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Abstract

OBJECTIVES: This study sought to evaluate the long-term differences in survival between multiple arterial grafts (MAG) and single arterial
grafts (SAG) in patients who underwent coronary artery bypass grafting (CABG) in the SYNTAX study.

METHODS: The present analysis included the randomized and registry-treated CABG patients (n = 1509) from the SYNTAX Extended
Survival study (SYNTAXES). Patients with only venous (n = 42) or synthetic grafts (n = 1) were excluded. The primary end point was all-cause
death at the longest follow-up. Multivariable Cox regression was used to adjust for differences in baseline characteristics. Sensitivity ana-
lysis using propensity matching with inverse probability for treatment weights was performed.

RESULTS: Of the 1466 included patients, 465 (31.7%) received MAG and 1001 (68.3%) SAG. Patients receiving MAG were younger and at
lower risk. At the longest follow-up of 12.6 years, all-cause death occurred in 23.6% of MAG and 40.0% of SAG patients [adjusted hazard
ratio (HR) 0.74, 95% confidence interval (CI) (0.55–0.98); P = 0.038], which was confirmed by sensitivity analysis. MAG in patients with the
three-vessel disease was associated with significant lower unadjusted and adjusted all-cause death at 12.6 years [adjusted HR 0.65, 95% CI
(0.44–0.97); P = 0.033]. In contrast, no significance was observed after risk adjustment in patients with the left main disease, with and with-
out diabetes, or among SYNTAX score tertiles.

CONCLUSIONS: In the present post hoc analysis of all-comers patients from the SYNTAX trial, MAG resulted in markedly lower all-cause
death at 12.6-year follow-up compared to a SAG strategy. Hence, this striking long-term survival benefit of MAG over SAG encourages
more extensive use of multiple arterial grafting in selected patients with reasonable life expectancy.

Trial registration: SYNTAXES ClinicalTrials.gov reference: NCT03417050; SYNTAX ClinicalTrials.gov reference: NCT00114972.
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ABBREVIATIONS

3VD Three-vessel disease
ART Arterial Revascularization Trial
BITA Bilateral internal thoracic artery
CABG Coronary artery bypass grafting
CAD Coronary artery disease
CI Confidence interval
EuroSCORE European System for Cardiac Operative Risk

Evaluation
HR Hazard ratio
LMCAD Left main coronary artery disease
MAG Multiple arterial grafts
MI Myocardial infarction
PCI Percutaneous coronary intervention
SAG Single arterial graft
SITA Single internal thoracic artery

INTRODUCTION

Whether coronary artery bypass grafting (CABG) should be per-
formed with multiple arterial grafts (MAG) in patients requiring
bypass surgery remains fiercely debated. Observational studies
report the benefit of using multiple arterial grafting [1]. Previous
RCTs have failed to demonstrate a survival benefit of MAG with
bilateral (BITA) over single internal thoracic artery (SITA) grafting
because they were either underpowered [2] or, as in the case of
the randomized Arterial Revascularization Trial (ART), were in-
conclusive due to discrepancies between treatment allocated
and that received [3]. In the intention-to-treat analysis, approxi-
mately a quarter of patients in the SITA group received radial
arteries as the second conduit and 16.4% of BITA patients
crossed over to the SITA cohort, thereby preferentially benefit-
ting the SITA group and depleting the BITA group of MAG
patients. However, the as-treated analysis, which involved a

comparison of outcomes in patients receiving MAG versus
single arterial graft (SAG) irrespective of the randomization,
demonstrated a significant survival benefit for the former group.
The results of the ongoing Randomized comparison of the clin-
ical Outcome of single versus Multiple Arterial grafts (ROMA)
trial comparing MAG with SITA grafting, which was conceptual-
ized to address the drawbacks mentioned above of the ART, are
not expected at least until 2025 [4]. To provide credible evidence
on this topic in the interim period, we decided to take advan-
tage of the already available 10-year follow-up data of the
SYNTAX trial (SYNTAX Extended Survival study) [5], which princi-
pally included patients amenable to undergo percutaneous cor-
onary intervention (PCI) and CABG, and the SYNTAX CABG
registry, which included patients not amenable for PCI [5]. The
present sub-analysis of the SYNTAX Extended Survival study [5]
only included patients undergoing CABG in the SYNTAX trial
and registry. It aimed to evaluate the impact of MAG versus a
SAG on long-term survival (>10 years) in patients with complex
coronary artery disease (CAD).

