flow reserve: linking physiologic severity to clinical
outcomes. ] Am Coll Cardiol 2014;64:1641-54.

Barbato E, Toth GG, Johnson NP, Pijls NH, Fearon WF, Tonino PA et al.
A prospective natural history study of coronary atherosclerosis using
fractional flow reserve. ] Am Coll Cardiol 2016;68:2247-55.

Ntalianis A, Sels JW, Davidavicius G, Tanaka N, Muller O, Trana C et al.
Fractional flow reserve for the assessment of nonculprit coronary artery
stenoses in patients with acute myocardial infarction. JACC Cardiovasc
Interv 2010;3:1274-81.

Engstrom T, Kelbaek H, Helgvist S, Hefsten DE, Klgvgaard L, Holmvang
L, DANAMI-3—PRIMULTI Investigators et al. Complete revascularisation
versus treatment of the culprit lesion only in patients with ST-segment
elevation myocardial infarction and multivessel disease (DANAMI-3-
PRIMULTI): an open-label, randomised controlled trial. Lancet 2015;
386:665-71.

Smits PC, Abdel-Wahab M, Neumann FJ, Boxma-de Klerk BM, Lunde K,
Schotborgh CE, Compare-Acute Investigators et al. Fractional flow
reserve-guided multivessel angioplasty in myocardial infarction. N Engl
J Med 2017;376:1234-44.

Sen S, Escaned J, Malik IS, Mikhail GW, Foale RA, Mila R et al.
Development and validation of a new adenosine-independent index of
stenosis severity from coronary wave-intensity analysis: results of the
ADVISE (ADenosine Vasodilator Independent Stenosis Evaluation)
study. ] Am Coll Cardiol 2012;59:1392-402.

(64]

(65]

(66]

(67]

(68]

(69]

[70]

(71]

[72]

(73]

(74]

[75]

[76]

[77]

(78]

(79]

(80]

(81]

(82]

(83]

Davies JE, Sen S, Dehbi HM, Al-Lamee R, Petraco R, Nijjer SS et al. Use
of the instantaneous wave-free ratio or fractional flow reserve in PCI. N
Engl ) Med 2017;376:1824-34.

Gotberg M, Christiansen EH, Gudmundsdottir I}, Sandhall L, Danielewicz
M, Jakobsen L, iFR-SWEDEHEART Investigators et al. Instantaneous
wave-free ratio versus fractional flow reserve to guide PCI. N Engl ] Med
2017;376:1813-23.

Sen S, Ahmad Y, Dehbi HM, Howard JP, Iglesias JF, Al-Lamee R et al.
Clinical events after deferral of LAD revascularization following
physiological coronary assessment. ] Am Coll Cardiol 2019;73:444-53.
Ferguson TB, Jr, Chen C, Babb JD, Efird JT, Daggubati R, Cahill JM.
Fractional flow reserve-guided coronary artery bypass grafting: can
intraoperative physiologic imaging guide decision-making? J Thorac
Cardiovasc Surg 2013;146:824-35.e1.

Manninen HI, Jaakkola P, Suhonen M, Rehnberg S, Vuorenniemi P,
Matsi PJ. Angiographic predictors of graft patency and disease progres-
sion after coronary artery bypass grafting with arterial and venous
grafts. Ann Thorac Surg 1998;66:1289-94.

Botman CJ, Schonberger J, Koolen S, Penn O, Botman H, Dib N et al.
Does stenosis severity of native vessels influence bypass graft patency?
A prospective fractional flow reserve-guided study. Ann Thorac Surg
2007;83:2093-7.

Kraler S, Libby P, Evans PC, Akhmedov A, Schmiady MO, Reinehr M
et al Resiliance of the Internal Thrimb Vasc Biol 2021;41:2237-51.

Nam CW, Mangiacapra F, Entjes R, Chung I-S, Sels J-W, Tonino PAL,
FAME Study Investigators et al. Functional SYNTAX score for risk assess-
ment in multivessel coronary artery disease. ] Am Coll Cardiol 2011;
58:1211-8.

Zimmermann FM, De Bruyne B, Pijls NH, Desai M, Oldroyd KG, Park SJ
et al. Rationale and design of the Fractional Flow Reserve versus
Angiography for Multivessel Evaluation (FAME) 3 Trial: a comparison of
fractional flow reserve-guided percutaneous coronary intervention and
coronary artery bypass graft surgery in patients with multivessel coron-
ary artery disease. Am Heart | 2015;170:619-26.e2.

Toth G, De Bruyne B, Casselman F, De Vroey F, Pyxaras S, Di Serafino L
et al. Fractional flow reserve-guided versus angiography-guided coron-
ary artery bypass graft surgery. Circulation 2013;128:1405-11.

Thuesen AL, Riber LP, Veien KT, Christiansen EH, Jensen SE, Modrau |
et al. Fractional flow reserve versus angiographically-guided coronary
artery bypass grafting. | Am Coll Cardiol 2018;72:2732-43.

Toth GG, De Bruyne B, Kala P, Ribichini FL, Casselman F, Ramos R
et al. Study design of the graft patency after FFR-guided versus
angiography-guided CABG trial (GRAFFITI). J Cardiovasc Transl Res
2018;11:269-73.

Toth GG, De Bruyne B, Kala P, Ribichini FL, Casselman F, Ramos R et al.
Graft patency after FFR-guided versus angiography-guided coronary ar-
tery bypass grafting: the GRAFFITI trial. Eurolntervention 2019;
15:€999-e1005.

