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Abstract

Introduction: The benefit of total arterial revascularization (TAR)
in coronary artery bypass grafting (CABG) remains a controversial
issue. This study sought to evaluate whether there is any difference
on the long-term results of TAR and non-TAR CABG patients.

Methods: The Medical Literature Analysis and Retrieval System
Online (MEDLINE), Excerpta Medica dataBASE (EMBASE), Cochrane
Central Register of Controlled Trials (CENTRAL/CCTR), Clinical Trials.
gov, Scientific Electronic Library Online (SciELO), Literatura Latino-
Americana e do Caribe em Ciéncias da Saude (LILACS), and Google
Scholar databases were searched for studies published by October
2020. Randomized clinical trials and observational studies with
propensity score matching comparing TAR versus non-TAR CABG were
included. Random-effects meta-analysis was performed. The current
barriers to implementation of TAR in clinical practice and measures
that can be used to optimize outcomes were reviewed.

Results: Fourteen publications (from 2012 to 2020) involving
a total of 22,746 patients (TAR: 8,941 patients; non-TAR: 13,805
patients) were included. The pooled hazard ratio (HR) for long-term
mortality (over 10 years) was lower in the TAR group than in the non-
TAR group (random effect model: HR 0.676, 95% confidence interval
0.586-0.779, P<0.001). There was evidence of low heterogeneity of
treatment effect among the studies for mortality, and none of the
studies had a particular impact on the summary result. The result was
not influenced by age, sex, or comorbidities. We identified low risk of
publication bias related to this outcome.

Conclusion: This review found that TAR presents the best long-
term results in patients who undergo CABG. Given that many patients
are likely to benefit from TAR, its use should be encouraged.

Keywords: Coronary Artery Bypass. Publication Bias. Data
Management. Meta-Analysis. Propensity Score. Confidence Intervals.

INTRODUCTION
Rationale

Coronary artery bypass grafting (CABG) is one of the most
commonly performed surgical operations worldwide and is
currently considered as the revascularization strategy of choice
for multivessel coronary artery diseasell. However, optimal
graft selection has been an important matter of debate. More
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specifically, graft failure considerably influences outcomes of
CABG as it is associated with recurrent angina, poor survival, and
need for reoperationt?,

The superiority of the left internal mammary artery (LIMA) over
the saphenous vein graft (SVG) to bypass a stenotic left anterior
descending artery has long been established and is considered
standard of careP!. Furthermore, bilateral internal mammary artery
(BIMA) grafts and/or radial artery (RA) grafts have been consistently
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Abbreviations, acronyms & symbols

ART = Arterial Revascularization Trial
BIMA = Bilateral internal mammary artery
CABG = Coronary artery bypass grafting

CENTRAL/CCTR = Cochrane Central Register of Controlled Trials

Cl = Confidence interval

COPD = Chronic obstructive pulmonary disease

EMBASE = Excerpta Medica dataBASE

HR = Hazard ratio

IMA = Internal mammary artery

LILACS = Literatura Latino-Americana em Ciéncias da Saude

LIMA = Left internal mammary artery

LVEF = Left ventricular ejection fraction

M = Multicenter

MEDLINE = Medical Literature Analysis and Retrieval System
Online

Mi = Myocardial infarction

NA =Not available

NM = Non-multicenter

NP = Non-prospective

NR = Non-randomized

P = Prospective

PRISMA = Preferred Reporting Items for Systematic Reviews
and Meta-analyses

PVD = Peripheral venous disease

R = Randomized

RA = Radial artery

SciELO = Scientific Electronic Library Online

SIMA = Single internal mammary artery

SVG = Saphenous vein graft

TAR =Total arterial revascularization

shown to provide better results than SVG®, Three recently published
meta-analyses have outlined the benefits of BIMA over single internal
mammary artery (SIMA) in terms of long-term survival®®,

Despite total arterial revascularization (TAR) being long
advocated as the best revascularization strategy — although this
is not a universal belief —, it remains underutilized. However, the
recent Arterial Revascularization Trial (ART) demonstrated that,
in the long-term, TAR has had the lowest rate of mortality and
greatest reduction in complications when compared to single
arterial graft or multiple arterial grafts®.

Objectives

We set out to conduct a meta-analysis investigating long-
term mortality (over 10 years) of TAR when compared to non-
TAR. We followed the Preferred Reporting Items for Systematic
Reviews and Meta-analyses (PRISMA) guidelines.