METHODS

Study design

The design and outcomes of the SYNTAX (Synergy Between
Percutaneous Coronary Intervention With Taxus and Cardiac
Surgery) trial (NCT00114972) have been reported previously
[6, 7]. In brief, the SYNTAX trial randomized patients with de
novo three-vessel disease (3VD) and/or left main coronary artery
disease (LMCAD) to undergo either PCI with paclitaxel-eluting
stents or CABG. Patients ineligible for randomization were
included in parallel nested registries for PCI-ineligible patients
(CABG registry, n = 1077) and CABG-ineligible patients (PCI
registry, n = 198). Out of the 1077 patients in the CABG registry,
649 were randomly allocated for a long-term follow-up, of
whom 644 underwent CABG (as-treated). Of those, 20 patients
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received venous grafts only and were therefore excluded from
the current study.

The present analysis is a sub-study of the SYNTAX Extended
Survival study (NCT03417050) and merged patients from both
the randomized and registry cohorts who underwent CABG
(831 patients from the randomized CABG cohort, 11 patients
from the randomized PCI cohort, 624 patients from the CABG
registry cohort) [5]. Patients who received only venous or syn-
thetic grafts were excluded. Informed consent to obtain infor-
mation on 10-year vital status was waived, and follow-up was
performed in accordance with local law and regulations of
each participating site and complied with the Declaration of
Helsinki.

End points and definitions

The primary end point of the current study was all-cause death
in patients who underwent CABG with MAG versus SAG (as-
treated MAG versus SAG). Furthermore, the primary end point
was examined in prespecified subgroups of patients (i) with 3VD,
(ii) LMCAD, (iii) patients with medically treated diabetes and (iv)
those without diabetes, and (v) according to SYNTAX score ter-
tiles (low: 0–22, intermediate: 23–32, high: >_33).

The MAG cohort consisted of patients who received 2 or more
arterial grafts, irrespective of configuration or type of graft (in-
ternal thoracic arteries, radial artery, or gastroepiploic artery).
The SAG cohort consisted of patients with only one SAG. Details
regarding the definitions are reported in the Supplementary
Materials.

Coronary artery bypass grafting techniques

Bypass surgery was performed with the aim to achieve complete
revascularization of all vessels with a diameter of >_1.5 mm or
larger and with an angiographic diameter stenosis of >_50% as
quantified on coronary angiography and discussed during pre-
operative Heart Team meetings. The choice and configuration of
bypass grafts, as well as the surgical technique utilized, were left
at the discretion of the individual surgeon.

Statistical analyses

The present analysis was performed according to the as-treated
principle, following standards of reporting and interpretation of
subgroup analyses [8]. Discrete variables were expressed as per-
centages with frequencies and were compared by v2 tests or
Fisher’s exact test when the expected frequency in any cell was
<5. Continuous variables were summarized as mean ± standard
deviation and were compared by independent samples t-test if
normally distributed, or the Wilcoxon rank-sum test if non-
normally distributed. Patients with missing follow-up data were
included in the analysis and censored at the time they were lost
to follow-up or at 5 years if their recruiting hospital did not par-
ticipate in the 10-year follow-up. Unadjusted cumulative all-
cause death rates were estimated according to the Kaplan–
Meier method and the difference between the use of MAG and
SAG was evaluated with a log-rank test. Kaplan–Meier survival
curves are truncated at a time-point in follow-up, when at least
10% of patients were still at risk, to avoid visual misinterpretation
[9]. Exploratory analyses were performed for BITA versus SITA
and total arterial revascularization versus without total arterial

revascularization. Survival analyses for the use of MAG versus
SAG were adjusted using multivariable Cox regression analysis
that included the following combination of clinically and statis-
tically relevant preoperative variables [10]: age (as a continuous
variable; per 1-year increase), sex, body mass index >_30 kg/m2,
medically treated hypertension, medically treated hyperlipid-
aemia, history of myocardial infarction (MI), unstable angina,
history of stroke and/or transient ischaemic attack, medically
treated diabetes mellitus, peripheral vascular disease, carotid ar-
tery disease, creatinine >200 lmol/l, chronic obstructive pul-
monary disease, left ventricular ejection fraction <50%,
presence/absence of LMCAD and SYNTAX score (as a continu-
ous variable). To further confirm results obtained with the multi-
variable Cox model, a sensitivity analysis was performed using
propensity score-derived weighing. Detailed information regard-
ing the statistical methods and relevant results is presented in
the Supplementary Materials.

