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Aim The aim of this study was to compare long-term all-cause mortality between patients receiving percutaneous coronary
intervention (PCI) and coronary artery bypass grafting (CABG) using multiple (MAG) or single arterial grafting (SAG).

...................................................................................................................................................................................................
Methods
and results

The current study is a post hoc analysis of the SYNTAX Extended Survival Study, which compared PCI with CABG
in patients with three-vessel (3VD) and/or left main coronary artery disease (LMCAD) and evaluated survival with
>_10 years of follow-up. The primary endpoint was all-cause mortality at maximum follow-up (median 11.9 years)
assessed in the as-treated population. Of the 1743 patients, 901 (51.7%) underwent PCI, 532 (30.5%) received
SAG, and 310 (17.8%) had MAG. At maximum follow-up, all-cause death occurred in 305 (33.9%), 175 (32.9%),
and 70 (22.6%) patients in the PCI, SAG, and MAG groups, respectively (P < 0.001). Multiple arterial grafting
[adjusted hazard ratio (HR) 0.66, 95% confidence interval (CI) 0.49–0.89], but not SAG (adjusted HR 0.83, 95% CI
0.67–1.03), was associated with significantly lower all-cause mortality compared with PCI. In patients with 3VD,
both MAG (adjusted HR 0.55, 95% CI 0.37–0.81) and SAG (adjusted HR 0.68, 95% CI 0.50–0.91) were associated
with significantly lower mortality than PCI, whereas in LMCAD patients, no significant differences between PCI and
MAG (adjusted HR 0.90, 95% CI 0.56–1.46) or SAG (adjusted HR 1.11, 95% CI 0.81–1.53) were observed. In
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patients with revascularization of all three major myocardial territories, a positive correlation was observed be-
tween the number of myocardial territories receiving arterial grafts and survival (Ptrend = 0.003).

...................................................................................................................................................................................................
Conclusion Our findings suggest that MAG might be the more desirable configuration for CABG to achieve lower long-term

all-cause mortality than PCI in patients with 3VD and/or LMCAD.
...................................................................................................................................................................................................
Trial
registration

Registered on clinicaltrial.gov. SYNTAXES: NCT03417050 (https://clinicaltrials.gov/ct2/show/NCT03417050);
SYNTAX: NCT00114972 (https://www.clinicaltrials.gov/ct2/show/NCT00114972).
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Introduction

The optimal strategy for coronary revascularization in patients with
three-vessel (3VD) and/or left main coronary artery disease
(LMCAD) is vigorously debated by clinicians and medical societies.1

Randomized controlled trials and large observational studies focusing
on 3VD have uniformly demonstrated that coronary artery bypass
grafting (CABG) is associated with significantly lower mortality than
percutaneous coronary intervention (PCI).2,3 As for LMCAD, this de-
bate has intensified following the 5-year results of the EXCEL and
NOBLE trials.1,4–6 The Synergy between PCI with Taxus and Cardiac
Surgery Extended Survival (SYNTAXES) trial7 is the extended 10-
year follow-up of the SYNTAX trial,8 which is the first randomized
trial to assess the >_10-year survival of patients with de novo 3VD and/
or LMCAD after PCI with drug-eluting stents (DES) vs. CABG.
Overall, the study showed that all-cause mortality rates were similar

between the CABG and PCI groups; however, CABG did significantly
improve survival in patients with 3VD.8

In the SYNTAX study, as with previous trials comparing CABG
with PCI, CABG was usually performed using a ‘conventional’ surgical
strategy involving a left internal thoracic artery (LITA) graft to the left
anterior descending artery (LAD) with additional vein grafts to the
other vessels. A second internal thoracic artery (ITA) was used in
only 24.4%, 28.8%, and 7.9% of patients in the SYNTAX,7 EXCEL,6

and NOBLE5 trials, respectively, with multiple arterial grafting (MAG)
adopted in 36.8% of CABG operations in the SYNTAX trial. In con-
trast, 99.8%, 98.8%, and 96.4% of the patients in these studies
received an arterial conduit to the LAD.

Several studies have suggested that CABG performed with MAG
is associated with superior clinical outcomes than using a single arter-
ial graft and veins (SAG).9–12 Venous conduit failure is known to ac-
celerate 4–5 years after surgery;13 thus, any potential clinical benefit

Graphical Abstract

Kaplan–Meier curves showing all-cause mortality at maximum follow-up. HR, hazard ratio; MAG, multiple arterial grafting; PCI, percutaneous coronary
intervention; SAG, single arterial grafting.

....................................................................................................................................................................................................
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.
of CABG using MAG over other revascularization strategies would
become more evident over a longer follow-up period. However, it is
still unknown whether the long-term survival benefit of CABG over
PCI is mainly attributable to MAG or whether CABG with SAG is a
reasonable strategy in comparison to PCI.

The aim of the current analysis is to compare long-term all-cause
mortality between patients who received MAG or SAG with PCI and
to determine whether incremental use of arterial grafts in CABG has
a positive impact on mortality, based on the long-term follow-up data
of the SYNTAXES trial.

Methods

Study design and participants
The present study is a post hoc analysis of the SYNTAXES study
(NCT03417050), which was an investigator-driven extended follow-
up (>_10 years) of the SYNTAX trial (NCT00114972) beyond its ori-
ginally planned final follow-up at 5 years.8,14 The main results of the
SYNTAXES study have been recently reported.7 In brief, the
SYNTAX trial was a multicentre, randomized controlled trial con-
ducted among 85 hospitals across 18 North American and European
countries with minimum exclusion criteria. From March 2005 to April
2007, a total of 1800 patients with de novo 3VD and/or LMCAD, who
were eligible for both PCI and CABG based on clinical judgement and
the consensus of a Heart Team, were enrolled and allocated in a 1:1
fashion either to receive PCI (n = 903) with the default use of TAXUS
Express paclitaxel-eluting stents (Boston Scientific Corporation,
Marlborough, MA, USA) or CABG (n = 897). A total of 1766 patients
were treated either by PCI or CABG (as-treated dataset). Patients
treated with venous grafts only (n = 22) or with synthetic material
(n = 1) were excluded; therefore, a total of 1743 patients were
included in the current analyses, of whom 901 (51.7%) patients actual-
ly received PCI and 842 (48.3%) patients formed the CABG cohort.
The latter consisted of 532 (30.5%) patients receiving SAG (1 arterial
and >_1 venous graft) and 310 (17.8%) receiving MAG (>_2 arterial with
or without additional venous grafts).

