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Chapter 1

General introduction, aims and outline



CORONARY ARTERY DISEASE

Although cardiovascular death rates has decreased over the past decades, ischemic
heart disease remains the number-one cause of death worldwide (Figure 1)."* More-
over, the increasing overall life-expectancy of men and women across the globe will
lead to an increasing prevalence of coronary artery disease. This eventually could
lead to a growing number of patients with complex coronary artery disease and
advanced cardiovascular risk-profiles requiring revascularisation by either coronary
artery bypass grafting (CABG) or percutaneous coronary intervention (PCI). A more
complex patient with coronary artery disease requires a well-defined and structured
approach to determine the optimal revascularisation strategy. In order to provide
evidence-based patient-tailored treatment suggestion, adequate preoperative risk
assessment and multidisciplinary discussions in the form of a structured heart team
meetings are warranted.*’

Top 10 global causes of deaths, 2016

Deaths (millions)

Ischaemic heart disease
Stroke
Chronic obstructive pulmonary disease

Lower respiratory infections

Alzheimer disease and other dementias

Cause Group
Trachea, bronchus, lung cancers
" ; Communicable, matemal, neonstal
Diabetes mellitus and nutritional conditions

Road injury Moncommunicable diseases

Diarrhoeal diseases Injuries
Tuberculosis

Source: Global Hesith Sxtimates 2016: Desths by Causs, Ags, Sex, by Country and by Region, 2000-2016. Ganeva, Wodld Hesith Organization; 2018,

Figure 1. The World Health Organization Top-10 causes of death in 20161

The coronary heart team approach is designed to provide an evidence-based, mul-
tidisciplinary, patient-tailored treatment recommendation for a patient requiring
myocardial revascularisation.® Treatment strategies consist of i) medical treatment,
ii) percutaneous coronary intervention (PCI) or coronary artery bypass grafting
(CABG). The heart team consists of a cardiac surgeon, an interventional cardiologist,

a clinical/non-interventional cardiologists and if necessary additional specialists.
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General introduction, aims and outline

Heart team meetings played a crucial role in well-respected randomized controlled
trials (RCTs), such as the SYNTAX trial and the EXCEL trial.”® Patients enrolled in
these trials were discussed by a heart team that evaluated whether equivalent re-
vascularisation could be achieved with either CABG or PCI. When clinical equipoise
between the revascularisation strategies was determined, patients were randomized
to either CABG or PCI. This method of randomization was crucial to adequately com-
pare the treatment strategies head-to-head in PCI versus CABG trials. It furthermore
encouraged open and structured discussions between cardiac surgeons and cardiolo-
gists to optimize coronary artery disease treatment strategy which ultimately leads
to improved clinical outcomes.

The performance of such heart team meetings in 1000 consecutive patients with
coronary artery disease discussed in the Thoraxcentre of the Erasmus University
Medical Centre Rotterdam were assessed and clinical outcomes after treatment
were determined.’ Of 960 unique cases, almost one-third had complex left main or
triple vessel coronary artery disease. Almost all patients (90%) were treated within 6
weeks after first referral, as advised by European Guidelines for myocardial revascu-
larisation.'® Furthermore, the majority of heart team decisions followed guideline-
directed recommendations for treatment of patients with LM with 2- or 3VD (CABG:
71%)) and isolated LM or with 1VD (PCI: 81%). The recommendation for patients with
3VD was evenly divided between CABG and PCI (both 46%). Only 6% of patients with
1VD and 12% of patients with 2VD received medical therapy. This resulted in 5-year
mortality rates of 26.9% for patients with LM and 2VD or 3VD, 17.1% for patients
with 3VD without LMCAD and only 3.4% for patients with isolated LMCAD or 1VD.
To conclude, the heart team approach at the Rotterdam Thoraxcentre was in agree-
ment with contemporary myocardial revascularisation guidelines.

SURGICAL MYOCARDIAL REVASCULARISATION

On February the 25, 1964, Vasilii I. Kolesov was the first surgeon that performed
bypass surgery with the use of an internal thoracic artery (ITA) to the left anterior
descending (LAD) coronary artery in a patient, performing a sutured anastomosis."'
Michael DeBakey performed a venous aorta-coronary bypass later that year. Both
techniques are still being used in contemporary CABG procedures.” It was René
A. Favaloro that further developed CABG by consecutively operating patients with
coronary artery disease that required revascularisation, and reporting on the surgi-
cal and clinical outcomes.” In this specific publication he described the clinical
experience of 150 patients receiving CABG with the use of bilateral internal thoracic

11
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arteries (BITA) at the Cleveland Clinic in Ohio, USA. As of today, the potential ben-
efits of performing BITA revascularisation in selected patients is still being debated.
In a high-definition core skills video tutorial, the surgical technique of performing
CABG with a BITA Y-graft (e.g. LITA-Y-RITA ; LIMA-Y-RIMA) at the department of
Cardiothoracic Surgery in the Erasmus Medical Centre, Rotterdam, is elucidated."

Although surgical revascularisation was a relative experimental treatment when it
was first introduced in the 1960s, for many patients it was their last resort to treat
angina when medical therapy appeared insufficient. Perioperative mortality and
morbidity rates were high during the early days of CABG. Therefore, meticulous
selection of eligible patients to undergo surgical revascularisation appeared to be
crucial (e.g. patients without recent myocardial infraction (MI), without severe left
ventricular dysfunction or the need for other concomitant procedures).”>'® To ob-
jectively compare CABG to other treatment modalities, structured and randomized
studies were warranted. First CABG was only compared to medical treatment, how-
ever after the introduction of PCI, studies comparing revascularisation treatments
head-to-head (PCI versus CABG) were designed. Over the past decades, CABG grew
out to being one of the most often performed major surgical procedures, nonethe-

less the number of CABG procedures vary among countries.'”'®

To further diminish adverse event rates, surgical and technical improvements
deemed necessary. Cardiopulmonary bypass (CPB) systems improved and the sys-
temic inflammatory response related to CPB was thereby reduced.” New surgical
techniques such as off-pump coronary artery bypass (OPCAB) surgery, anaortic
clampless CABG, minimally invasive direct coronary artery bypass (MIDCAB) surgery
and eventually Hybrid coronary revascularisation (e.g. LITA to LAD with CABG fol-
lowed by PCI of remaining coronary lesions) gained ground over the past years.?
Currently, according to the 2018 European myocardial revascularisation guidelines,
CABG is the gold standard for patients with complex and multivessel coronary artery
disease requiring myocardial revascularisation."