METHODS
Eligibility Criteria

With the population, intervention, comparison, outcomes,
study design (or PICOS) strategy, studies were considered if: (1) the
population comprised patients who underwent CABG; (2) there
was a group of patients who underwent CABG with TAR (possible
scenarios: “BIMA” or “BIMA+RA" or “SIMA+RA"); (3) there was a
group of patients who underwent CABG with non-TAR (possible
scenarios: “SIMA+SVG" or “BIMA+SVG" or “SIMA+RA+SVG" or
“BIMA+RA+SVG); (4) outcomes included at least a 10-year follow-
up; (5) studies were retrospective, prospective, randomized, or
non-randomized; if non-randomized, the studies should be
propensity-score matched studies.

Search Strategy

Databases were searched for articles meeting our inclusion
criteria and published by October 2020: Medical Literature
Analysis and Retrieval System Online (or MEDLINE), Excerpta
Medica dataBASE (or EMBASE), Cochrane Central Register of

Controlled Trials (or CENTRAL/CCTR), ClinicalTrials.gov, Scientific
Electronic Library Online (or SciELO), Literatura Latino-Americana
em Ciéncias da Saude (or LILACS), Google Scholar, and reference
lists of relevant articles. We carried out the search with the
following terms: “CABG OR Coronary Artery Bypass Grafting"
AND “Total Arterial Grafting” OR “Total Arterial Revascularization’
OR “arterial graft” OR “non-Total Arterial Revascularization” OR
“non-total arterial grafting” OR “non-arterial graft”.

The following steps were taken: (1) identification of titles of
records through databases searching, (2) removal of duplicates,
(3) screening and selection of abstracts, (4) assessment for
eligibility through full-text articles, and (5) final inclusion in the
study. Studies were selected by two independent reviewers.
When concordance was absent, a third reviewer took the
decision to include or exclude the study.

"

Data Items

The primary endpoint was long-term mortality (at least a
10-year follow-up). Two independent reviewers extracted the
data. When concordance was absent, a third reviewer checked
them and took the final decision. From each study, we extracted
patient characteristics, study design, and outcomes.

Meta-Analysis

Pooled hazard ratio (HR) with 95% confidence interval (Cl)
and P-values for death were calculated. Forest plots were created
to represent the primary outcome. Chi-square test and |2 test
were performed for assessment of statistical heterogeneity!'%.
The HR were combined across the studies using a weighted
DerSimonian-Laird random effects model™. Funnel plots
represent the analysis of publication bias, statistically analyzed
by Begg and Mazumdar’s test'? and Egger’s test!3!,

Sensitivity Analysis

The influence of a single study on the overall effect of TAR on the
main outcome was assessed by sequentially removing one study
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(the “leave-one-out” method). This sensitivity analysis was carried
out to test the consistency of these results in order to investigate if
individual studies had an excessive impact on the results.

Meta-Regression

Meta-regression analyses were performed to determine
whether the effects of TAR were modulated by pre-specified
factors. Meta-regression graphs describe the effect of off-pump
CABG on the outcome (plotted as a log HR on the y-axis) as a
function of a given factor (plotted as a mean or proportion of
that factor on the x-axis). Meta-regression coefficients show the
estimated increase in log HR per unit increase in the covariate.
Since log HR > 0 corresponds to HR > 1 and log HR < 0
corresponds to HR < 1, a negative coefficient would indicate that
as a given factor increases, the HR decreases.

The pre-determined modulating factors to be examined were
age, male sex, hypertension, diabetes, hyperlipidemia, chronic
obstructive coronary disease, peripheral vascular disease, left
ventricular ejection fraction < 50%, and myocardial infarction.

A two-tailed P-value < 0.05 was considered statistically
significant. All analyses were completed with R Statistical

)

Software (version 3.6.3, Foundation for Statistical Computing,
Vienna, Austria).

RESULTS
Study Selection

A total of 2,473 citations were identified, of which 57 studies
were potentially relevant and retrieved as full-text. Fourteen
publications®429 fulfilled our eligibility criteria. Interobserver
reliability of study relevance was excellent (Kappa=0.86). The
PRISMA Flow Chart is presented in Figure 1.

Study Characteristics

Detailed characteristics of the studies and their populations
are listed in Table 1. A total of 22,746 patients (TAR: 8,941 patients;
non-TAR: 13,805 patients) were included from studies published
from 2012 to 2020. The studies consisted of patients whose
mean age was around 65 years and who were most often male.
One study was a post-hoc analysis of a randomized controlled
trial, one study was prospective, and four were multicenter. All
the observational studies had propensity-score matched groups.