Statistical tests were reported as two-sided, and a P-value of
<0.05 was considered statistically significant. Statistical analyses
were performed with SPSS Statistics software, version 24 (IBM
Corporation, Armonk, NY, USA) and R (The R Foundation for
Statistical Computing, Vienna, Austria). The statistical analysis
scripts may be requested from the corresponding author. Data
will not be available for sharing on request.

RESULTS

Patient flow and characteristics

The as-treated CABG cohort consisted of 1466 patients, 465 in
the MAG and 1001 in the SAG group (Fig. 1). Patients were
enrolled in the SYNTAX trial and registry cohorts from March
2005 through April 2007. Vital status information was collected
between 1 March 2017 and 17 June 2019 and was available in
94% of all included patients. The mean age of patients who
received MAG was 62.3 vs 66.5 years in patients who received
SAG (P < 0.001, Table 1). Patients receiving MAG were less likely
to be female and had a lower cardiovascular risk profile.
Approximately a quarter of patients had diabetes. The mean
European System for Cardiac Operative Risk Evaluation
(EuroSCORE) was 2.9 vs 4.4 (P < 0.001) and the mean SYNTAX
score was 32.2 vs 33.3 (P = 0.14) among MAG versus SAG
patients, respectively.

Both MAG and SAG patients received an average of 2.8 con-
duits and 3.4 distal anastomoses per patient (Table 2). BITA graft-
ing was performed in 341 patients (73.3) who received MAG. In
the SAG cohort, 995 patients (99.4%) received a single left intern-
al thoracic artery, 2 patients a radial artery (0.2%) and 4 patients
(0.4%) a single right internal thoracic artery, in addition to venous
grafts. The rate of complete revascularization was similar among
patients receiving MAG (68.0%) versus SAG (69.4%).

Clinical outcomes

At 12.6 years of follow-up, when at least 10% of patients were still
at risk [9], all-cause death occurred in 23.6% of patients who
received MAG versus 40.0% of those undergoing CABG with SAG
[unadjusted hazard ratio (HR) 0.58, 95% confidence interval (CI)
(0.46–0.72); P < 0.001, Fig. 2]. After correcting for preselected
baseline variables, MAG continued to be associated with a signifi-
cantly lower all-cause death rate as compared with those
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undergoing CABG with SAG [adjusted HR 0.74, 95% CI (0.55–
0.98); P = 0.038, Table 3].

CABG with MAG was associated with lower unadjusted all-
cause death rates in the subgroups of patients with 3VD and
LMCAD [unadjusted HR 0.56, 95% CI (0.41–0.75); P < 0.001 and
HR 0.60, 95% CI (0.43–0.85); P = 0.004, respectively; P for inter-
action = 0.73] (Fig. 3A and B and Table 3) that were prespecified
in the original SYNTAX trial. After the multivariable adjustment,
the survival benefit of MAG over SAG remained significant only
in patients with 3VD [adjusted HR 0.65, 95% CI (0.44–0.97);
P = 0.033, Table 3], while non-significant differences were
observed in the subgroup of patients with LMCAD. Similarly,
other subgroup comparisons based on the presence or absence
of diabetes (Fig. 3C and D) and complexity of CAD defined by
SYNTAX score tertiles (as reflected by low and high SYNTAX
scores, Fig. 4A and C) also showed a non-significant trend to-
wards lower mortality in favour of MAG. The inverse probability
for treatment weights sensitivity analysis confirmed that MAG
was associated with lower mortality [HR 0.75, 95% CI (0.57–0.99);
P = 0.039; Supplementary Material, Figs S1–S3]. The E-value,

representing the potential impact of unobserved variables, was
1.7 [11].

The exploratory analyses are reported in the Supplementary
Materials.