PERCUTANEOUS MYOCARDIAL REVASCULARISATION

Over the past decades percutaneous coronary intervention (PCI) has made a sub-
stantial impact on the way physicians treat patients with coronary artery disease
requiring myocardial revascularisation. What once was the solitary playground of
CABG, PCI is now a suitable alternative for selected patients with coronary artery
disease requiring revascularisation.

12



General introduction, aims and outline

A historical milestone took place when Andreas Griintzig performed the first
coronary balloon-angioplasty procedure in an awake patient with coronary artery
disease on September the 16", 1977 at the University of Ziirich.** Although a major
breakthrough, balloon angioplasty appeared not always to be an angina-relieving
or life-saving procedure due to the risk of immediate restenosis of the coronary
lumen. Julio Palmaz noted the shortcomings of balloon angioplasty and focused on
developing a metal coronary stent. A decade later, the first successful in-human PCI
procedure, by stenting a single-vessel lesion, was performed by Julio Palmaz and
Richard Schatz in Sdo Paola, Brazil in December 1987.%

The use of adequate secondary preventive treatment appeared to be of utmost im-
portance to prevent restenosis and ensure stent patency.” To further optimize stent
durability and decrease neo-intimal hyperplasia, drug eluting stents (DES) were
developed.”* As scientific and technological developments continued, first genera-
tion DES were followed up by second generation DES.>*® Currently, the field of stent
developments keeps moving forward as third generation DES and bioresorbable
stents are being used in contemporaneous PCI procedures.”?”?® According to the
2018 European myocardial revascularisation guidelines, PCI is a suitable treatment
in selected patients with non-complex 1-or 2-vessel coronary artery disease.'

REVASCULARISATION STRATEGIES HEAD-TO-HEAD

Over the past decades, the boundaries of revascularisation strategies for patients
with coronary artery disease have shifted, especially in patients with left main
coronary artery disease and three-vessel disease. Where CABG once was the golden
standard for myocardial revascularisation in left main disease, now PCI appears to
become a suitable alternative in selected patients with non-complex coronary artery
disease.>* In patients with complex multivessel coronary artery disease (e.g. those
patients with three-vessel disease and/or complex coronary anatomy) CABG remains
the treatment of choice. The basis for these insights came from the international,
multicenter randomized studies, such as the SYNTAX, FREEDOM, NOBLE and EXCEL
trials, among others.”***! These trials empowered continuous advancements in
the treatment of patients with coronary artery disease (Figure 2) and contributed
to treatment-recommendations in the European and North-American myocardial
revascularisation guidelines.”®***' Besides distinguishing potential treatment
benefits of either medical therapy, PCI or CABG in patients with coronary artery
disease, these trials furthermore aimed to identify specific risk-predictors, such as
diabetes and renal insufficiency, that may influence short-and long-term treatment

13
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outcomes. The evidence presented by PCI versus CABG trials was accompanied with
low rates of mortality and morbidity, indicating the constant developments of stent

technology and improvements in surgical technique.

V.1. Kolesov A.R. Griintzig
~ - 1994 2001 2010 2012

GABI ERACI I CARDia VA CARDS
n=359 n=450 n=s10 n=198

1993 1995 2000 2001 2009 2011

ERACIH MASS SIMA ARTS LE MANS | PRECOMBAT

n=127 n=214 n=123 n=1205 n=105 n=600
1994 1996 2001 2009 2012

EAST BARI AWESOME SYNTAX FREEDOM

fricd 1ee n=392  n=1829 =54 n=1800 n=1900

FIRST CABG CORONARY CORONARY
PROCEDURES ANGIOPLASTY STENTS

1993 1995 1997 2002
RITA CABRI  FMS sos
n=1011 |n=1054 n=152 n=988

1964

1084 1999 200 200

— Revascularization vs. M RITA-2 IME ISAP FAME-2
— Balloon angioplasty vs. CABG e = o
— BMS vs. CABG

— DES vs. CABG

Figure 2. Scientific contributions in determining the optimal treatment strategy (medical ther-
apy, percutaneous or surgical myocardial revascularisation) for patients with coronary artery
disease.

To ensure continuous scientific and clinical advancements within the field of myo-
cardial revascularisation, it is also beneficial to analyse revascularisation outcomes
in patients that are treated within your own local institution, instead of only focus-
sing on outcomes reported by large randomized and registry studies. Therefore, the
life-long outcomes of patients that underwent PCI with balloon angioplasty or CABG
in the Thoraxcentre at the Erasmus University Medical Centre in Rotterdam, were
analyzed.” Included patients underwent primary revascularisation 40 years ago. At
that time, these revascularisation treatments aimed to achieve complete revascu-
larisation of significantly obstructed coronary segments of the major coronary arter-
ies. During follow-up, the mean life-expectancy in 1041 patients treated with CABG
was 18 years and 17 years in 856 patients treated with PCI. Important predictors of
long-term survival were coronary artery disease complexity, hypertension, diabetes
mellitus, nicotine abuse and left ventricular dysfunction. Overall, CABG and PCI
demonstrated to be excellent treatment strategies for patients with coronary artery
disease treated in the Thoraxcentre of the Erasmus University Medical Centre over
40 years ago.
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General introduction, aims and outline

The current thesis depicts analyses of clinical outcomes after myocardial revascu-
larisation in subgroups of patients randomized to PCI versus CABG in the SYNTAX
and EXCEL trials.

AIMS

This thesis provides an overview of the results of contemporaneous revascularisa-
tion strategies in patients with three-vessel (3VD) and/or left main coronary artery
disease (LMCAD). We sought to distinguish treatment benefits and risk predictors
for short-term (<1 year), mid-term (1 — 3 year) and long-term (=10 year) follow-up
in patients with coronary artery disease (CAD) undergoing percutaneous coronary
intervention (PCI) or coronary artery bypass grafting (CABG). Furthermore, we as-
sessed the impact of using intraoperative quality assessment tools during CABG that
could further improve surgical and patient-related outcomes.

OUTLINE

The short-term outcomes after CABG versus PCI in patients with LMCAD are de-
scribed in Chapter 2, in which the predictive performance of the Society of Thoracic
Surgeons (STS) mortality, stroke and length of hospital stay (LOS) risk score models
in patients with left main coronary artery disease (LMCAD) undergoing PCI or
CABG in in the multicentre randomized EXCEL trial, is reported. This study aimed
to elucidate perioperative risk stratification in patients with LMCAD undergoing

contemporary revascularisation.

