
Doenst and Sigusch Adult: Coronary: Invited Expert Opinions
Surgical collateralization: The hidden mechanism
for improving prognosis in chronic coronary syndromes
Torsten Doenst, MD, PhD,a and Holger Sigusch, MDb
Collateralization: Only CABG protects against
infarction from nonflow-limiting stenoses.

CENTRAL MESSAGE

Prognostic effects of treatments
for chronic CAD mainly depend
on infarct prevention. Coronary
bypass grafting prevents
myocardial infarctions through
surgical collateralization.

See Commentaries on pages 709 and 710.
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Video clip is available online.

Feature Editor’s Introduction—In this issue of the Journal,
Doenst and Sigusch nicely summarize the mechanisms of
the protective effect of coronary bypass surgery on the cor-
onary circulation and on clinical outcomes. Although
percutaneous interventions treat only flow-limiting steno-
ses, bypass surgery confers long-term protection against
disease progression in the entire grafted vessel (“surgical
collateralization”). This key mechanistic difference likely
explains the difference in outcomes between the 2 strategies
and has profound implications for many aspects of modern
coronary bypass practice, including the use of arterial
grafts and the role of fractional flow reserve. Although the
evidence summarized by the authors is not necessarily
recent, Doenst and Sigusch’s elegant review is an important
reminder for the surgical community of the foundations and
potential of the most commonly performed cardiac surgery
operation, and I am sure that many readers, like me, will en-
joy reading it.

Mario Gaudino, MD, MSCE

Coronary artery disease (CAD) causes ischemia by the gen-
eration of stenosing lesions in the vessel wall that gradually
limit (chronic/inducible ischemia) or suddenly interrupt
blood flow by complete vessel occlusion (acute ischemia,
the main mechanism of acute myocardial infarction).1 As
a consequence, disease conditions associated with CAD
are separated into acute or chronic coronary syndromes
(the latter was formerly referred to as “stable CAD”).2,3

Treatment of CAD generally consists of medical therapy
(a combination of beta-blockers, renin-angiotensin-
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aldosterone system inhibitors, platelet inhibition, statins,
and other cholesterol-lowering drugs together with lifestyle
modifications) with the option of adding invasive treatment
modalities, specifically percutaneous coronary intervention
(PCI) and coronary artery bypass grafting (CABG).2

Because the limitation or interruption of blood flow to the
distal myocardium is the main mechanism of CAD, treat-
ments directed at improving or restoring blood flow have
been summarized under the term of “myocardial revascular-
ization.”2-4

There is no doubt that revascularization is key for the
treatment of acute ischemia.5 For chronic coronary syn-
dromes, it has been accepted that the detection of ischemia
(by single photon emission computed tomography, cardiac
magnetic resonance tomography, or FDG-positron emission
tomography) and the assessment of flow relevance of indi-
vidual stenoses (by fractional flow reserve [FFR], intravas-
cular ultrasound, or OCT) are helpful guides for applying
and choosing the optimal revascularization strategy.2,3

However, despite its plausibility and worldwide acceptance,
the available evidence supporting a life-prolonging effect of
revascularization for chronic coronary syndromes appears
less convincing than for acute coronary syndromes and ap-
pears contradictory.1
rdiovascular Surgery c Volume 163, Number 2 703
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CONTROVERSIAL EVIDENCE FOR INVASIVE
CORONARYARTERY DISEASE TREATMENT

Prospective randomized evidence addressing the impact
of revascularization through PCI in patients with chronic
coronary syndromes has not yet convincingly demonstrated
a prognostic benefit.6,7 Although symptomatic relief is one
key goal of revascularization,3 even this effect has recently
been questioned by the controversially discussed ORBITA
trial, in which classic stenting was not associated with a
measurable difference in symptom relief compared with
mock PCI to the left anterior descending.8 In addition, the
most recent trial9 assessing a strategy of early invasive diag-
nosis followed by revascularization for chronic coronary
syndrome versus a conservative medical strategy recon-
firmed the lack of a prognostic impact of revascularization.
The trial failed to demonstrate a survival difference to med-
ical therapy for the invasive group, which consisted of
three-quarters of patients who underwent PCI and one-
quarter of patients who underwent CABG.