Fournier S, Toth GG, De Bruyne B, Johnson NP, Ciccarelli G, Xaplanteris
P et al. Six-year follow-up of fractional flow reserve-guided versus
angiography-guided coronary artery bypass graft surgery. Circ
Cardiovasc Interv 2018;11:e006368.

Fournier S, Toth GG, Colaiori I, De Bruyne B, Barbato E. Long-
term patency of coronary artery bypass grafts after fractional
flow reserve-guided implantation. Circ Cardiovasc Interv 2019;
12:e007712.

Windecker S, Latib A, Kedhi E, Kirtane AJ, Kandzari DE, Mehran R, ONYX
ONE Investigators et al. Polymer-based or polymer-free stents in
patients at high bleeding risk. N Engl ] Med 2020;382:1208-18.

Urban P, Meredith IT, Abizaid A, Pocock SJ, Carrié D, Naber C, LEADERS
FREE Investigators et al. Polymer-free drug-coated coronary stents in
patients at high bleeding risk. N Engl ] Med 2015;373:2038-47.

Kandzari DE, Kirtane AJ, Windecker S, Latib A, Kedhi E, Mehran R et al.
One-month dual antiplatelet therapy following percutaneous coronary
intervention with zotarolimus-eluting stents in high-bleeding-risk
patients. Circ Cardiovasc Interv 2020;13:e009565.

Cao D, Amabile N, Chiarito M, Lee VT, Angiolillo DJ, Capodanno D et al.
Reversal and removal of oral antithrombotic drugs in patients with ac-
tive or perceived imminent bleeding. Eur Heart ) 2023;44:1780-94.
Tripathi R, Morales J, Lee V, Gibson CM, Mack MJ, Schneider D) et al.
Antithrombotic  drug  removal from whole blood using
Haemoadsorption with a porous polymer bead sorbent. Eur Heart )
Cardiovasc Pharmacother 2022;8:847-56.

=
z
wl
=
wl
<
=
wv
4
(e
=
v
o
o

20z 1snBNy 61 U0 1s8NB Aq | 8/€€///11298Z8/Z/99/8l01ME/SIole/Ww00 dno"olwepeoe)/:sdny Wwoly papeojumoq



16

(84]

(85]

(86]

(87]

M. Thielmann et al. / European Journal of Cardio-Thoracic Surgery

Kietaibl S, Ahmed A, Afshari A, Albaladejo P, Aldecoa C, Barauskas G
et al Management of severe peri-operative bleeding: guidelines from
the European Society of Anaesthesiology and Intensive Care: second
update 2022. Eur J Anaesthesiol 2023;40:226-304.

Collet JP, Thiele H, Barbato E, Barthélémy O, Bauersachs J, Bhatt DL, ESC
Scientific Document Group et al. 2020 ESC Guidelines for the manage-
ment of acute coronary syndromes in patients presenting without per-
sistent ST-segment elevation. Eur Heart J 2020;42:1289-367.

Sousa-Uva M, Head SJ, Milojevic M, Collet JP, Landoni G, Castella M
et al 2017 EACTS Guidelines on perioperative medication in adult car-
diac surgery. Eur J Cardiothorac Surg 2018;53:5-33.

Rosenfeld ES, Trachiotis GD, Napolitano MA, Sparks AD, Wendt D,
Kieser TM et al. Intraoperative transit-time flow measurement and high-

(88]

(89]

[90]

frequency ultrasound in coronary artery bypass grafting: impact in off
versus on-pump, arterial versus venous grafting and cardiac territory
grafted. Eur ) Cardiothorac Surg 2021;61:204-13.

Bonatti JO, Zimrin D, Lehr EJ, Vesely M, Kon ZN, Wehman B et al.
Hybrid coronary revascularization using robotic totally endoscopic sur-
gery: perioperative outcomes and 5-year results. Ann Thorac Surg 2012;
94:1920-6; discussion 1926.

Head §J, Borgermann J, Osnabrugge RL, Kieser TM, Falk V, Taggart DP
et al Coronary artery bypass grafting: part 2—optimizing outcomes and
future prospects. Eur Heart J 2013;34:2873-86.

Harskamp RE, Zheng Z, Alexander JH, Williams JB, Xian Y, Halkos ME
et al Status quo of hybrid coronary revascularization for multi-vessel
coronary artery disease. Ann Thorac Surg 2013;96:2268-77.

© The Author(s) 2024. Published by Oxford University Press on behalf of the European Association for Cardio-Thoracic Surgery. All rights reserved.
European Journal of Cardio-Thoracic Surgery, 2024, 66, 1-16
https://doi.org/10.1093/ejcts/ezae271

Position Statement

20z 1snBNy 61 U0 1s8NB Aq | 8/€€///11298Z8/Z/99/8l01ME/SIole/Ww00 dno"olwepeoe)/:sdny Wwoly papeojumoq



	Active Content List
	DEFINITION, RATIONALE AND CLINICAL CONCEPTS FOR HYBRID CORONARY REVASCULARIZATION
	CURRENT RESULTS IN HYBRID CORONARY REVASCULARIZATION
	ANTIPLATELET THERAPY IN HYBRID CORONARY REVASCULARIZATION
	CURRENT INDICATION AND PATIENT SELECTION FOR HYBRID CORONARY REVASCULARIZATION
	CONCLUSION
	LIMITATIONS
	DISCLOSURES
	FUNDING
	Reviewer information
	REFERENCES