DISCUSSION

CABG using MAG, compared to using a SAG, was associated with
lower all-cause death at 12.6 years follow-up in patients with
de novo three-vessel and LMCAD included in the SYNTAX trial
and registry, even after adjusting for differences in baseline char-
acteristics. We further validated our results with inverse
probability-weighted Cox regression analysis to address the main
concern of selection bias in favour of MAG in observational stud-
ies. It is common knowledge that MAG is preferentially used by
surgeons in younger patients with a low-risk profile. Similarly, the
current analysis also determined that MAG in patients with 3VD
was associated with significantly lower all-cause death compared
to SAG at long-term follow-up. In contrast, other subgroups that

Figure 1: Flow of the as-treated CABG patients through the SYNTAX trial (randomized and registry patients). CABG: coronary artery bypass grafting; MAG: multiple ar-
terial grafting; PCI: percutaneous coronary intervention; SAG: single arterial grafting.
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were prespecified in the original SYNTAX trial such as LMCAD
and those with and those without diabetes, demonstrated a non-
significant trend towards better survival at the 12.6-year follow-
up mark following the use of MAG.

Although from a pathophysiological standpoint it is reasonable
to expect that arterial grafts improve graft-patency and clinical

outcomes compared with venous grafts, proof remains limited to
observational data [1, 12–16]. While the ART trial showed no dif-
ference in survival between BITA versus SITA revascularization, it
was fraught with several drawbacks. The major one was that
40% of patients did not receive the therapy they were assigned
to during randomization [3]. An excessively higher crossover

Table 1 Baseline demographic and clinical characteristics of patients undergoing CABG in the SYNTAX trial

Characteristics CABG (n = 1466)a P-value

MAG (N = 465) SAG (N = 1001)

Age (years) 62.3 ± 9.7 66.5 ± 9.2 <0.001
Female gender 64 (13.8) 224 (22.4) <0.001
BMI >_30 (kg/m2) 144 (31.0) 310/1000 (31.0) 0.99
Medically treated diabetes

Oral medication or insulin 103 (22.2) 259 (25.9) 0.12
Insulin 38 (8.3) 102 (10.2) 0.22

History of nicotine abuse 319/462 (69.0) 657/994 (66.1) 0.27
History of chronic obstructive pulmonary disease 34 (7.3) 89 (8.9) 0.31
Carotid artery disease 45 (9.7) 101 (10.1) 0.81
Peripheral vascular disease 49 (10.5) 128 (12.8) 0.22
Creatinine >200 lmol/l 6 (1.3) 21 (2.1) 0.29
History of myocardial infarction 128/457 (28.0) 351/984 (35.7) 0.004
History of stroke or TIA 39/464 (8.4) 94/996 (9.4) 0.52
Medically treated hypertension (>_130/85 mmHg) 344/459 (74.9) 742/990 (74.9) >0.99
Medically treated hyperlipidaemia 361/459 (78.6) 751/985 (76.2) 0.31
Angina

Stable 265 (57.0) 610 (60.9) 0.15
Unstable 119 (25.6) 256 (25.6) 0.99

Impaired left ventricular ejection fraction (<50%)b 74 (15.9) 265/996 (26.6) <0.001
EuroSCORE I value 2.9 ± 2.9 4.4 ± 4.9 <0.001
SYNTAX scorec 32.2 ± 12.8 33.3 ± 13.0 0.14
Number of lesionsc 4.3 ± 1.7 4.4 ± 1.8 0.80
Left main,d any 181 (38.9) 445 (44.5) 0.046
Three-vessel,d without left main involvement 284 (61.1) 556 (55.5) 0.046

Values are shown as mean ± standard deviation or frequencies in percentages and (n) unless otherwise noted.
aData are reported according to the as-treated principle based on the randomized and registry as-treated CABG patients.
bImpaired left ventricular ejection fraction was defined as <50%.
cCore laboratory assessment.
dSite reported.
BMI: body mass index; CABG; coronary artery bypass grafting; EuroSCORE: European System for Cardiac Operative Risk Evaluation; MAG: multiple arterial grafts;
SAG: single arterial graft; TIA: transient ischaemic attack.