The SYNTAX and SYNTAXES trials were approved by the ethics
committees at each investigating centre, and all patients provided their
written informed consent prior to participation in the SYNTAX trial.
Follow-up was performed in accordance with local law and regulations of
each participating institution and complied with the Declaration of
Helsinki.

Study endpoint
All analyses were performed in the as-treated population. The primary
endpoint of the current analyses was all-cause mortality at maximum
follow-up. The median duration of maximum follow-up was 11.9 years
[interquartile range (IQR) 11.2–12.4] in survivors. Vital status was avail-
able in 94.0% (1638/1743) of all patients. In the SYNTAX trial, randomiza-
tion was stratified at each site according to the presence or absence of
LMCAD and medically treated diabetes mellitus (DM). Therefore, sub-
group analyses of LMCAD vs. 3VD and DM vs. non-DM were performed,
as were subgroups stratified according to SYNTAX score tertile (low to
intermediate <33 vs. high >_33). Bypass surgery aimed at achieving com-
plete revascularization, defined as revascularization of all vessels with a
diameter of >_1.5 mm and a stenosis of >_50% quantified by coronary angi-
ography. The choice and configuration of bypass grafts and the surgical
technique utilized were left to the discretion of the individual cardiac sur-
geon. An exploratory analysis was also performed to identify the impact

of incremental use of arterial grafts to 1, 2, or 3 major myocardial territo-
ries (LAD, circumflex, and right coronary artery territories), with patients
who underwent PCI considered to have zero arterial grafts. Only those
patients who had all three major myocardial territories revascularized ei-
ther with bypass grafts or stents were included in this analysis.

Statistical analysis
Details of missing data of baseline characteristics are shown in
Supplementary material online, Table S1. Continuous variables with nor-
mal distribution are expressed as mean ± standard deviation and com-
pared by independent samples t-test or described as median (IQR) and
compared by the Wilcoxon rank-sum test if non-normally distributed.
Categorical variables are presented as counts and percentages and are
compared by v2 tests or Fisher’s exact test when appropriate. The cumu-
lative incidence of all-cause mortality was estimated by the Kaplan–Meier
method. The Kaplan–Meier survival plots were truncated at 12.5 years
when only 15% of patients were at risk to avoid visual misinterpret-
ation;15 all events, however, are retained in the analysis when calculating
hazard ratios (HRs) with 95% confidence intervals (CIs).

To adjust for potential confounding factors, the Cox proportional haz-
ards model was weighted to inverse probability treatment weighting.
Inverse probability treatment weightings were calculated using the R
package twang,16 by including the variables representing demographic
characteristics (age, sex, body mass index), clinical presentation (silent is-
chaemia, stable angina, or unstable angina), coexisting medical conditions
(DM, hypertension, dyslipidaemia, current smoker, previous myocardial
infarction, prior cerebrovascular disease, stroke, transient ischaemic at-
tack, carotid artery disease, peripheral vascular disease, chronic obstruct-
ive pulmonary disease, congestive heart failure, renal failure), left
ventricular ejection fraction (LVEF), EuroSCORE, disease type, anatomic-
al SYNTAX score, any bifurcation, and any total occlusion. Inverse prob-
ability treatment weighting values ranged from 1.04 to 13.12
(Supplementary material online, Figure S1). No case was considered to
have an extreme score according to previous literature.17

To investigate the robustness of the results, sensitivity analyses with
two methods, multivariate Cox regression and 1:1 propensity score
matching, were performed. Details and results of the sensitivity analyses
are provided in the Supplementary material online.

Considering the post hoc and exploratory nature of the analyses, there
was no formal correction for multiple testing.18 Analyses were per-
formed using R-project (R Foundation, Vienna, Austria). A two-sided
P-value of <0.05 was considered as statistically significant.

Results

Baseline and procedural characteristics
Baseline characteristics are shown in Table 1. Compared with PCI,
MAG patients were younger and had a higher LVEF and lower me-
dian EuroSCORE; whereas SAG patients had a significantly lower
LVEF, higher median EuroSCORE, and higher proportion of congest-
ive heart failure. No differences were observed in the type of coron-
ary artery disease between the CABG and PCI groups; nevertheless,
the mean number of lesions in the MAG group was significantly
higher than in the PCI group.

The main procedural characteristics for PCI and CABG patients
are presented in Table 2. Saphenous vein grafts were used in 98.3%
and 46.1% of those patients with SAG and MAG, respectively.
Patients who underwent PCI had a significantly lower rate of com-
plete revascularization than those who underwent CABG with SAG
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or MAG. The baseline and procedural characteristics between SAG

and MAG are presented in Supplementary material online, Tables S7

and S8. The medication status up to 5 years, compared based on the

type of revascularization (PCI, SAG, or MAG), is shown in

Supplementary material online, Table S9, and subgroup analyses

according to the type of revascularization (PCI vs. SAG and PCI vs.

MAG) and medication status are shown in Supplementary material

online, Table S10.

Clinical outcomes
At the maximum follow-up (median 11.9 years), all-cause death
occurred in 305 (33.9%) of 901 patients having PCI, 175 (32.9%) of
532 patients having SAG, and 70 (22.6%) of 310 patients having MAG
(adjusted Plog-rank < 0.001, Table 3 and Graphical Abstract). Compared
with PCI, the risk of all-cause death was similar in patients who
received SAG (adjusted HR 0.83, 95% CI 0.67–1.03; P = 0.088),
whereas it was significantly lower in those receiving MAG (adjusted

....................................................................................................................................................................................................................