The mid-term outcomes (1 — 3 year) after myocardial revascularisation in patients
with LMCAD randomized to PCI versus CABG in the EXCEL trial are examined in
chapter 3 and chapter 4. The impact of patient and surgical characteristics, such
as left ventricular ejection fraction (LVEF) and the use of bilateral internal thoracic
arteries (BITA) during CABG, are assessed in relation to post-operative clinical out-
comes. Moreover, chapter 5 depicts a critical appraisal of the plethora of published
meta-analyses on PCI versus CABG in patients with LMCAD and discusses major

short-comings of this publication trend.
Long-term outcomes, treatment benefits and risk-predictors after percutaneous

versus surgical myocardial revascularisation were assessed in chapter 6 to 10. These
chapters focus on survival outcomes up to 10-years follow-up and beyond in the

15

1 1deyn



investigator-driven SYNTAX Extended Survival (SYNTAXES) study. In chapter 6, 10-
year all-cause death in patients the randomized to PCI versus CABG in the original
SYNTAX cohort (n=1800; PCI=903 vs CABG=897) was analysed . Survival estimates at
10 years were determined in pre-specified subgroups of patients with de novo 3VD,
LMCAD, diabetes, those without diabetes and according to coronary artery disease
complexity defined by the SYNTAX score (low, intermediate and high SYNTAX
scores). Additionally, long-term survival was assessed in those patients that were
deemed unsuitable for randomization based on their clinical and angiographical
characteristics and were therefore included in a PCI nested-registry (CABG-ineligible
patients) and a CABG nested-registry (PCl-ineligible patients) (chapter 7). In chapter
8 the impact of performing CABG with the use of multiple arterial grafts versus
the use of a single arterial graft (MAG versus SAG) on 12.6-year all-cause death was
assessed in patients that underwent CABG in the SYNTAX trial. Chapter 9 evaluated
the effect of PCI and CABG with incomplete versus complete revascularisation and
the impact of any residual SYNTAX score on all-cause death outcomes at 10-year
follow-up. Finally, the predictive performance of the SYNTAX score on long-term
adverse events and vital status after PCI versus CABG is reported in chapter 10.

The final two chapters focus on appraising techniques that could further improve
outcomes after surgical myocardial revascularisation. The impact of using intraop-
erative quality assessments by transit-time flow measurements (TTFM) was assessed
with a systematic review and meta-analysis in chapter 11. Moreover, the multi-
center, prospective REQUEST study set out to evaluate the impact of using TTFM in
combination with high frequency ultrasound (HFUS) in 1016 patients undergoing
CABG. This study (chapter 12) aimed to determine the number and type of surgical
procedure changes that were made based on intraoperative guidance information
using the combination of TTFM and HFUS.

A summary of the current thesis is reported in chapter 13, which is followed by

the general discussion and conclusion in chapter 14. The post-script is described in
chapter 15 to 18.
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ABSTRACT

Aims

Accurate risk prediction in patients undergoing revascularisation is essential. We
aimed to assess the predictive performance of Society of Thoracic Surgeons (STS)
risk models in patients with left main coronary artery disease (LMCAD) undergoing
coronary artery bypass grafting (CABG) or percutaneous coronary intervention with
everolimus-eluting stents (PCI-EES).

Methods and results

The predictive performance of STS risk models for perioperative mortality, stroke
and renal failure was evaluated for their discriminative ability (C statistic) and
calibration (Hosmer-Lemeshow goodness-of-fit-test; x* and p-values) among patients
with LMCAD undergoing PCI-EES (n=935) and CABG (n=923) from the randomised
EXCEL trial. STS risk scores, in CABG patients, showed good discrimination for 30-
day mortality and average discrimination for stroke (C statistic 0.730 and 0.629,
respectively) with average calibration. For PCI, STS risk scores had no discrimination
for mortality (C statistic 0.507), yet good discrimination (C statistic 0.751) and cali-
bration for stroke. The predictive performance for renal failure was good for CABG
(C statistic 0.82), yet poor for PCI (C statistic 0.59).

Conclusions

In selected patients with LMCAD from the EXCEL trial, STS risk models showed
good predictive performance for CABG yet lacked predictive performance for PCI
for perioperative mortality and renal failure. The STS stroke risk model was sur-
prisingly more discriminating in PCI compared to CABG. Improved and procedure-
specific risk prediction instruments are needed to accurately estimate adverse
events after LMCAD revascularisation by CABG and PCI. ClinicalTrials.gov Identifier:
NCT01205776

Keywords

clinical trials, death, drug-eluting stent, revascularisation, risk stratification, stroke
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STS scores in LMCAD revascularisation

INTRODUCTION

Accurate preoperative risk assessment is essential to decide between percutaneous
coronary intervention (PCI) and coronary artery bypass graft (CABG) surgery in
patients with advanced coronary artery disease (CAD). This is particularly true now
as PCl is increasingly accepted as a suitable alternative to CABG in selected patients
with multivessel and left main coronary artery disease (LMCAD)"®. Moreover, it is
unclear how risk score calculators perform in selected patients with isolated LMCAD

undergoing revascularisation in the current era.

The randomised EXCEL (Evaluation of XIENCE versus Coronary Artery Bypass Graft-
ing for Effectiveness of Left Main Revascularisation) trial showed that PCI with
everoli-mus-eluting stents (EES) was non-inferior to CABG in patients with LMCAD
and simple or moderate anatomic coronary complexity in terms of death, large
myocardial infarction®, or stroke at an intermediate follow-up time of three years.
Patients who underwent PCI had fewer major adverse events in the periprocedural
period compared with those who underwent CABG, yet had a higher three-year
rate of ischaemia-driven repeat revascularisation'. Patients at low risk of surgical
complications may thus have a more favourable risk-benefit profile after CABG.

Multiple risk stratification tools have been developed to predict perioperative out-
comes after CABG''-", These predictive models can guide cardiothoracic surgeons
and cardiologists during Heart Team meetings to select the optimal treatment and
predict their clinical outcomes, as recommended by the ESC/EACTS 2018 Guidelines

on myocardial revascularisation®'.