In contrast, there is repeated evidence from prospective
randomized trials that CABG provides a survival benefit
over PCI10 and medical therapy.11 However, this advantage
appears to be especially present in patient populations who
are characterized by higher severity of CAD and the pres-
ence of other cardiovascular comorbidities such as diabetes
mellitus or heart failure.1,12,13 These conditions are gener-
ally associated with higher risk of myocardial infarctions.
The only prospective randomized comparison of CABG
to medical therapy was performed in patients with ischemic
heart failure. The Surgical Treatment of IsChemic Heart
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CABG was associated with fewer myocardial infarctions (independent of di

CABG, Coronary artery bypass grafting; PCI, percutaneous coronary intervent
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Failure trial randomized patients with impaired left ventric-
ular function (ejection fraction<35%) to CABG or medical
therapy. Patients in the CABG group lived on average
18 months longer compared with medical therapy over a
10-year observation period.11 Neither ischemia14 nor
viability testing15 was associated with the treatment effect
of CABG on survival. Thus, both diagnostic tools were
not helpful for decision-making.

Therefore, one may conclude that if PCI does not
prolong life and if ischemia testing is not helpful for
achieving improvements in prognosis in chronic coronary
syndromes, the life-prolonging effect of CABG appears to
be mediated through a mechanism that is not directly
related to revasularization.1

SURGICAL COLLATERALIZATION: IMPROVING
SURVIVAL BY PREVENTING MYOCARDIAL
INFARCTIONS

We previously suggested that the survival advantage of
CABG is linked to the ability of bypass grafting to reduce
the incidence of new myocardial infarctions.1 Figure 1
shows this effect for the majority of current randomized
trials having compared CABG with PCI (Table E1). It
also receives support from a plethora of recent reports
that we recently reviewed.16 We suggested that a patent
graft to a distal coronary artery creates a surgical collateral
that may prevent the occurrence of a new infarction in
case the vessel occludes proximal to bypass insertion
(eg, by a ruptured plaque).1 The mechanism of action is
then similar to a collateral stemming from angiogenesis
3 4 5
f Follow Up
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VIDEO 1. Angiographic sequence of a 13-year-old vein graft supplying a

posterolateral branch of the circumflex artery. Note the occluded native

circumflex artery despite the presence of a stent. Video available at:

https://www.jtcvs.org/article/S0022-5223(20)33044-0/fulltext.
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or arteriogenesis. Figure 2 schematically illustrates this
concept. In addition to PCI, CABG not only revascularizes
chronically ischemic myocardium caused by a significant
stenosis but also prevents new myocardial infarctions
that may originate from other nonflow-limiting lesions in
the same vascular bed. The spatial distance of vessel oc-
clusions and bypass graft insertion was analyzed by Jeon
and colleagues,17 who compared 168 patients after
CABG with 208 patients presenting with ST-segment
elevation myocardial infarction. They quantified the me-
dian distance between vessel occlusion and graft insertion,
which ranged between 11 and 49 mm depending on the
grafted vessel (Figure 2), and suggested that CABG
thereby protects against infarction. We suggested that
this protective effect is not primarily due to the resupply
of blood to chronically ischemic myocardium but by es-
tablishing an alternative pathway for blood flow in case
the original vessel occludes (ie, surgical collateraliza-
tion).1 The Video 1 shows an angiographic example where
a 13-year-old vein graft supplies a coronary territory that
no longer receives blood from the meanwhile occluded
FIGURE 2. Schematic illustration of the concept of surgical collateraliza-

tion. Both PCI and CABG treat ischemia by directly eliminating the flow-

limiting lesion (PCI) or by circumventing it with a bypass graft (CABG).