Table 1 Baseline characteristics

PCI (n 5 901) SAG (n 5 532) Pvs. PCI MAG (n 5 310) Pvs. PCI

Age (years) 65.3 (9.6) 66.3 (9.4) 0.067 62.4 (9.9) <0.001

Male sex 689 (76.5) 409 (76.9) 0.911 264 (85.2) 0.002

Body mass index (kg/m2) 28.1 (4.8) 27.9 (4.9) 0.451 27.7 (4.0) 0.155

Diabetes 232 (25.7) 123 (23.1) 0.294 72 (23.2) 0.419

On insulin 90 (10.0) 56 (10.5) 0.815 26 (8.4) 0.475

Hypertension 625 (69.4) 342 (64.3) 0.054 196 (63.2) 0.054

Dyslipidaemia 701 (78.3) 402 (76.4) 0.445 242 (78.6) 0.991

Current smokers 165 (18.3) 113 (21.4) 0.181 75 (24.4) 0.027

Previous MI 285 (32.0) 190 (36.1) 0.131 89 (29.2) 0.400

Previous cerebrovascular disease 120 (13.4) 72 (13.7) 0.937 52 (16.8) 0.165

Previous stroke 36 (4.0) 23 (4.3) 0.869 17 (5.5) 0.355

Previous TIA 39 (4.3) 26 (4.9) 0.695 15 (4.8) 0.838

Previous carotid artery disease 73 (8.1) 39 (7.3) 0.672 31 (10.0) 0.362

Peripheral vascular disease 81 (9.0) 59 (11.1) 0.230 30 (9.7) 0.804

Chronic obstructive pulmonary disease 73 (8.1) 54 (10.2) 0.222 21 (6.8) 0.528

Creatinine clearance (mL/min) 86.7 (35.6) 83.2 (28.8) 0.065 89.2 (30.1) 0.302

LVEF (%) 59.1 (12.9) 56.2 (13.1) 0.002 61.4 (12.8) 0.021

Congestive heart failure 35 (3.9) 34 (6.5) 0.039 8 (2.6) 0.391

Clinical presentation 0.327 0.123

Silent ischaemia 124 (13.8) 63 (11.8) 56 (18.1)

Stable angina 514 (57.0) 324 (60.9) 160 (51.6)

Unstable angina 263 (29.2) 145 (27.3) 94 (30.3)

EuroSCORE 4.00 (2.00–5.00) 4.00 (2.00–6.00) 0.048 3.00 (1.00–5.00) 0.001

Parsonnet score 6.00 (3.00–12.00) 7.00 (3.00–14.00) 0.090 6.00 (3.00–9.00) <0.001

Disease type 0.608 0.601

LMCAD only 43 (4.8) 28 (5.3) 14 (4.5)

LMCADþ 1VD 67 (7.4) 47 (8.9) 21 (6.8)

LMCADþ 2VD 110 (12.2) 77 (14.5) 28 (9.0)

LMCADþ 3VD 132 (14.7) 75 (14.1) 42 (13.5)

3VD 532 (59.0) 292 (55.0) 200 (64.5)

Number of lesions 4.3 (1.8) 4.3 (1.8) 0.539 4.6 (1.8) 0.029

SYNTAX score 28.5 (11.4) 28.9 (11.3) 0.447 29.8 (11.3) 0.084

SYNTAX score tercile 0.447 0.225

Low (0–22) 297 (33.1) 169 (32.0) 86 (27.8)

Intermediate (23–32) 308 (34.3) 170 (32.2) 113 (36.6)

High (>33) 292 (32.6) 189 (35.8) 110 (35.6)

Any total occlusion 216 (24.1) 117 (22.2) 0.432 70 (22.7) 0.653

Any bifurcation 647 (72.3) 397 (75.2) 0.257 221 (71.5) 0.852

Data are n (%), mean (standard deviation), or median (interquartile range).
1, 2, 3VD, one-, two-, three-vessel disease; CABG, coronary artery bypass grafting; LMCAD, left main coronary artery disease; LVEF, left ventricular ejection fraction; MAG,
multiple arterial grafting; MI, myocardial infarction; PCI, percutaneous coronary intervention; SAG, single arterial grafting; TIA, transient ischaemic attack.
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..HR 0.66, 95% CI 0.49–0.89; P = 0.007) (Table 3). In addition, we used
1:1 propensity score matching to compare the PCI vs. SAG or MAG
in a balanced risk profile (i.e. with balanced age; Supplementary ma-
terial online, Methods and Figure S4), and the results were consistent
with our primary findings.

A treatment (SAG vs. PCI)-by-subgroup interaction according to
the presence or absence of LMCAD was identified (adjusted
Pinteraction = 0.025, Table 3). In patients with LMCAD, no difference in
all-cause mortality was observed between PCI and CABG with SAG
or MAG; however, in the 3VD subgroup, compared to PCI, all-cause
death was significantly lower in patients who underwent CABG with
SAG (adjusted HR 0.68, 95% CI 0.50–0.91; P = 0.009) or MAG
(adjusted HR 0.55, 95% CI 0.37–0.81; P = 0.002).