It is unclear, however, whether the accuracy of isolated “CABG-only” STS risk mod-
els will remain as robust when applied in specific patient sub-cohorts (e.g., LMCAD
EXCEL patients) treated with CABG or alternatively with PCI. We therefore sought to
investigate the predictive performance of STS risk scores in patients who underwent
CABG for LMCAD in the randomised EXCEL trial. We also examined the utility of STS
risk models in PCl-treated subjects to determine whether these models enable the
identification of those patients best managed by one or the other revascularisation
modality.
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METHODS

Study design

The design and results of the EXCEL study have been reported pre- viously'®'®. In
brief, the EXCEL trial was a multicentre randomised trial that compared CABG to PCI
with EES (XIENCE; Abbott Vascular, Santa Clara, CA, USA) in patients with LMCAD.
The trial was approved by the local ethics committees of all participating sites and
is registered at ClinicalTrials.gov (NCT01205776). The EXCEL trial randomised 1,905
patients with LMCAD and a low or intermediate SYNTAX score (<32, site-determined)
to undergo CABG (n=957) or PCI with EES (n=948). Of the 957 patients randomised
to CABG, 930 underwent revascularisation, with CABG being the primary procedure
in 923 patients (as-treated). Of the 948 patients randomised to PCI, 942 underwent
revascularisation and, of these, 935 patients underwent PCI as the primary proce-
dure (as-treated). The current study included the as-treated randomised patients
(CABG n=923 and PCI n=935) to assess whether 30-day clinical outcomes could be
accurately predicted by the STS predicted risk of mortality (PROM), stroke, and renal
failure risk models. STS risk scores were calculated by implementing the STS CABG
risk models as per the specifications described by Shahian et al'?; the accuracy of
implementation was confirmed by robust cross-checking with the “online STS Adult
Cardiac Surgery Risk Calculator” for “isolated coronary artery bypass”'’. The defini-
tions of death, stroke and renal failure used by the EXCEL trial are consistent with
the definitions used by the STS adult cardiac surgery database.

Study endpoints

The primary endpoint was the predictive performance of the STS PROM and stroke
risk scores in the as-treated LMCAD population that underwent CABG or PCI. The
secondary endpoint was the predictive performance of the STS renal failure risk
score in the CABG and PCI cohorts.

Statistical analysis

Continuous variables were expressed as meantstandard deviation (SD), and discrete
variables were expressed as percentage with frequency, unless otherwise stated. An
unpaired t-test was used to compare mean outcomes, and the Wilcoxon two-sample
test was used to compare median outcomes. Overall observed to expected (OfE)
ratios were visualised by bar plots. The y* test was used to calculate p-values and 95%
confidence intervals (CI) on the difference in observed to expected proportions (O/E
ratios) between treatment groups. An OJE ratio of >1 indicated underprediction of
the clinical outcome by the STS risk score.
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Each treatment group was split into quintiles based on the mean predicted STS risk
scores, ranking subgroups from lowest predicted risk scores to highest predicted
risk scores. The PROM, stroke, and renal STS models were evaluated for their dis-
criminating ability using the area under the receiver operating curve according to
the “concordance” (C statistic) methodology. A C statistic outcome of 1.0 indicates
perfect discriminative power, whereas 0.5 indicates no discriminative ability’®. Risk
model calibration competence was assessed using the Hosmer-Lemeshow goodness-
of-fit test to examine the observed versus expected outcomes for all quintiles.
Specifically for the Hosmer-Lemeshow goodness-of-fit test, a two-sided p-value of
<0.05 indicates a statistically significant difference between observed and expected
values; therefore, a p-value >0.05 indicates better predictive performance. For all
other statistical tests, a p<0.05 was considered to be statistically significant. Statisti-
cal analyses were performed with SAS version 9.4 (SAS Institute, Cary, NC, USA).

RESULTS

Baseline and procedural characteristics

Baseline characteristics between the as-treated CABG and PCI groups were similar
except for modest differences in New York Heart Association Class I, and distal left
main stenosis anatomy (Table 1). Off-pump CABG was performed in 29.4% of the
procedures; bilateral internal thoracic arteries were used in 22.4%. Mean post-proce-
dural in-hospital stay was 8.3+7.8 days for CABG and 2.2+2.9 days for PCI (p<0.0001)
(Supplementary Table 1).

Table 1. Baseline clinical and angiographic characteristics.

Characteristics CABG (n=923) PCI (n=935)
Age, years 65.919.5 66.019.6
Female sex 22.1% (204/923 23.9% (223/933)

Coronary artery Hypertension
disease risk

Hyperlipidaemia
factors

Diabetes mellitus
Medically treated
Recent smoker

Family history of premature coronary
artery disease

)
73.7% (680/923)
68.9% (635/921)
27.7% (256/923)
25.7% (237/923)
20.4% (187/915)
65.0% (506/779)

74.2% (694/933)
70.8% (661/934)
30.2% (282/933)
27.0% (252/933)
23.7% (220/930)
67.1% (521/777)
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Table 1. Baseline clinical and angiographic characteristics. (continued)

Characteristics

CABG (n=923)

PCI (n=935)

Preoperative
risk factors

Congestive
heart failure

Peripheral vascular disease

Prior transient ischaemic attack or
stroke

Creatinine clearance (ml/min)
Renal insufficiency®

Dialysis

Chronic obstructive pulmonary disease

History of carotid artery disease
History of anaemia®

Body mass index, kg/m®

NYHA Class I’

NYHA Class II

NYHA Class III

NYHA Class IV

Critical preoperative state

Recent myocardial infarction’

STEMI
Non-STEMI

Coronary
dominance, site
assessed

LM stenosis
location, site
assessed

Left main
diameter
stenosis, site
assessed

Right
Left

Ostial

Mid

Distal f
Bifurcation®
0 to <50%
>50 to <70%
>70%

SYNTAX score, site assessed

Low (<22)

Intermediate (23-32)

High (>33)

Left ventricular ejection fraction, site assessed

9.0% (83/919)
7.3% (67/923)

89.1%32.1 (908/923)
15.1% (137/908)
0.3% (3/923)
8.4% (77/921)
8.5% (78/919)
8.8% (81/921)
28.545.0

0.7% (6/920)
3.7% (34/920)
1.7% (16/920)
0.2% (2/920)
2.0% (18/922)
14.8% (136/920)
1.4% (14/917)
12.9% (118/917)
89.9% (816/908)
10.1% (92/908)

36.1% (333/923)
18.6% (172/923)
51.9% (479/923)
31.9% (294/923)
0.4% (4/921)

16.8% (155/921)
82.7% (762/921)

20.5%6.2
61.7% (569/922)
38.3% (353/922)
0% (0)

57.4%9.0

10.3% (96/932)
5.5% (51/934)

90.0%32.6 (922/935)
17.4% (160/922)
0.2% (2/933)
6.9% (64/934)
7.9% (74/931)
10.6% (99/931)
28.8+4.9

1.7% (16/933)
2.4% (22/933)
2.8% (26/933)
0.1% (1/933)
1.1% (10/933)
15.0% (140/931)
1.4% (13/928)
13.3% (123/928)
89.2% (814/913)
10.8% (99/913)

32.9% (308/933)
20.3% (190/933)
59.1% (553/933)
37.8% (353/933)
0.3% (3/933)

16.7% (156/933)
83.0% (774/933)

20.746.2
59.0% (551/934)
41.0% (383/934)
0% (0)