However, because the majority of myocardial infarctions are caused by

nonflow-limiting lesions, the collateral created by bypass grafting can addi-

tionally protect against infarction from nonflow-limiting stenoses. The ar-

rows indicate blood flow to the distal myocardium, which is maintained

through the bypass graft if a nonflow-limiting lesion causes native vessel

occlusion. *The values reflect a median distance from vessel occlusion to

bypass graft insertion as assessed in a comparative study of 168 patients

who underwent CABG and 200 patients with acute myocardial infarc-

tion.17 LAD, Left anterior descending;CX, circumflex; RCA, right coronary

artery.
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native vessel, but the myocardium did not suffer an infarc-
tion from the occlusion of this native vessel.
We further illustrated in our review that the majority

(>85%) of myocardial infarctions are linked to nonflow-
limiting lesions.1 Figure 3 quantifies the occurrence of
myocardial infarctions based on the degree of vessel steno-
ses before vessel occlusion. Severe stenoses (presumably
flow-limiting) were the cause for myocardial infarction in
less than 15%. Thus, focusing PCI to only flow-limiting le-
sions, as recommended to improve PCI outcomes,3,18

thereby limits PCI’s ability to prevent new myocardial in-
farctions. The result should be greater protection against
new myocardial infarction from CABG than from PCI.
The currently available data suggest that the treatment of

chronic ischemia by normalizing blood flow (ie, revascular-
ization) may primarily alleviate symptoms, but that preven-
tion of new myocardial infarctions (eg, by surgical
collateralization) may prolong life.
SURGICAL COLLATERALIZATION IS PARADIGM
SHIFTING
The summarized recognition is paradigm shifting, but it

also explains the majority of perceived controversies in
the literature. The following 6 points address the main con-
sequences that arise from it and explain the main current
controversies.

1. Current terminology appears inappropriate

With the suggestion that an infarct-prevention mecha-
nism (eg, surgical collateralization) prolongs life rather
than revascularization of chronic ischemic myocardium,1

the term “myocardial revascularization” for summarizing
the invasive treatment options appears, scientifically
speaking, inappropriate because the term suggests a pre-
sumed mechanism that may prevent the consideration of
additional or alternative mechanisms. The term “invasive
treatment of CAD” whether by PCI or CABG, may be
rdiovascular Surgery c Volume 163, Number 2 705
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more appropriate because it does not suggest a presumed
mechanism (ie, revascularization) and allows the presence
of alternative mechanisms of action (eg, surgical collateral-
ization). A similar rationale regarding the semantics of
long-established terminology resulted in the change of the
term “stable CAD” to “chronic coronary syndrome.”2

2. Patient consenting may require revision

Patients with multivessel disease are required to be dis-
cussed by a heart team.3 This joint recommendation is
then supposed to be presented to the patient to reach the
final treatment decision, which is certainly influenced by
many different factors. Future informed consent may now
require explaining the difference between revascularization
and surgical collateralization. This difference no longer
supports offering the choice between “2 types of revascular-
ization.” It would require information on 1 less-invasive
treatment option restoring blood flow by treating flow-
limiting (primarily symptom-causing) lesions and 1 more
invasive treatment option providing both restoration of
adequate blood flow (ie, revascularization) and significant
protection against new myocardial infarctions (ie, surgical
collateralization).

3. Grafts must stay patent

One key condition for exploiting the described mecha-
nisms of CABG is graft patency. Graft occlusion obviously
eliminates any revascularizing and infarct-preventative ef-
fects. Two main directions are currently being followed to
achieve this task. First, multiarterial revascularization has
been associated with better graft patency and better sur-
vival.19 Considering that the majority of patients
706 The Journal of Thoracic and Cardiovascular Surg
undergoing CABG in comparative trials compared with
PCI received 1 left internal thoracic artery plus veins (which
is consistent with current daily practice in most surgical
centers worldwide) illustrates how large the therapeutic po-
tential of multiple arterial CABGmay be. It is interesting to
note in this context, that the 10-year survival curves for PCI
and CABG in the SYNTAX trial did not further diverge af-
ter 5 years.13 Although not evaluated, it is conceivable that
graft occlusions may have contributed to this result. The
ROMA trial, comparing multiple arterial revascularization
with a strategy of left internal thoracic artery plus veins
on a large scale, will provide definitive answers to this
question.20