No treatment-by-subgroup interaction according to DM status
or SYNTAX score tertile (Table 3) was identified. In the non-DM
population, both SAG (adjusted HR 0.77, 95% CI 0.59–1.00;
P = 0.048) and MAG (adjusted HR 0.61, 95% CI 0.42–0.90;
P = 0.012) had a lower risk of mortality than PCI; whereas in the
DM population, there were no significant differences in the risk of
all-cause mortality for PCI compared to SAG (adjusted HR 1.00,
95% CI 0.68–1.48; P = 0.982) or MAG (adjusted HR 0.79, 95% CI
0.48–1.31; P = 0.367). In the high SYNTAX score tertile (score
>_33) population, SAG (adjusted HR 0.71, 95% CI 0.49–1.01;
P = 0.057) and MAG (adjusted HR 0.50, 95% CI 0.29–0.86;
P = 0.012) were associated with a significantly lower risk of all-
cause mortality as compared to PCI; however, in the low-
intermediate SYNTAX score tertile (score <33) population, the
risk of all-cause mortality was similar between SAG (adjusted HR
0.90, 95% CI 0.69–1.18; P = 0.442) or MAG (adjusted HR 0.76,
95% CI 0.53–1.09; P = 0.130) vs. PCI (Figure 1). The results of the
additional subgroup analyses are shown in Supplementary material
online, Table S3.

All-cause mortality for patients who actually received bypass grafts
or stents to all three major myocardial territories is shown in Figure 2
and Table 4. Patients in whom >_2 myocardial territories were

revascularized with arterial grafts during CABG had significantly
lower rates of late all-cause mortality as compared to patients who
underwent PCI, whereas no difference was observed between
patients undergoing CABG with arterial grafting to one, and venous
grafting to two myocardial territories vs. PCI. A reduction in the rate
of all-cause mortality was identified with an incremental use of arter-
ial grafts for revascularization of the three major myocardial territo-
ries [34.2%, 31.3%, 23.1%, and 21.9%, for PCI, one, two, and three
myocardial territories revascularized with arterial grafts, respectively;
adjusted Ptrend = 0.003 (tests for trend are based on modelling the
ordered myocardial territories treated by arterial graft categories as
a 1 df linear term)]. The results of additional subgroup analyses in this
population are shown in Supplementary material online, Table S5 and
Figure S3.

Discussion

The main findings of the current analysis can be summarized as fol-
lows. First, in patients with 3VD and/or LMCAD, CABG using MAG,
but not SAG, is associated with lower all-cause mortality compared
with PCI after a median follow-up of 12 years. Second, in patients
with bypass grafts anastomosed to or stents implanted in all three
major myocardial territories, there was a positive correlation be-
tween the number of myocardial territories revascularized with ar-
terial grafts and survival (PCI being considered as no arterial graft).
Third, based on the absolute difference in mortality in the LMCAD
population, compared to PCI, CABG with MAG was associated with
lower mortality and SAG with higher mortality, though neither
reached statistical significance. In the 3VD population, both MAG and
SAG were associated with significantly lower all-cause mortality than
PCI. Fourth, diabetic patients who underwent CABG with MAG had
numerically lower mortality and those who received SAG had nu-
merically higher mortality than those who underwent PCI. In the

....................................................................................................................................................................................................................

Table 2 Procedural characteristics

PCI (n 5 901) SAG (n 5 532) Pvs. PCI MAG (n 5 310) Pvs. PCI

Number of stents 4.0 (3.0–6.0) — — — —

Total stent length per patient 80.0 (52.0–112.0) — — — —

Number of conduits — 2.8 (0.7) — 2.8 (0.7) —

Grafts used

LIMA — 530 (99.6) — 305 (98.4) —

RIMA — 2 (0.4) — 226 (72.9) —

LIMA or RIMA — 532 (100.0) — 310 (100.0) —

BIMA (both LIMA and RIMA) — 0 (0.0) — 221 (71.3) —

Radial artery — 0 (0.0) — 118 (38.1) —

Venous — 523 (98.3) — 143 (46.1) —

LIMA to LAD — 530 (99.6) — 310 (100.0) —

Off-pump CABG — 68 (12.8) — 61 (19.7) —

Complete revascularization 502 (55.7) 351 (66.0) <0.001 192 (61.9) 0.065

Data are n (%), mean (standard deviation), or median (interquartile range).
BIMA, bilateral internal mammary artery; CABG, coronary artery bypass grafting; LAD, left anterior descending artery; LIMA, left internal mammary artery; MAG, multiple arter-
ial grafting; PCI, percutaneous coronary intervention; RIMA, right internal mammary artery; SAG, single arterial grafting.

1338 P.M. Davierwala et al.
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.
non-DM population, both MAG and SAG were associated with sig-
nificantly lower all-cause mortality than PCI.

Recently, there has been heated debate over the recommendation
of PCI or CABG for patients with LMCAD,1,4–6 whereas for patients
with 3VD, CABG has shown consistently superior outcomes over
PCI.2,3 However, outcomes following CABG may vary according to
the type of grafts used, and current evidence that directly compares
long-term outcomes of PCI vs. CABG with MAG or SAG is limited
and conflicting. A single-centre retrospective study19 reported no dif-
ference in survival between MAG and PCI with DES over an 8-year
follow-up in patients undergoing revascularization for multivessel dis-
ease. Contrarily, another single-centre retrospective study,20 which
enrolled patients with 3VD, showed that SAG had a similar risk of
mortality compared to PCI with DES at 9 years after the procedure,
whereas MAG had a significantly lower risk. Similarly, a propensity
score-adjusted analysis reported improved survival at a mean follow-
up of 4.9 years in 1372 patients undergoing CABG with MAG com-
pared to 1222 patients undergoing PCI for >_2VD.21 In concordance
with the findings of the latter two studies, we showed that in patients
with 3VD and/or LMCAD, CABG with the use of MAG was associ-
ated with significantly lower mortality than PCI at a median follow-up
of 12 years; however, mortality between SAG and PCI was similar.