Records identified through PubMed/MEDLINE, EMBASE, CENTRAL/CCTR,
ClinicalTirals.gov, SciELO, LILACS, Google Scholar
(n=2,473)

Identification

[

)

Records after duplicates removed

(n=1,521)

Eligibility Screening

Included

Fig. 1 - Flow diagram of studies included in data search. CENTRAL/CCTR=Cochrane Central Register of Controlled Trials; EMBASE=Excerpta
Medica dataBASE; LILACS=Literatura Latino-Americana em Ciéncias da Saude; MEDLINE=Medical Literature Analysis and Retrieval System

Online; SciELO=Scientific Electronic Library Online.

¥

Records screened by title
(n=544)

i

Records excluded after
abstract analysis
(n=487)

Full-text articles assessed
for eligibility
(n=57)

Studies included in
qualitative synthesis
(n=14)

Full-text articles excluded,
with reasons (n = 43):

Lack of outcomes of interest
(n=35)

Overlap with other studies
(n=8)

h 4

Studies included in
quantitative synthesis
(meta-analysis)
(n=14)
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Table 1. Characteristics of the studies and populations.

Arterial

Number of | Age, years | Male sex hypertension Diabetes |Dyslipidemia COPD PVD LVEF < 50% Mi
patients | (mean) (%) P o mellitus (%) (%) (%) (%) (%) (%)
Study Non- Non- Non- Non- Non- Non- Non- Non- Non- Non-
Study design TAR TAR TAR TAR TAR TAR TAR TAR TAR TAR TAR TAR TAR TAR TAR TAR TAR TAR TAR TAR
Taggart et al® P R*, M 843 | 2025 | 640 | 640 | 856 | 87.2 | 785 | 781 238 | 231 | 932 | 937 13 28 | 67 | 69 | 268 | 246 | 434 | 437
Rocha et al.'¥ NP NR,M | 21322132 | 619 | 620 | 830 | 830 | 682 | 657 294 | 300 | 720 | 731 6.6 79 1104 | 106 | 329 | 333 | 279 | 281
Obed et al.™ NP NR,NM | 81 81 66.1 | 663 | 70.0 [ 720 | NA NA 210 | 23.0 | 580 [ 56.0 80 | 60 NA [ NA | NA | NA | NA | NA

Formica et al.'® NP.NR,NM | 190 | 190 | 60.7 | 59.5 | 86.8 | 879 | 858 | 847

216 | 179 | 716 | 721 47 | 32 | NA | NA | NA | NA | 237 | 232

Grieshaber etal.”” | NP,NR,NM | 98 | 152 | 63.0 | 66.0 | 790 | 780 | 920 | 95.0

316 | 303 | 680 | 660 | 82 | 11.0 | NA [ NA | 380 | 520 | 100 | 100

Royse et al.®) NP.NR,NM | 232 | 232 | 670 | 67.7 | 780 | 780 | 60.0 | 610 | 170 [ 160 | 660 | 700 | 120 | 120 | 120 | 11.0 | NA | NA | 500 | 51.0
Bisleri et al.? NP.NR,NM | 175 | 175 | 760 | 76.0 | 732 | 720 | 782 | 720 | 469 | 238 | 60.5 | 60.5 | 137 | 582 | NA | NA | 314 | 286 | 45.1 | 37.7
Bisleri et al.2% NP.NR,NM | 151 | 151 | 740 | 76.0 | 760 | 830 | 350 | 380 | 250 [ 27.0 | 410 | 340 | 180 | 140 | NA | NA | NA [ NA | 310 | 298

Mohammadietal®”| NP NR,NM | 249 | 249 | 56.1 | 55.8 | 904 | 888 | 538 | 528

1211137 1920 | 916 | 44 | 68 | 104 | 112 | NA | NA | 478 | 486

Navia et al.?? NP NR,NM | 485 | 485 | 654 | 655 | 870 | 860 | 76.0 | 760 | 270|290 | 730 | 710 | 47 | 45 | 45 | 23 | 150 [ 157 | 260 | 258
Shi et al.??) NP.NR,M | 262 | 262 | 600 | 60.0 | 90.0 | 91.0 | 50.0 | 500 | 13.0 [ 13.0 | NA NA NA | NA | 50 | 50 | 220 | 220 | 440 | 440
Suzuki et al.?¥ NP.NR,NM | 250 | 260 | 69.0 | 70.8 | 826 | 785 | 723 | 654 | 540 [ 41.2 | 563 | 454 | 198 | 212 | NA | NA | NA [ NA | 315 | 435
Garatti et al® NP.NR,NM | 209 | 243 | 488 | 50.0 | 950 | 960 | 36.0 | 430 | 150 [ 140 | 670 | 650 | 40 | 3.0 [ 230 | 11.0 | NA [ NA | 690 | 690
Nasso et al.®) NP, NR,M | 3584 | 7168 | 67.1 | 67.1 | 799 | 79.1 | NA NA 480 | 483 | NA NA 100 | 100 | NA | NA | 331 | 329 | 126 | 124