57.0£9.6

Values are % (n/N) or meantstandard deviation. *“World Health Organization (WHO) criteria: haematocrit (Ht) at
initial presentation: <13 g/dL (male) and <12 g/dL (female). "NYHA Class I: p=0.03. ‘Renal insufficiency was de-
fined as a creatinine clearance of <60 ml/min according to the Cockcroft-Gault equation. ‘Critical preoperative
state: ventricular tachycardia, ventricular fibrillation, or aborted sudden death; preoperative cardiac massage;
preoperative ventilation before anaesthetic room; preoperative inotropes or IABP; preoperative acute renal
failure (anuria or oliguria <10 mL/h). “Myocardial infarction within seven days of randomisation. ‘Left main
stenosis lesion: distal (p=0.001) and bifurcation (p=0.008). All other p-values are non-significant. CABG: coronary
artery bypass grafting; NYHA: New York Heart Association; PCI: percutaneous coronary intervention; STEMI:
ST-elevation myocardial infarction
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STS prom risk scores

The mean expected 30-day STS PROM scores were similar for patients who under-
went CABG (0.85%*0.76%) versus PCI (0.90%%0.89%, p=0.21). Observed 30-day mortal-
ity rates were also similar between CABG (n=10, 1.1%) and PCI (n=9; 1.0%) (p=0.83).
This resulted in comparable OfE ratios (1.27 vs 1.07, respectively, p=0.32) (Figure
1, Supplementary Table 1-Supplementary Table 3). The STS PROM C statistic for
CABG was 0.73 (Figure 2A) and 0.51 for PCI (Figure 2B). The Hosmer-Lemeshow
goodness-of-fit test was 10.21 (p=0.25) for CABG and 8.81 (p=0.36) for PCI (Figure 2C,
Figure 2D).

-
| PCI
M CABG

[m

S, p=0.045

8 170

E p=032 [RLE

H 127 1.34

3 1.07

ERE

: 0.83

2

o
033

30-day mortality 30-day stroke 30-day renal failure

Figure 1. Observed to expected (O[E) ratios for 30-day all-cause mortality, 30-day stroke, and 30-
day renal failure after coronary artery bypass grafting (CABG; n=923) and percutaneous coronary
intervention (PCI; n=935).

STS stroke risk scores

The mean expected 30-day STS stroke scores were 0.76%+0.54% for CABG versus
0.77%10.61% for PCI patients (p=0.86). Stroke occurred in 1.3% (n=12) after CABG
versus 0.6% (n=6) after PCI (p=0.12). Consequently, stroke O/E ratios were 1.70 for
CABG and 0.83 for PCI (p=0.045) (Figure 1, Supplementary Table 2-Supplementary
Table 4). The C statistic for the STS stroke risk score was 0.63 for CABG compared
with 0.75 for PCI (Figure 3A, Figure 3B). The Hosmer-Lemeshow goodness-of-fit test
was 7.21 (p=0.51) for CABG and 6.13 (p=0.63) for PCI (Figure 3C, Figure 3D).

STS renal failure risk scores

No differences were found between the mean expected 30-day STS renal failure
scores in the CABG cohort (1.95%%2.13%) and the PCI cohort (1.95%+2.35%, p=0.96).
Observed renal failure rates, at 30 days, were 2.6% in patients who underwent CABG
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Figure 2. Representation of STS PROM score performance by C statistic (A & B) and Hosmer-Lem-
eshow goodness-of-fit tests (C & D) for coronary artery bypass grafting (CABG) and percutaneous
coronary intervention with everolimus-eluting stents (PCI-EES). Panels C and D represent groups
ordered by quintiles from the lowest predicted risk scores to the highest predicted risk scores.
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Figure 3. Representation of STS stroke risk score performance by C statistic (A & B) and Hosmer-
Lemeshow goodness-of-fit tests (C & D) for coronary artery bypass grafting (CABG) and percutaneous
coronary intervention with everolimus-eluting stents (PCI-EES). Panels C and D represent groups or-
dered by quintiles from the lowest predicted risk scores to the highest predicted risk scores.
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(n=24) and 0.6% in patients who underwent PCI (n=6) (p<0.001). Subsequently, renal
O[E ratios were 1.34 for CABG and 0.33 for PCI (p=0.42) (Figure 1, Supplementary
Table 3-Supplementary Table 5). The C statistic was 0.82 for CABG and 0.59 for
PCI (Figure 4A, Figure 4B), and the Hosmer-Lemeshow goodness-of-fit test was 14.73
(p=0.065) for CABG (Figure 4C) and 11.98 (p=0.15) for PCI (Figure 4D).
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10 10+
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Figure 4. Representation of STS renal failure risk score performance by C statistic (A & B) and
Hosmer-Lemeshow goodness-of-fit tests (C & D) for coronary artery bypass grafting (CABG) and
percutaneous coronary intervention with everolimus-eluting stents (PCI-EES). Panels C and D
represent groups ordered by quintiles from the lowest predicted risk scores to the highest pre-
dicted risk scores.

DISCUSSION

For patients with LMCAD undergoing revascularisation in the EXCEL trial, the
perioperative STS PROM risk model for CABG patients showed good predictive
performance based on the C statistic and was well calibrated according to the
Hosmer-Lemeshow goodness-of-fit test, with modest underprediction of mortality
among high-risk patients. Conversely, the STS PROM risk model was non-predictive
after PCI with EES (C statistic 0.507; comparable to “flipping a coin”). In particular,
perioperative mortality was overestimated by the STS PROM in the highest PCI risk
quintile'’; however, the number of very high risk patients was limited in EXCEL, po-
tentially reducing the precision of the STS predictive ability in higher risk groups'®.
The predictive ability for stroke was reasonably good for both PCI and CABG. Finally,

29

7 11deyD



the predictive performance of STS renal failure risk scores was good in the CABG
cohort, but poor in the PCI group. As the number of more complex patients with
CAD who are discussed during Heart Team meetings increases, it is important to be
able to predict the risk of adverse events after CABG or PCI accurately. Therefore,
evaluating the predictive performance of the STS risk score calculator provides valu-
able insights into perioperative risk assessment in the contemporary revascularisa-
tion era.

The STS isolated CABG risk models were developed and validated for short-term
outcomes (in-hospital or 30-day mortality and other major morbidity) based on a
large, national-scale and all-inclusive isolated CABG surgery patient population
derived from the STS adult cardiac surgery database over a period of time (one to
three years)". It is therefore not surprising that STS risk models predicted outcomes
less accurately in patients undergoing PCI with EES compared with those under-
going CABG. During structured Heart Team meetings, clinicians should combine
the results from the STS and other risk scores with clinical judgement and current
guidelines to determine the optimal patient-tailored and evidence-based revascu-
larisation decision®, '°. Besides, it is important to account for the expected increased
short-term risk of surgical intervention versus potential differential long-term
outcomes of available treatment options.