To have a better understanding of the outcome between PCI,
SAG, MAG, and total arterial CABG, we performed an exploratory
analysis to determine the impact of incremental use of arterial grafts
for revascularization in patients who had actually received bypass

grafts or stents in all three major myocardial territories. We identified
a significant positive correlation between the number of myocardial
territories grafted with arterial conduits and long-term survival
(assuming PCI patients to have received no arterial grafts). Our find-
ing is consistent with the results of a network meta-analysis of 25
studies, which showed by meta-regression that there was a positive,
albeit non-significant, correlation between the number of arterial
grafts and lower mortality.10 Such findings might be explained by the
fact that disease progression in native coronary vessels with a patent
LITA and radial artery is significantly lower than in those with vein
grafts 10 years after CABG (8%, 11%, and 40%, respectively;
P < 0.0001).22 The protective effect of arterial grafts from progressive
atherosclerosis in the downstream coronary circulation, particularly
the ITAs, is most likely due to the active endothelium of arterial grafts
that produce vasoactive (such as nitric oxide) and endothelial pro-
genitor substances, which are anti-inflammatory/antithrombotic vas-
cular mediators.23 In addition, the smooth muscle layer
predominantly seen in the wall of the radial artery helps the graft
match the coronary flow in the native vessels by adjusting its luminal
diameter, thereby creating less turbulence at the distal anastomosis.24

Our findings advocate the use of as many arterial grafts as possible
during CABG surgery.

It has become seemingly clear from the previous results of the
SYNTAX trial7,17 that CABG is the optimal choice of revasculariza-
tion strategy in patients with 3VD. Our study demonstrated that the
significant long-term survival benefit observed with CABG was

Figure 1 Kaplan–Meier curves showing all-cause mortality according to subgroups: (A) left main coronary artery disease; (B) three-vessel disease;
(C) diabetes mellitus; (D) non-diabetes mellitus; (E) SYNTAX score <33; and (F) SYNTAX score >_33. 3VD, three-vessel disease; DM, diabetes melli-
tus; LM, left main; MAG, multiple arterial grafting; PCI, percutaneous coronary intervention; SAG, single arterial grafting.

1340 P.M. Davierwala et al.
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..maintained irrespective of SAG or MAG strategy. However, the sur-
vival advantage over PCI appeared to be greater with MAG than
SAG, which is evident from the respective 45% and 32% reduction in
late mortality.

In contrast, the appropriate method of revascularization in
patients with LMCAD with a low to intermediate SYNTAX
score continues to be controversial. The majority of randomized
controlled trials and meta-analyses have failed to demonstrate
differences in late mortality between PCI and CABG.5,6,25–27 In
the EXCEL study, CABG was associated with a 38% reduction in
all-cause mortality in comparison to PCI at 5 years, though it was
chiefly driven by non-cardiovascular deaths and was considered
to be an underpowered secondary endpoint by the authors.6

Contrary to the above-mentioned results derived through stand-
ard frequentist analyses, Bayesian analyses of the EXCEL trial
results suggested that PCI was associated with inferior long-term
results for all events, including mortality, compared with CABG
for patients with LMCAD.28 Nevertheless, there is a lack of data
comparing PCI with the various conduit types used in CABG.
Our subgroup analysis evaluating the differences in late mortality
in patients with LMCAD based on the grafting strategy (MAG or
SAG) used in patients undergoing CABG and PCI is most likely
the first of its kind. It revealed that long-term mortality rates be-
tween MAG, SAG, and PCI were not significantly different, al-
though numerically lowest in MAG patients.

One possible explanation for our findings is that in patients with
isolated LMCAD, the attrition of venous grafts may have less impact
on survival since the lateral wall vessels may continue to be perfused
in retrograde fashion by the graft to the LAD, which is most often an

ITA. In contrast, patients with isolated LMCAD undergoing CABG
with MAG may be susceptible to accelerated graft failure due to
competitive flow between the grafts to the LAD and lateral wall or
between grafts and native vessels.29 However, we believe that the
lack of between-group difference in mortality could also be due to
the limited power of the subgroup analyses and is a Type II error.
Considering the superiority of MAG over PCI in patients with high
SYNTAX scores (>_33) demonstrated in this study, we do recom-
mend the use of MAG at least in patients with severe LMCAD.
Among patients with less complex LMCAD, a customized approach
could be used by the heart team in selecting the appropriate revascu-
larization strategy.

The FREEDOM Follow-On study,2 in which participants from
the original FREEDOM study were followed up to 7.5 years,
showed that CABG was associated with significantly lower all-
cause mortality in DM patients with multivessel coronary disease.
However, the main results of the SYNTAXES study demonstrated
no difference in survival between PCI and CABG in patients with
diabetes at 10 years. Commensurate with the SYNTAXES main
finding, the current analyses revealed that all-cause mortality in
the DM population is similar between CABG with MAG or SAG
and PCI. Nevertheless, the trajectory of the Kaplan–Meier curves
in the DM population showed an interesting trend with the diver-
gence between CABG with MAG or SAG and PCI up to 6 years,
followed by convergence from 6 to 9 years. Thereafter, MAG
diverges from PCI again, whereas SAG crosses over the PCI curve,
which is also evident from the numerically lower mortality
observed in patients undergoing MAG and the higher mortality in
patients who received SAG, compared to PCI.

Figure 2 Kaplan–Meier curves showing all-cause mortality in patients with grafts anastomosed to or stents implanted in all three myocardial territo-
ries. PCI, percutaneous coronary intervention.

1341PCI vs. SAG/MAG in SYNTAXES
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.
The selection of grafts in daily practice is not only based on

clinical outcomes published in the literature but also based on a
multitude of other factors such as quality of grafts in individual
patients, patient characteristics not commonly addressed in
studies such as frailty, presence of sternal disease, physical dis-
abilities, etc., operating room time which may be linked to reim-
bursement, and most importantly the skill, experience and
comfort level of the surgeon in using various grafts. Multiple ar-
terial grafting might not always be possible in clinical practice in
spite of the compelling survival benefits associated with it.
Similarly, the complexity of PCI and the availability of on-site
cardiac surgical back-up play an important role in decision-
making. Therefore, despite all the available evidence, individual-
ized management of every patient through a heart team ap-
proach is of utmost importance.