COPD=chronic obstructive pulmonary disease; LVEF=left ventricular ejection fraction; M=multicenter; Ml=myocardial infarction; NA=not available; NM=non-multicenter; NP=non-
prospective; NR=non-randomized; P=prospective; PVYD=peripheral venous disease; R=randomized; TAR=total arterial revascularization

*Post-hoc analysis

Synthesis of Results

The HR for mortality in the TAR group compared with the
non-TAR group for each study is reported in Figure 2. There was
evidence of low heterogeneity (°=32%, P=0.117) of treatment
effect among the studies for mortality. We observed lower rates
of mortality in the TAR group (random effect model: HR 0.676,
95% Cl 0.586-0.779; P<0.001). Funnel plot analysis disclosed no
asymmetry around the axis for the outcome, suggesting low risk
of publication bias related to this outcome (Figure 3).

Sensitivity Analysis

Sensitivity analyses performed by removing each single
study from the meta-analysis (in order to determine the influence
of individual data sets on the pooled HRs) showed that none of
the studies had a particular impact on the summary results of
mortality (Figure 4).

Meta-Regression Analysis

None of the predetermined modulating factors showed
any correlation with the studied outcomes, suggesting that the
results were not influenced by any of these factors.

DISCUSSION
Summary of Evidence

To the best of our knowledge, this is the largest meta-
analysis of randomized controlled trials and propensity-matched
observational studies performed to date that investigated long-
term mortality of TAR versus non-TAR. Our findings provide
additional value by demonstrating that, after a follow-up of over
10 years, patients undergoing CABG surgery with TAR had lower
risk of mortality compared to those undergoing non-TAR CABG.

Comments

Surgical treatment of patients with multivessel coronary artery
disease has made important progress in the last decades. Since it
has become accepted that complete revascularization provides
a benefit compared to incomplete revascularization®, several
techniques have been developed. One option is to use SIMA and
complete the revascularization using SVG. However, given the
threefold higher risk of graft failure with venous compared to of
arterial conduitsi”, this strategy might be hampered by recurrent
angina, poor survival, and need for reoperation. Another option,
which has increasingly gained attention, is to complete the
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Study

Taggart 2020
Rocha 2020
Obed 2020
Formica 2019
Grieshaber 2018
Royse 2018
Bisleri 2017 (1)
Bisleri 2017 (2)
Mohammadi 2016
Navia 2016

Shi 2016

Suzuki 2015
Garatti 2014
Nasso 2012

Total (95% Cl)

Weight
8.1%
15.4%
4.5%
3.8%
3.4%
12.8%
29%
1.9%
2.3%
7.9%
7.5%
6.3%
51%
17.9%

) _100.0% 0.676 [0.586; 0.779]
Heterogeneity: Tau” = 0.0142; Chi” = 19.19, df = 13 (P = 0.117); I = 32%

Hazard Ratio

Random, 95% CI
0.680[0.481; 0.962
0.800 [0.660; 0.970
0.541[0.324; 0.904
1.020[0.579; 1.797
0.550[0.303; 0.999
0.770[0.607; 0.976
0.400[0.208; 0.769
0.221[0.097; 0.503
0.9201[0.438;1.932
0.700[0.492; 0.995
0.560 [0.389; 0.807
0.600 [0.398; 0.905
0.800 [0.500; 1.280
0670[0573;0.784

Test for overall effect: t,; =-5.95 (P <= 0.001)

Hazard Ratio
Random, 95% CI

Lol
——
]
-
-
T T 1
01 05 1 2 10
Favours TAR  Favours non-TAR

Fig. 2 - Forest plot for long-term mortality. Cl=confidence interval; TAR=total arterial revascularization
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Begg and Mazumdar's test (P-value): 0.112

Egger's test (P-value): 0.147
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Fig. 3 - Funnel plot analysis of publication bias for long-term mortality.
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Hazard Ratio Hazard Ratio