Table 2 Surgical characteristics

Characteristics MAG (N = 465) SAG (N = 1001) P-value

Average number of conduits per patient 2.8 ± 0.7 2.8 ± 0.8 0.74
Average number of distal anastomoses per patient 3.4 ± 0.9 3.4 ± 1.0 0.75
Off-pump CABG 101 (21.7) 146 (14.5) 0.003
Grafts useda

LITA 463 (99.6) 995 (99.4) 0.68
LITA/RITA 341 (73.3) 0 (0) <0.001
Radial artery 192 (41.3) 2 (0.2) <0.001
Gastroepiploic artery 1 (0.2) 0 (0) 0.14
Venous 245 (52.7) 985 (98.4) <0.001

Arterial graft to LAD 461 (99.8) 977 (98.0) 0.008
Complete revascularization 316 (68.0) 695 (69.4) 0.57

Values are shown as mean ± standard deviation or frequencies in percentages and (n) unless otherwise noted.
aFour patients received a single RITA, in addition to venous graft(s) in the ‘single’ cohort.
CABG: coronary artery bypass grafting; LAD: left anterior descending artery; LITA: left internal thoracic artery; MAG: multiple arterial grafts; RITA: right internal
thoracic artery; SAG: single arterial graft.
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of patients from BITA to SITA (14%) was associated with poorer clin-
ical outcomes [17], whereas a high rate (22%) of use of radial artery
grafts in the SITA group could have improved results in this group,
because radial artery grafts have been shown to have superior
angiographic patency compared to vein grafts (92% vs 80% at
5 years) [18]. However, multiple arterial grafting in the as-
treated analyses demonstrated a significant survival benefit com-
pared with a single arterial grafting strategy [19]. Some of the meth-
odological limitations of the ART guided the design of the ROMA
trial, which aims to determine the impact of using at least 2 arterial
grafts to the left coronary system on 10-year survival in 4300
patients [4]; however, the first study results are likely to be published
only after 2025. The present study, which is a post hoc analysis of
the SYNTAXES study that provided the first randomized data me-
ticulously collected with a high follow-up rate of 94% at 12.6 years,
provides the best possible evidence in the interim period.

Subgroup analysis revealed that MAG, compared with SAG,
remained associated with significantly lower all-cause death in
patients with 3VD, even after adjusting for differences in charac-
teristics between groups, while no difference in long-term
survival between multiple versus single arterial grafting was
observed in patients with left main disease [20].

The majority of patients with diabetes have diffuse and
complex CAD. The present study found that 57% of patients with
diabetes who received SAG have died during 12.6-year follow-up
vs 40% of patients who received MAG. Although this survival
difference was associated with a numerically decreased risk of
all-cause death in favour of MAG, after adjusting for differences
in baseline characteristics this difference remains statistically
non-significant. The propensity-matched analysis by Yamaguchi
et al. [21] reported decreased 12-year all-cause death rates with
MAG versus SAG in patients with (35.1% vs 41.2%, P = 0.041)
and without diabetes (28.6% vs 36.2%, P = 0.014). Besides, an
increasing number of arterial grafts have been shown to have an
incremental survival benefit in both patients with and without
diabetes [22].

The major strength of the original SYNTAX trial was that all
patients were discussed in a multidisciplinary heart team, consist-
ing of a cardiac surgeon, a clinical cardiologist and an interven-
tional cardiologist. Prior to receiving either PCI or CABG, all
significantly stenosed coronary vessels were assessed and those
suitable for revascularization determined. After myocardial revas-
cularization, completeness of revascularization was verified based
on the number of vessels revascularized compared to those
deemed suitable for revascularization prior to intervention.
Nonetheless, the rate of complete revascularization in both treat-
ment groups in our study was lower than observed in previous
studies [23–25]. These differences most certainly reflect the vari-
ation in definitions of completeness of revascularization used
across clinical trials, yet could also be partly explained by the
greater anatomical complexity of CAD in patients included in the
SYNTAX trial and in the nested CABG registry (SYNTAX score
37.8 ± 13.3). Severely calcified and diffusely diseased coronary
arteries and small-sized (<2 mm) vessels distal to the lesion were
the most common rationale for incomplete revascularization in
the CABG cohort of the SYNTAX trial [26]. Inability to graft such

Figure 2: This graph presents the cumulative mortality for single versus multiple
arterial grafting patients in our study. CI: confidence interval; MAG: multiple ar-
terial grafts; SAG: single arterial graft. The axis label ‘years since treatment allo-
cation’ indicates a follow-up period starting from the day of randomization or
allocation to the percutaneous coronary intervention-ineligible coronary artery
bypass grafting registry, which does not necessarily correlate to the operative
day.