Limitations
The following limitations have to be considered in the present
analysis. First, although the SYNTAXES trial is one of the larg-
est trials comparing late mortality between PCI and CABG in
3VD and/or LMCAD patients, it was not adequately powered
to deliver reliable evidence for subgroup analyses.30 No formal
correction for multiple testing for subgroup analyses was per-
formed considering the post hoc and exploratory nature of the
current analyses.18 Therefore, all reported results of subgroup
analyses should be considered strictly exploratory and
hypothesis-generating only. Second, the randomization in the
SYNTAX trial was not stratified according to the type of con-
duits. Therefore, imbalances do exist among the three sub-
categories assessed in the current study. Although various stat-
istical methods were performed to try to estimate the true
effects between groups, the inability to eliminate the impact of
unmeasurable confounders produces bias that cannot be
adjusted for. Third, the endpoint was all-cause mortality only,
which has the potential to dilute the treatment effect due to
the inclusion of events unrelated to surgical or PCIs, especially
at very long-term follow-up. However, the use of all-cause
mortality reduces the risk of adjudication bias due to incom-
plete, skewed, or inadequate supporting evidence. Previous
data have supported the use of all-cause mortality over cardio-
vascular mortality as the endpoint for myocardial revasculariza-
tion trials.31 Fourth, the SYNTAX trial was conducted between
2005 and 2007, with a predominant use of first-generation
paclitaxel-eluting stents for treatment with PCI, which may
limit the generalizability of our findings to current practices.
However, it is unavoidable that the findings derived from long-
term follow-up data are based on partially outdated technol-
ogy, while the evidence for contemporary technology can only
stem from short-term follow-up studies. Nevertheless, a
patient-level meta-analysis32 has shown that no statistically sig-
nificant subgroup interaction was noted across studies (PCI vs.
CABG) based on the generation of DES used for PCI (P for
interaction = 0.25).
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Conclusion

The current study showed that among patients with de novo 3VD
and/or LMCAD, MAG, but not SAG, is associated with lower all-
cause mortality compared with PCI.

In the subgroup of 3VD, although both MAG and SAG were asso-
ciated with significantly lower all-cause mortality than PCI, the risk re-
duction was greater in patients who received MAG and may be the
most desirable strategy for revascularization in such patients.
However, no difference in mortality was observed between PCI and
CABG with MAG or SAG in patients with LMCAD; therefore, PCI
might be a reasonable alternative to CABG, irrespective of the type
of conduit in this patient population. In the non-DM population, both
MAG and SAG were associated with significantly lower all-cause
mortality than PCI; however, in diabetic patients, late mortality was
similar between PCI and CABG regardless of the type of grafting
strategy used. Due to the post hoc and exploratory nature of the ana-
lysis, our results need to be interpreted with caution and should be
considered as hypothesis generating only.

Supplementary material

Supplementary material is available at European Heart Journal online.

Funding
The SYNTAX Extended Survival study was supported by the German
Foundation of Heart Research (Frankfurt am Main, Germany). The
SYNTAX trial, during 0- to 5-year follow-up, was funded by Boston
Scientific Corporation (Marlborough, MA, USA). Both sponsors had
no role in the study design, data collection, data analyses, and inter-
pretation of the study data, nor were involved in the decision to pub-
lish the final manuscript. The principal investigators and authors had
complete scientific freedom. C.G. is supported by Science Foundation
Ireland award (15/RP/2765).

Conflict of interest: P.W.S. reports personal consultancy fees from
Biosensors, Medtronic, Micell, Sino Medical Sciences Technology, Philips/
Volcano, Xeltis, and Heartflow. M.J.M. reports non-financial support from
Edwards Lifesciences, non-financial support from Medtronic, and non-
financial support from Abbott, outside the submitted work. M.C.-M.
reports other from CERC and other from Electroducer, outside the sub-
mitted work. A.P.K. reports to work as employee of Medtronic, outside
the submitted work. All other authors declared no conflict of interest.

Data availability
The data underlying this article cannot be shared publicly and the
data could be shared on reasonable request to the corresponding
author.

References
1. European Association for Cardio-Thoracic Surgery. Changing Evidence, Changing

Practice. 2019. https://www.eacts.org/changing-evidence-changing-practice/ (19
December 2019).

2. Farkouh ME, Domanski M, Dangas GD, Godoy LC, Mack MJ, Siami FS, Hamza
TH, Shah B, Stefanini GG, Sidhu MS, Tanguay JF, Ramanathan K, Sharma SK,
French J, Hueb W, Cohen DJ, Fuster V; FREEDOM Follow-On Study
Investigators. Long-Term survival following multivessel revascularization in
patients with diabetes: the FREEDOM follow-on study. J Am Coll Cardiol 2019;73:
629–638.

3. Park SJ, Ahn JM, Kim YH, Park DW, Yun SC, Lee JY, Kang SJ, Lee SW, Lee CW,
Park SW, Choo SJ, Chung CH, Lee JW, Cohen DJ, Yeung AC, Hur SH, Seung

KB, Ahn TH, Kwon HM, Lim DS, Rha SW, Jeong MH, Lee BK, Tresukosol D, Fu
GS, Ong TK; BEST Trial Investigators. Trial of everolimus-eluting stents or bypass
surgery for coronary disease. N Engl J Med 2015;372:1204–1212.

4. Park DW, Ahn JM, Park H, Yun SC, Kang DY, Lee PH, Kim YH, Lim DS, Rha SW,
Park GM, Gwon HC, Kim HS, Chae IH, Jang Y, Jeong MH, Tahk SJ, Seung KB,
Park SJ; PRECOMBAT Investigators. Ten-year outcomes after drug-eluting stents
versus coronary artery bypass grafting for left main coronary disease: extended
follow-up of the PRECOMBAT trial. Circulation 2020;141:1437–1446.