Study Random, 95% CI Random, 95% CI
Omitting Taggart 2020 0.673[0.573;0.789] —H—

Omitting Rocha 2020 0.656 [0.563; 0.765] ——

Omitting Obed 2020 0.682[0.587;0.793] —H—

Omitting Formica 2019 0.667[0579;0768] —Hm—

Omitting Grieshaber 2018  0.680[0.584;0.791] —@&—

Omitting Royse 2018 0.661[0.563; 0.775] —H—

Omitting Bisleri 2017 (1) 0.689[0.602;0.789] —W—

Omitting Bisleri 2017 (2) 0.700[0.637;0.770] -

Omitting Mohammadi 2016 0.670[0.577;0.778] —i—

Omitting Navia 2016 0671[0572;0787] —@—

Omitting Shi 2016 0.686 [0.590; 0.798] —H—

Omitting Suzuki 2015 0.680[0.582;0.794] —H—

Omitting Garatti 2014 0.668[0.573;0.779] —H—

Omitting Nasso 2012 0.670[0.565;0.796] ——

Total (95% CI) 0.676 [0.586; 0.779] -~

I |
0.75 1 15

Fig. 4 - Sensitivity analysis (leave-one-out). Cl=confidence interval

revascularization using arterial conduits uniquely by means of
BIMA and/or RA grafts. Nonetheless, TAR largely remains ignored.
In the United States of America, multi-arterial CABG constitutes
only 10% of CABG done using > 2 arterial grafts, and < 1% with
three arterial grafts®. Clearly, several challenges remain.

One of the reasons of concern about TAR is the use of the
RA. It is prone to vasospasm, technically more challenging, and
carries the risk of radial nerve injuries, refraining surgeons from
adopting it as a conduitl?>3%, Yet, besides its superior patency
rates over venous graftsP'33 several characteristics qualify RA as
an adequate conduit for CABG: its resistance to atherosclerosis,
accommodation to arterial pressure, possibility of parallel
LIMA harvesting, caliber size and length, and the considerable
muscular wall enabling easy handling®4.

Another reason for reluctance is the perceived increased
risk of deep sternal wound infection with BIMA harvesting. In
this regard, internal mammary artery (IMA) skeletonization may
help minimize sternal complications, as it causes minimal trauma
on the chest wall in comparison to conventional pedicled IMA,
leading to lower risk of sternal complicationsB>3%. Furthermore,
in terms of flow capacity, a skeletonized IMA appears to be
superior in comparison with a pedicled IMA during CABGE”. In
terms of patency, skeletonized IMA appears to be non-inferior in
comparison to pedicled IMA after CABGE®. Of note, the wound
complication rate with skeletonized BIMA was the same as that
of a pedicled SIMA in the ART®!,

As demonstrated in our meta-analysis, TAR had a significant
survival benefit on a long-term follow-up of over 10 years after
CABG. In the above, we discussed some of the barriers that are
currently still hindering wide implementation of TAR into the
cardiac surgical landscape. We also showed how these can be
addressed, thereby optimizing the benefits of TAR while minimizing
the risk for its potential complications. It has to be noted that there

will remain scenarios were vein grafts will still be needed or even
preferable above arterial grafts, such as in patients with expected
short survival, variant anatomy, or as a bailout in case of arterial
graft failure. However, these specific scenarios will only make up
a minority of CABG cases. The 90% of patients currently receiving
only a single graft in the United States of America is therefore
largely out of proportion. Given the findings of our meta-analysis,
several of these patients might benefit from TAR.

Role of RAin TAR

The Radial Artery Patency and Clinical Outcomes (or RAPCO)
trialsB% found that the 10-year patency rate of the RA was
significantly better than that of the free right internal thoracic
artery, and higher than that of the saphenous vein, although
this latter difference was not statistically significant. Obed
et all" demonstrated that using the RA and the left IMA as
T-graft is associated with a significant long-term survival benefit
in patients undergoing CABG and it might be a promising
alternative to conventional use of a SIMA supplemented by
SVG. Furthermore, Carneiro et al#? demonstrated that the site
of proximal anastomosis of the RA (either onto the aorta or as Y
composite grafts) does not interfere in mid- and long-term graft
occlusion and patency rates.

Risk of Bias and Limitations

Since studies with statistically significant results are more likely
to be accepted for publication in medical journals in comparison
with those with null or non-significant results, there is always
the risk of publication bias. Nevertheless, the impact of TAR on
the outcomes in our meta-analysis has low probability of being
under the influence of publication bias according to the statistical
analyses. Only one of the included studies was a randomized
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controlled trial, for which we tried to compensate with the
inclusion of observational studies with matched populations.

CONCLUSION

This systematic review with meta-analysis found that TAR
presents the best long-term results in patients who undergo
CABG surgery. Given that many patients are likely to benefit from
TAR, our findings encourage the use of TAR in a larger group of
patients than is currently being performed.
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