In the current study, stroke within 30 days occurred less often after PCI compared
to CABG. This finding is in line with a prior large-scale meta-analysis reporting a
significantly lower 30-day rate of stroke after PCI compared with CABG in LMCAD
(odds ratio [OR] 0.36, 95% CI: 0.16-0.82, p=0.007)%, *°. Nonetheless, it was surprising
that the STS risk model underestimated the risk of stroke at 30 days in patients who
underwent CABG (O/E 1.70). The STS stroke risk model was developed and validated
in an all-inclusive (LMCAD and non-LMCAD) patient population without including
LMCAD as a predictor variable of perioperative stroke. Risk models developed in
specific sub-cohorts (e.g., LMCAD only) can differ appreciably from models based on
overall patient populations. In the EXCEL trial, the PCI cohort had a lower 30-day
stroke rate (n=6, 0.6%) compared with CABG (n=12, 1.3%; OR 0.5, 95% CI: 0.19-1.33,
p=0.15)°. The risk of developing stroke is influenced by multiple underlying causes,
in both CABG and PCI cohorts, such as (i) on-pump versus off- pump, (ii) usage of
side-biting aorta clamp, (iii) single versus dual antiplatelet therapy, (iv) use of single
versus bilateral internal thoracic arteries, (v) post-procedural atrial fibrillation,
and (vi) femoral versus radial artery percutaneous access®’, *'. STS risk models are
solely based on demographic and preoperative CABG patient factors and comorbid-
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ity. Therefore, a different way of modelling is warranted to take into account all
periprocedural factors influencing the risk of stroke.

Renal failure is a well-known and serious complication after cardiopulmonary

I*? increases the risk of mor-

bypass, and the excess use of contrast agents during PC
tality and morbidity*. A subgroup analysis of patients with versus without chronic
kidney disease from the EXCEL trial showed that PCI compared with CABG was
associated with lower rates of acute renal failure in patients with (2.3% vs 7.6%;
OR 0.28, 95% CI: 0.09-0.87) versus without chronic kidney disease (0.3% vs 1.3%; OR
0.20, 95% CI: 0.040.90)**. Nonetheless, no treatment interaction was identified (p for
interaction=0.71). It is important to predict the risk of renal failure after revasculari-
sation adequately in order to personalise treatment strategies in individual patients.
The predictive performance of the STS renal failure risk model was excellent in the

CABG cohort; however, it performed poorly in the PCI cohort.

To date, no risk model has focused exclusively on predicting perioperative outcomes
in patients with LMCAD. The CABG-specific STS risk model did not include LMCAD
as a predictor of the risk for mortality, stroke, renal failure, and reoperation. Rather,
it only included LMCAD-specific coefficients for “prolonged ventilation” and “any
composite adverse outcome”'®. The SYNTAX score II did take LMCAD into account
by grading the presence of a >50% left main with the highest possible weighting
factor, but this risk score was developed and validated for predicting long-term
(four-year) mortality in patients with complex CAD". To determine perioperative
clinical outcomes for LMCAD patients more accurately, risk models specifically and
separately created for the LMCAD-CABG and LMCAD-PCI patient populations will
probably prove to be more discriminating.

Limitations

In the current study, the predicted STS risk scores were computed based on the
2008 STS risk models. The STS Adult Cardiac Surgery Risk models were recently
updated using a more recent patient population and considering a larger number
of predictive variables®. Since not all variables that were used in the updated STS
models were collected in the EXCEL trial, it was not possible to evaluate the predic-
tive performance of the 2018 STS CABG risk models in the EXCEL trial population.
Furthermore, the EXCEL trial excluded patients with high site-determined SYNTAX
scores; therefore, the results of this study cannot be generalised to such patients
(SYNTAX score >33).
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CONCLUSIONS

In selected patients with LMCAD from the EXCEL trial, STS risk models showed
good predictive performance for CABG yet were non-predictive for PCI regarding
perioperative mortality and renal failure. The STS stroke risk model was surpris-
ingly more discriminating in PCI compared to CABG. Derivation and validation of
treatment- and cohort-specific risk models are warranted for optimal prediction of
perioperative clinical outcomes in patients with LMCAD requiring revascularisation,
bearing in mind the between- treatment differences emerging beyond 30 days.

IMPACT ON DAILY PRACTICE

In selected patients with LMCAD from the EXCEL trial, STS risk models showed good
predictive performance for CABG yet lacked predictive ability for PCI regarding
perioperative mortality and renal failure. The STS stroke risk model was surpris-
ingly more discriminating in PCI compared to CABG. Derivation and validation of
treatment- and cohort-specific risk models are warranted for optimal prediction of
perioperative clinical outcomes of CABG and PCI in patients with LMCAD to guide
clinical decision support better and to choose the best revascularisation treatment.
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Abbreviations

C statistic concordance statistic

CABG coronary artery bypass grafting

CAD coronary artery disease

EACTS European Association for Cardio-Thoracic Surgery

EES everolimus-eluting stent

ESC European Society of Cardiology

EXCEL Evaluation of XIENCE versus Coronary Artery Bypass Grafting for Effectiveness
of Left Main Revascularisation

LMCAD left main coronary artery disease

O[E observed/expected

OR odds ratio

PCI percutaneous coronary intervention

PROM predicted risk of mortality

STEMI ST-elevation myocardial infarction

STS Society of Thoracic Surgeons

WHO World Health Organization
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SUPPLEMENTARY DATA

The supplementary data are also published online at: https://eurointervention.
pcronline.com/doi/10.4244/EI]-D-19-00417

Supplementary Table 1. Procedural characteristics.

Characteristics CABG (n=923) PCI (n=935)  p-value
Time from randomisation to first procedure, days 6.7+14.3 3.3%5.3 <0.0001
Arterial access site®
Femoral — 72.9% —

(744/1,021)
Radial - 26.9% —
(275/1,021)

Brachial — 0.2% (2/1,021) —
Number of vessels treated
Left main — 100.0% —
Left anterior descending 98.8% (907/918) 28.3% (265/925) <0.0001
Circumflex artery 88.2% (810/918) 16.6% (155/925) <0.0001
Right coronary artery 37.8 (347/918) 26.7% (250/925) <0.0001
Number of stents implanted per patient — 2.4%1.5 —
Total stent length per patient (mm) — 49.1+35.6 —
On-pump bypass duration (min) 83.5%45.0 — —
Cross-clamp duration 54.9127.3 — —
Number of conduits used per patient 2.610.8
Arterial conduits 1.4+0.6 — —
Venous conduits 1.2+£0.9 — —
Off-pump CABG 29.4% (271/923) — —
Bilateral internal thoracic artery 23.5% (217/923) — —
Any radial artery used 6.0% (55/923) — —
Length of hospital stay (days) 8.317.8 2.212.9 <0.0001

Values are % (n/N) or meantstandard deviation.