5. Holm NR, Makikallio T, Lindsay MM, Spence MS, Erglis A, Menown IBA, Trovik
T, Kellerth T, Kalinauskas G, Mogensen LJH, Nielsen PH, Niemela M, Lassen JF,
Oldroyd K, Berg G, Stradins P, Walsh SJ, Graham ANJ, Endresen PC, Frobert O,
Trivedi U, Anttila V, Hildick-Smith D, Thuesen L, Christiansen EH; NOBLE
Investigators. Percutaneous coronary angioplasty versus coronary artery bypass
grafting in the treatment of unprotected left main stenosis: updated 5-year out-
comes from the randomised, non-inferiority NOBLE trial. Lancet 2020;395:
191–199.

6. Stone GW, Kappetein AP, Sabik JF, Pocock SJ, Morice MC, Puskas J, Kandzari DE,
Karmpaliotis D, Brown WM 3rd, Lembo NJ, Banning A, Merkely B, Horkay F,
Boonstra PW, van Boven AJ, Ungi I, Bogats G, Mansour S, Noiseux N, Sabate M,
Pomar J, Hickey M, Gershlick A, Buszman PE, Bochenek A, Schampaert E, Page P,
Modolo R, Gregson J, Simonton CA, Mehran R, Kosmidou I, Genereux P,
Crowley A, Dressler O, Serruys PW; EXCEL Trial Investigators. Five-year out-
comes after PCI or CABG for left main coronary disease. N Engl J Med 2019;
381:1820–1830.

7. Thuijs D, Kappetein AP, Serruys PW, Mohr FW, Morice MC, Mack MJ, Holmes
DR Jr, Curzen N, Davierwala P, Noack T, Milojevic M, Dawkins KD, da Costa
BR, Juni P, Head SJ; SYNTAX Extended Survival Investigators. Percutaneous cor-
onary intervention versus coronary artery bypass grafting in patients with three-
vessel or left main coronary artery disease: 10-year follow-up of the multicentre
randomised controlled SYNTAX trial. Lancet 2019;394:1325–1334.

8. Serruys PW, Morice MC, Kappetein AP, Colombo A, Holmes DR, Mack MJ,
Stahle E, Feldman TE, van den Brand M, Bass EJ, Van Dyck N, Leadley K,
Dawkins KD, Mohr FW; SYNTAX Investigators. Percutaneous coronary inter-
vention versus coronary-artery bypass grafting for severe coronary artery dis-
ease. N Engl J Med 2009;360:961–972.

9. Gaudino M, Puskas JD, Di Franco A, Ohmes LB, Iannaccone M, Barbero U,
Glineur D, Grau JB, Benedetto U, D’Ascenzo F, Gaita F, Girardi LN, Taggart DP.
Three arterial grafts improve late survival: a meta-analysis of propensity-matched
studies. Circulation 2017;135:1036–1044.

10. Gaudino M, Rahouma M, Abouarab A, Tam DY, Di Franco A, Leonard J,
Benedetto U, Iannaccone M, D’Ascenzo F, Biondi-Zoccai G, Vallely M, Girardi
LN, Fremes SE, Taggart DP. Meta-analysis comparing outcomes of drug eluting
stents versus single and multiarterial coronary artery bypass grafting. Am J Cardiol
2018;122:2018–2025.

11. Rocha RV, Tam DY, Karkhanis R, Nedadur R, Fang J, Tu JV, Gaudino M, Royse A,
Fremes SE. Multiple arterial grafting is associated with better outcomes for cor-
onary artery bypass grafting patients. Circulation 2018;138:2081–2090.

12. Taggart DP, Benedetto U, Gerry S, Altman DG, Gray AM, Lees B, Gaudino M,
Zamvar V, Bochenek A, Buxton B, Choong C, Clark S, Deja M, Desai J, Hasan R,
Jasinski M, O’Keefe P, Moraes F, Pepper J, Seevanayagam S, Sudarshan C, Trivedi
U, Wos S, Puskas J, Flather M; Arterial Revascularization Trial Investigators.
Bilateral versus single internal-thoracic-artery grafts at 10 years. N Engl J Med
2019;380:437–446.

13. Benedetto U, Raja SG, Albanese A, Amrani M, Biondi-Zoccai G, Frati G.
Searching for the second best graft for coronary artery bypass surgery: a net-
work meta-analysis of randomized controlled trials. Eur J Cardiothorac Surg 2015;
47:59–65; discussion 65.

14. Mohr FW, Morice MC, Kappetein AP, Feldman TE, Stahle E, Colombo A, Mack
MJ, Holmes DR Jr, Morel MA, Van Dyck N, Houle VM, Dawkins KD, Serruys
PW. Coronary artery bypass graft surgery versus percutaneous coronary
intervention in patients with three-vessel disease and left main coronary disease:
5-year follow-up of the randomised, clinical SYNTAX trial. Lancet 2013;381:
629–638.

15. Pocock SJ, Clayton TC, Altman DG. Survival plots of time-to-event outcomes in
clinical trials: good practice and pitfalls. Lancet 2002;359:1686–1689.

16. McCaffrey DF, Griffin BA, Almirall D, Slaughter ME, Ramchand R, Burgette LF. A
tutorial on propensity score estimation for multiple treatments using generalized
boosted models. Stat Med 2013;32:3388–3414.

17. Elze MC, Gregson J, Baber U, Williamson E, Sartori S, Mehran R, Nichols M,
Stone GW, Pocock SJ. Comparison of propensity score methods and covariate
adjustment: evaluation in 4 cardiovascular studies. J Am Coll Cardiol 2017;69:
345–357.

18. Li G, Taljaard M, Van den Heuvel ER, Levine MA, Cook DJ, Wells GA,
Devereaux PJ, Thabane L. An introduction to multiplicity issues in clinical trials:
the what, why, when and how. Int J Epidemiol 2017;46:746–755.