Second, it has been suggested to use FFR assessment to
guide coronary bypass target selection. Several smaller tri-
als have been performed with different results.21-23 FFR
guidance resulted in the performance of fewer grafts
without significantly affecting patency rates.21,23 From a
“surgical collateralization perspective,” the omission of tar-
gets would result in less protection against future infarc-
tions.1 In other words, more open grafts should result in
more protection against myocardial infarction. Assessing
the distances from infarction sites to graft insertions
(Figure 2) underscores this suggestion. It is further sup-
ported by coronary computed tomography investigations
in patients after CABG.24,25 These authors found that the
number of unprotected coronary territories (ie, myocardial
regions at risk not supplied with an open bypass graft)
correlated with prognosis. Although these findings may
argue against using FFR for target selection, FFR assess-
ment may still be useful in CABG. High FFR values reflect
a higher risk of graft occlusion, but all evidence thus far sup-
ports that graft occlusions in the context of high FFR values
are not associated with clinical events. The occlusions
appear to occur silently.21-23,26,27 However, the occlusion
risk appears to depend on the type of graft (vein or artery)
and the technical construction of the grafts (single vs
sequential grafts).26,27 Therefore, FFR assessment may be
helpful in determining the best strategy for obtaining the
highest rate of long-term patent grafts.

4. Better stents will probably not lead to better survival

One of the typical arguments used for explaining the lack
of prognostic impact of PCI has been the use of older stents.
However, on the basis of the recognitions listed, stent
type should not make a difference in survival. Newer-
generation drug-eluting stents have successfully reduced
the rate of re-revascularizations,3,28 but they never provided
a survival advantage over bare metal (older) stents or medi-
cal therapy.1,6,7,9,28 On the basis of the considerations that
contemporary PCI in chronic coronary syndrome only ad-
dresses the minority of infarct-causing lesions (Figure 3),
it is statistically challenging to detect an infarct-
preventative effect of PCI in clinical trials. In addition,
ery c February 2022
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even the finding of fewer myocardial infarctions with PCI in
some trials may not translate into a survival impact.18,29

Thus, the infarct-preventative potential with CABG appears
greater (Figure 2) and may additionally be supported by the
consequent use of the left internal thoracic artery to the left
anterior descending artery, a graft that has excellent long-
term patency to a vessel that supplies the largest part of
themyocardium and inwhich occlusions likely cause deadly
infarctions.30 Any potential prognostic effect of PCI over
medical therapy (as suggested by a recent network meta-
analysis31) can again be associated with a lower incidence
of myocardial infarction in this group.1 Thus, the link be-
tween infarct prevention and prognosis may be prevailing
for PCI; only the chance to achieve it is smaller than with
CABG. This notion may also explain our possibly conflict-
ing report inwhichwe demonstrate a survival benefit for PCI
in a retrospective propensity-matched comparison with
medical therapy once the amount of single photon emission
computed tomography detected ischemia exceeded 15%.32

This study is currently the only report demonstrating a sur-
vival impact for isolated PCI (not mixed with CABG) in
chronic coronary syndromes. However, we were not able
to provide information on CAD severity and the incidence
of myocardial infarctions. Although our data in this anal-
ysis32 are from an all-comers registry and likely contain
manypatientswho are not necessarily part of generally high-
ly selected randomized trials, we cannot exclude the possi-
bility that the survival effect again is mediated by infarct
prevention. Nevertheless, the data may also serve to support
a prognostic impact of revascularization (ie, the resupply of
blood to chronically ischemic territories), but considering
the vast body of evidence in this field,1,3 this effect would
appear to be smaller for prognosis than the one preventing
new infarctions.

5. Medical therapy is complementary to CABG

Medical therapy has made tremendous progress
over time. Recent reports suggest that the main effects are
again mediated though infarct prevention mainly through
cholesterol-lowering strategies (and not so much by beta-
blockers).33,34 The effects are complementary as illustrated
by the survival advantage of CABG over medical therapy in
the Surgical Treatment of IsChemic Heart Failure trial.11

Considering that patients after CABG are often less well
medically treated compared with patients after PCI,35 it ap-
pears important for surgeons to stress this point. Optimal
medical therapy in patients after CABG is likely to further
improve CABG outcomes.