Table 3 Multivariable Cox regression model: unadjusted and adjusted outcomes (as-treated)

Cohort MAG 12.6-year
deaths (%)

SAG 12.6-year
deaths (%)

Unadjusted HR (95% CI),
P-value

P for
interaction

Adjusted HR (95% CI),
P-value

Overall 23.6 40.0 0.58 (0.46–0.72), P < 0.001 0.74 (0.55–0.98), P = 0.038a

Three-vessel disease 22.5 38.5 0.56 (0.41–0.75), P < 0.001 0.73 0.65 (0.44–0.97), P = 0.033
Left main disease 24.9 42.3 0.60 (0.43–0.85), P = 0.004 0.85 (0.54–1.34), P = 0.49
Diabetes 39.5 56.7 0.67 (0.46–0.97), P = 0.036 0.43 0.73 (0.43–1.24), P = 0.25
No diabetes 19.1 34.6 0.55 (0.42–0.73), P < 0.001 0.76 (0.54–1.09), P = 0.14
Coronary complexity 0.86

SYNTAX score 0–22 17.5 35.3 0.47 (0.28–0.80), P = 0.005 0.83 (0.41–1.66), P = 0.60
SYNTAX score 23–32 28.4 41.7 0.70 (0.48–1.01), P = 0.060 0.74 (0.44–1.24), P = 0.25
SYNTAX score >_33 23.6 41.0 0.58 (0.42–0.81), P = 0.001 0.71 (0.47–1.09), P = 0.11

Cox regression model on the primary outcome of 12.6 years all-cause death. At 12.6 years, at least 10% of patients were still at risk [9]. Data are reported according
to the as-treated principle. Variables used in the full multivariable Cox regression analysis: age, sex, hypertension, hyperlipidaemia, stroke or TIA, diabetes mellitus,
peripheral vascular disease, carotid artery disease, chronic obstructive pulmonary disease, creatinine >200 lmol/l, left ventricular ejection fraction <50% and
SYNTAX score (as a continuous variable).
aThis result was confirmed with a weighted Cox proportional hazards model [HR 0.75, 95% CI (0.57–0.99); P = 0.039].
BMI: body mass index (kg/m2); CABG: coronary artery bypass grafting; CI: confidence interval; COPD: chronic obstructive pulmonary disease; HR: hazard ratio;
LVEF: left ventricular ejection fraction; MAG: multiple arterial grafts; SAG: single arterial graft.
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vessels is usually not associated with an increased risk of adverse
events, which was clearly evident after 3-year follow-up of CABG
patients in the SYNTAX trial who did not undergo complete
revascularization. Additional prospective studies with longer
follow-up (>_10 years) are warranted to determine the influence
of complete revascularization on clinical outcomes beyond
3 years.

Strengths and limitations

The results of our study are hypothesis generating. Numerous dif-
ferences in baseline characteristics existed between patients who
received multiple versus singe arterial grafting. We have therefore
performed multivariable adjustment, as well as propensity
matching (Supplemental Materials), and also accounted for
hospital-level differences in the use of multi-arterial grafting.
However, in spite of this, no statistical approach, except random-
ization, can adjust for all residual cofounding factors that may ac-
count for the observed difference in mortality between groups.
Factors such as incomplete revascularization and use of
guideline-directed medical therapy during follow-up that were
not adjusted for could also have influenced survival in both
cohorts [6, 27]. We studied all-cause mortality as our primary end

point and cannot present data regarding cause-specific mortality
because the secondary end points such as spontaneous MI,
stroke and repeat revascularization and cause of death were not
collected during the extended follow-up of the SYNTAX trial.

CONCLUSION

In this post hoc analysis of 1466 SYNTAX trial participants under-
going CABG, all-cause mortality was substantially lower with mul-
tiple arterial grafting. This improved survival benefit of multi-
arterial grafting at CABG strongly encourages more extensive use
of multiple arterial grafting in selected patients with reasonable
life expectancy.

SUPPLEMENTARY MATERIAL

Supplementary material is available at EJCTS online.
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