1343PCI vs. SAG/MAG in SYNTAXES

https://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehab537#supplementary-data
https://www.eacts.org/changing-evidence-changing-practice/


..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
19. Locker C, Schaff HV, Daly RC, Dearani JA, Bell MR, Frye RL, Greason KL, Stulak

JM, Joyce LD, Pochettino A, Li Z, Lennon RJ, Lerman A. Multiple arterial grafts
improve survival with coronary artery bypass graft surgery versus conventional
coronary artery bypass grafting compared with percutaneous coronary interven-
tions. J Thorac Cardiovasc Surg 2016;152:369–379.e4.

20. Habib RH, Dimitrova KR, Badour SA, Yammine MB, El-Hage-Sleiman AK,
Hoffman DM, Geller CM, Schwann TA, Tranbaugh RF. CABG versus PCI: greater
benefit in long-term outcomes with multiple arterial bypass grafting. J Am Coll
Cardiol 2015;66:1417–1427.

21. Raja SG, Benedetto U, Ilsley CD, Amrani M; Harefield Cardiac Outcomes
Research Group. Multiple arterial grafting confers survival advantage compared
to percutaneous intervention with drug-eluting stents in multivessel coronary ar-
tery disease: a propensity score adjusted analysis. Int J Cardiol 2015;189:153–158.

22. Dimitrova KR, Hoffman DM, Geller CM, Dincheva G, Ko W, Tranbaugh RF.
Arterial grafts protect the native coronary vessels from atherosclerotic disease
progression. Ann Thorac Surg 2012;94:475–481.

23. Briguori C, Testa U, Riccioni R, Colombo A, Petrucci E, Condorelli G, Mariani G,
D’Andrea D, De Micco F, Rivera NV, Puca AA, Peschle C, Condorelli G.
Correlations between progression of coronary artery disease and circulating
endothelial progenitor cells. FASEB J 2010;24:1981–1988.

24. Verhoeff BJ, Siebes M, Meuwissen M, Atasever B, Voskuil M, de Winter RJ, Koch
KT, Tijssen JG, Spaan JA, Piek JJ. Influence of percutaneous coronary intervention
on coronary microvascular resistance index. Circulation 2005;111:76–82.

25. Morice MC, Serruys PW, Kappetein AP, Feldman TE, Stahle E, Colombo A, Mack
MJ, Holmes DR, Choi JW, Ruzyllo W, Religa G, Huang J, Roy K, Dawkins KD,
Mohr F. Five-year outcomes in patients with left main disease treated with either
percutaneous coronary intervention or coronary artery bypass grafting in the
synergy between percutaneous coronary intervention with taxus and cardiac
surgery trial. Circulation 2014;129:2388–2394.

26. Palmerini T, Serruys P, Kappetein AP, Genereux P, Riva DD, Reggiani LB,
Christiansen EH, Holm NR, Thuesen L, Makikallio T, Morice MC, Ahn JM, Park
SJ, Thiele H, Boudriot E, Sabatino M, Romanello M, Biondi-Zoccai G, Cavalcante
R, Sabik JF, Stone GW. Clinical outcomes with percutaneous coronary revascula-

rization vs coronary artery bypass grafting surgery in patients with unprotected
left main coronary artery disease: a meta-analysis of 6 randomized trials and
4,686 patients. Am Heart J 2017;190:54–63.

27. Head SJ, Milojevic M, Daemen J, Ahn JM, Boersma E, Christiansen EH, Domanski
MJ, Farkouh ME, Flather M, Fuster V, Hlatky MA, Holm NR, Hueb WA,
Kamalesh M, Kim YH, Makikallio T, Mohr FW, Papageorgiou G, Park SJ,
Rodriguez AE, Sabik JF 3rd, Stables RH, Stone GW, Serruys PW, Kappetein AP.
Mortality after coronary artery bypass grafting versus percutaneous coronary
intervention with stenting for coronary artery disease: a pooled analysis of indi-
vidual patient data. Lancet 2018;391:939–948.

28. Brophy JM. Bayesian interpretation of the EXCEL trial and other randomized
clinical trials of left main coronary artery revascularization. JAMA Intern Med
2020;180:986–992.

29. Morice MC, Feldman TE, Mack MJ, Stahle E, Holmes DR, Colombo A, Morel
MA, van den Brand M, Serruys PW, Mohr F, Carrie D, Fournial G, James S,
Leadley K, Dawkins KD, Kappetein AP. Angiographic outcomes following stent-
ing or coronary artery bypass surgery of the left main coronary artery: fifteen-
month outcomes from the synergy between PCI with TAXUS express and car-
diac surgery left main angiographic substudy (SYNTAX-LE MANS).
EuroIntervention 2011;7:670–679.

30. Rothwell PM. Subgroup analysis in randomised controlled trials: importance, indi-
cations, and interpretation. Lancet 2005;365:176–186.

31. Gaudino M, Hameed I, Farkouh ME, Rahouma M, Naik A, Robinson NB, Ruan Y,
Demetres M, Biondi-Zoccai G, Angiolillo DJ, Bagiella E, Charlson ME, Benedetto
U, Ruel M, Taggart DP, Girardi LN, Bhatt DL, Fremes SE. Overall and cause-
specific mortality in randomized clinical trials comparing percutaneous interven-
tions with coronary bypass surgery: a meta-analysis. JAMA Intern Med 2020;180:
1638–1646.

32. Giacoppo D, Colleran R, Cassese S, Frangieh AH, Wiebe J, Joner M, Schunkert
H, Kastrati A, Byrne RA. Percutaneous coronary intervention vs coronary artery
bypass grafting in patients with left main coronary artery stenosis: a systematic
review and meta-analysis. JAMA Cardiol 2017;2:1079–1088.

1344 P.M. Davierwala et al.


	tblfn1
	tblfn2
	tblfn3
	tblfn4
	tblfn5
	tblfn6
	tblfn7