6. CAD assessment must change

Despite all criticism raised in this article regarding our
understanding of the presumed mechanisms and our termi-
nology for CABG and PCI, the current guidelines provide
a good practical guide for decision-making. This is
The Journal of Thoracic and Ca
specifically true when all operative and interventional risks
as well as long-term aspects such as graft patency and stent
complications are considered. However, our ability to iden-
tify infarct-prone lesions is still wanting. Although new in-
terventional techniques such as intravascular ultrasound,
near-infrared spectroscopy, and OCT may provide new
ways to identify infarct-prone lesions,3,36 the advent of cor-
onary computed tomography, computed tomography FFR,37

and risk scores such as the Duke CAD score38 or the Leaman
score1,3,37 may be attractive noninvasive diagnostic tools
that allow for better decision-making in the heart team of
the future. Coronary computed tomography–derived ap-
proaches identifying unprotected coronary territories at
risk correlate with prognosis in patients after CABG.24,25

CONCLUSIONS
CABG provides a comprehensive treatment of CAD by

revascularization of ischemicmyocardiumplus surgical col-
lateralization for infarct prevention by placing a bypass graft
distal to themajority of CAD lesions. Stenosed vessels often
have more lesions than the severe “index” stenosis, and the
majority of infarctions are caused by nonflow-limiting le-
sions. Because contemporary PCI is limited to the exclusive
treatment of flow-limiting lesions, its infarct-preventative
effect appears limited. However, improving prognosis in
chronic coronary syndromes appears to be linked to infarct
prevention (eg, by surgical collateralization) rather than
revascularization of chronic ischemic myocardium. Thus,
CABG provides superior prognostic outcomes compared
with PCI in chronic coronary syndromes because of its
collateralization effect. As a consequence, “myocardial
revascularization” may not be an appropriate term for sum-
marizing PCI and CABG.
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TABLE E1. Information from prospective randomized controlled

trials comparing coronary artery bypass grafting and percutaneous

coronary intervention used for creating Figure 2

Trial name

(follow-up period)

(year of publication) New MI PCI (%) New MI CABG (%)

ARTS

1 y (2005)E1 6.0 4.6

3 y (2005)E1 7.3 5.7

5 y (2005)E1 8.5 6.6

BEST

2 y (2015)E2 4.8 2.7

CARDia

1 y (2010)E3 9.8 5.7

EXCEL

3 y (2016)E4 8.0 8.3

5 y (2019)E5 9.1 10.6

FREEDOM

2 y (2012)E6 6.7 4.7

5 y (2012)E6 13.9 6.0

MASS II

5 y (2007)E7 11.2 8.3

NOBLE

1 y (2016)E8 2.0 1.0

5 y (2016)E8 7.0 2.0

PRECOMBAT

5 y (2015)E9 2.0 1.7

SoS

2 y (2002)E10 4.0 7.0

SYNTAX

1 y (2009)E11 4.8 3.3

3 y (2011)E12 7.1 3.6

5 y (2014)E13 10.6 3.3

MI, Myocardial Infarction; PCI, percutaneous coronary intervention; CABG, coro-

nary artery bypass grafting; ARTS, arterial revascularization therapies study; BEST,

The Randomized Comparison of Coronary Artery Bypass Surgery and Everolimus-

Eluting Stent Implantation in the Treatment of Patients With Multivessel Coronary

Artery Disease; CARDia, coronary artery revascularization in diabetes; EXCEL,

Evaluation of XIENCE Versus Coronary Artery Bypass Surgery for Effectiveness

of Left Main Revascularization Trial; FREEDOM, Future Revascularization Evalua-

tion in Patients With Diabetes Mellitus: Optimal Management of Multivessel

Disease; MASS II, medicine, angioplasty, or surgery study II; NOBLE, The Nordic–

Baltic–British Left Main Revascularisation study; PRECOMBAT, Bypass Surgery

Versus Angioplasty Using Sirolimus-Eluting Stent in Patients With Left Main

Coronary Artery Disease; SYNTAX, Synergy Between PCI With Taxus and Cardiac

Surgery.
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