* All procedures, including index and planned staged (1,021 procedures in 935 PCI patients with one or more
procedures).

CABG: coronary artery bypass grafting; PCI: percutaneous coronary intervention
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Supplementary Table 2. STS expected risk scores for mortality, stroke and renal failure based
on demographic and baseline characteristics.

Entire p-value Quintiles p-value
Variables population 1 2 3 4 5
Mortality
CABG 0.851+0.76 0.21 0.26%0.04 0.42%0.05 0.62+0.07 0.93+0.12 2.03+0.95 <0.0001
PCI 0.90%0.89 0.2710.05 0.41+0.05 0.62+0.08 0.95+0.14 2.25%1.17 <0.0001
Stroke
CABG 0.76%0.54 0.86 0.27+0.07 0.45+0.05 0.62+0.05 0.88+0.10 1.60+0.60 <0.0001
PCI 0.77%0.61 0.2610.07 0.44+0.04 0.60+0.05 0.83+0.09 1.71+0.74 <0.0001
Renal failure
CABG 1.95+2.13 0.96 0.48+0.11 0.83+0.11 1.26%0.16 1.97+0.28 5.20%+2.85 <0.0001
PCI 1.95%2.35 0.45%0.11 0.7910.09 1.18+0.14 1.92+0.33 5.41%3.39 <0.0001

Values are mean+SD. For mortality and stroke primary endpoints, data were available for 923 CABG patients
and 935 PCI patients. Scores represent predicted 30-day percentage rate unless otherwise noted.
CABG: coronary artery bypass grafting; PCI: percutaneous coronary intervention

Supplementary Table 3. STS mean predicted risk of mortality, observed mortality percentages,
and the observed/expected mortality ratios for the as-treated CABG versus PCI patients.

Coronary artery bypass grafting Percutaneous coronary intervention

n Expected Observed OfE n Expected Observed OJE

Entire population 923 0.85 1.07 1.27 935 0.90 0.96 1.07
Quintile1 184 0.26 0 0 187 0.27 1.07 3.97
Quintile 2 185 0.42 0.54 1.28 187 0.41 1.07 2.60
Quintile 3 185 0.62 1.08 1.74 187 0.62 0.53 0.85
Quintile 4 185 0.93 0.54 0.58 187 0.95 1.07 1.12
Quintile 5 184 2.03 3.26 1.60 187 2.25 1.07 0.48

OJfE: observed to expected ratio
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Supplementary Table 4. STS mean predicted risk of stroke, observed stroke percentages, and
the observed/expected stroke ratios for the as-treated CABG versus PCI patients

Coronary artery bypass grafting

Percutaneous coronary intervention

n Expected Observed OJE n Expected Observed OfE
Entire population 923 0.76 1.30 1.70 935 0.77 0.64 0.83
Quintile1 184 0.27 0.54 199 187 0.26 0 0
Quintile 2 185 0.45 1.62 3.62 187 0.44 0.53 1.20
Quintile 3 185 0.62 1.08 1.75 187 0.60 0 0
Quintile 4 185 0.88 0.54 0.62 187 0.83 0.53 0.64
Quintile 5 184 1.60 2.72 1.70 187 1.71 2.14 1.25

O[E: observed to expected ratio

Supplementary Table 5. STS mean predicted risk of renal failure, observed renal failure percent-
ages, and the observed/expected renal failure ratios for the as-treated CABG versus PCI patients.

Coronary artery bypass grafting

Percutaneous coronary intervention

n Expected Observed OfE n Expected Observed OfE
Entire population 923 1.95 2.60 1.34 935 1.95 0.64 0.33
Quintile1 184 0.48 0 0 187 0.45 0.53 1.18
Quintile 2 185 0.83 1.08 1.30 187 0.79 1.07 1.35
Quintile 3 185 1.26 1.62 129 187 1.18 0 0
Quintile 4 185 1.97 0.54 0.27 187 1.92 0 0
Quintile 5 184 5.20 9.78 1.88 187 5.41 1.60 0.30

OJE: observed to expected ratio.
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ABSTRACT

Aims

To evaluate the impact of left ventricular ejection fraction (LVEF) on 3-year outcomes
in patients with left main coronary artery disease (LMCAD) undergoing percutane-
ous coronary intervention (PCI) or coronary artery bypass grafting (CABG) in the
EXCEL trial.

Methods and results

The EXCEL trial randomized patients with LMCAD to PCI with everolimus-eluting
stents (n = 948) or CABG (n = 957). Among 1804 patients with known baseline LVEF,
74 (4.1%) had LVEF <40% [heart failure with reduced ejection fraction (HFrEF)|, 152
(8.4%) LVEF 40-49% [heart failure with mid-range ejection fraction (HFmrEF)| and
1578 (87.5%) LVEF =50% (heart failure with preserved ejection fraction). Patients with
HFrEF vs. HFmrEF vs. preserved LVEF experienced a longer postoperative hospital
stay (9.0 vs. 7.0 vs. 6.0 days, P = 0.02) with greater peri-procedural complications
after CABG, while hospital stay after PCI was unaffected by LVEF (1 .5 vs. 2.0 vs. 1
.0 days, P = 0.20). The composite primary endpoint of death, stroke, or myocardial
infarction at 3years was 29.3% (PCI) vs. 27.6% (CABG) in patients with HFTEF, 1 6.2%
vs. 15.0% in patients with HFmrEF, and 1 4.5% vs. 1 4.6% in those with preserved
LVEF, respectively (Pinteraction = 0.90). Smoothing spline analysis demonstrated that
the 3-year risk of all-cause death increased when LVEF decreased, both in patients
undergoing CABG and PCL

Conclusion

In the EXCEL trial, the composite rate of death, stroke or myocardial infarction
at 3years was significantly higher in patients with HFrEF compared with HFmrEF
or preserved LVEF, driven by an increased rate of all-cause death. No significant
differences after PCI vs. CABG were observed among patients with HFrEF, HFmrEF
and preserved LVEF. Longer-term follow-up could provide important insights on dif-
ferences in clinical outcomes that might emerge over time.

Keywords

Coronary artery bypass grafting, Percutaneous coronary intervention, Left main coronary
artery disease, Left ventricular ejection fraction, Left ventricular function, Heart failure with

reduced ejection fraction
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INTRODUCTION

Coronary artery bypass surgery is generally recommended for patients with exten-
sive multivessel coronary artery disease (CAD) and severely impaired left ventricular
ejection fraction (LVEF) (<35%)." > However, whether coronary artery bypass grafting
(CABG) or percutaneous coronary intervention (PCI) is preferred in patients with
left main CAD (LMCAD) and impaired LVEF (<50%) is unclear. Whereas randomized
trials of patients with impaired LVEF undergoing CABG vs. medical therapy have
been performed,® most trials comparing PCI with CABG have excluded patients with
severely impaired LVEF (<35%). Insights related to myocardial revascularisation in
patients with impaired LVEF are thus mainly limited to observational studies. A
recent systematic review of mainly observational studies (n = 16 191), compared
myocardial revascularisation with medical therapy and reported an overall survival
benefit of CABG over PCI in 8782 patients with LVEF <40% [hazard ratio (HR) 0.82;
95% confidence interval (CI) 0.75-0.90].* However, the results varied widely between
the individual studies (I* = 47%), possibly in part because follow-up ranged from
12-180 months. Moreover, only a limited number of patients with LMCAD and
impaired LVEF was included in the analysis.

In the EXCEL (Evaluation of XIENCE Versus Coronary Artery Bypass Surgery for
Effectiveness of Left Main revascularisation trial, PCI with drug-eluting stents was
shown to be an acceptable alternative to CABG in selected patients with LMCAD
at 3-year follow-up.>” The current pre-specified EXCEL sub-study aims to estimate
the impact of LVEF, defined according to the European Society of Cardiology heart
failure terminology,® on 3-year outcomes and evaluates differences in treatment
effect of PCI with everolimus-eluting stents vs. CABG according to LVEF in patients
with LMCAD in the EXCEL trial.

METHODS

Study design

The design of the EXCEL trial and the main outcomes have been reported previ-
ously.>'® In brief, 1905 patients with LMCAD and a site-determined SYNTAX score of
<32 were randomized to PCI with everolimus-eluting stents (n = 948) and CABG (n
=957). Among those, baseline data on LVEF were available for 1804 patients (94.7%)
and were assessed within 14 days after randomization. In 226 out of 1804 patients
(12.5%) LVEF was <50%. These 226 patients were classified according to the European
Society of Cardiology heart failure terminology; heart failure with reduced ejection
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fraction (HFrEF; LVEF <40%) and heart failure with mid-range ejection fraction (HFm-
rEF; LVEF 40-49%). The HFrEF group consisted of 74 patients, and of those 43 were
randomized to PCI and 31 to CABG. There were 152 patients in the HFmrEF group,
of which 68 were randomized to PCI and 84 to CABG. LVEF was preserved (=50%) in
1578 out of 1804 patients (87.5%), of whom 782 were randomized to PCI and 796 to
CABG. The aim of the present pre-specified analysis was to evaluate the association
of LVEF on 3-year clinical outcomes among patients with LMCAD undergoing PCI or
CABG.

All patients reached 3-year follow-up at the time of this post-hoc analysis. An in-
dependent clinical events committee monitored and adjudicated adverse events.
Informed consent was signed by all patients prior to randomization. The EXCEL
trial complies with the Declaration of Helsinki and is registered at ClinicalTrials.gov
(NCT01205776).

Endpoints

The primary endpoint consisted of the composite rate of all-cause death, stroke, or
myocardial infarction (MI),"" at 3years in subgroups of patients with HFrEF, HFmrEF
and preserved LVEF, randomized to either PCI or CABG. Secondary powered end-
points included the primary endpoint measure at 30 days and the composite rate
of all-cause death, stroke, MI, or ischaemia-driven revascularisation at 3 years in
subgroup of patients with HFrEF, HFmrEF and preserved LVEF, randomized to PCI or
CABG. Additional endpoints consisted of the individual components of the primary

and secondary endpoints at 3 years and 30 days.>"

Statistical analyses

All analyses were performed according to the intention-to-treat principle. Discrete
variables were expressed as percentages with frequencies and compared with the >
test or Fisher 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 {-test if normally distributed, or the Wilcoxon rank-sum test
when non-normally distributed. Event rates up to 3years were estimated according
to the Kaplan-Meier method, and differences between baseline LVEF subgroups
(HFrEF, HFmrEF, and preserved), and PCI vs. CABG, were assessed using the log-
rank test. Any differences in baseline characteristics between subgroups of patients
with HFrEF, HFmrEF and preserved LVEF were adjusted using a multivariable Cox
proportional hazard model, correcting for pre-specified important clinical and
statistical variables. The association of LVEF as a continuous variable on the 3-year
hazard of all-cause death was analysed by smoothing spline analysis with a linear
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Cox proportional hazards regression model. Baseline characteristics of patients with
and without known baseline LVEF were compared to check for potential attrition
bias. All reported P-values are 2-sided, and P < 0.05 was considered to be statistically
significant. Statistical analyses were performed with SAS version 9.4 (SAS Institute,
Cary, NC, USA).

RESULTS

Baseline characteristics

The baseline characteristics of the overall cohort of patients classified as HFrEF (n
= 74), HFmrEF (n = 152) and those with preserved LVEF (n = 1578) are provided in
Table 1. LVEF was assessed by cardiac ultrasound in 1051 patients (58.3%) and contrast
left ventriculography in 71 5 patients (39.6%). Magnetic resonance or nuclear imaging
were used in 38 patients (2.1%). Mean LVEF was 31.6% vs. 43.6% vs. 59.6% in patients
with HFrEF vs. HFmrEF vs. preserved LVEF, respectively (P = <0.001). Patients with
HFrEF and HFmrEF vs. preserved LVEF had a significantly worse cardiovascular risk
profile and had a higher pre-operative risk reflected by increased predicted risk of
mortality STS risk scores (1.11 vs. 0.96 vs. 0.86, respectively; P = 0.02). More patients
with HFrEF had a high SYNTAX score (=33, core laboratory analysis) compared to those
with HFmrEF and preserved LVEF (37.5% vs. 21.5% vs. 23.8%, respectively; P = 0.02).

Table 1. Baseline characteristics according to left ventricular ejection fraction

LVEF <40% LVEF 40-49% Preserved LVEF
Characteristics % (n/N) (HFrEF) (n = 74) (HFmrEF) (n=152) 250% (n=1578) P-value
Age (years) 67.0+£9.3 66.7£9.3 65.9 9.6 0.42
Female sex 21/74 (28.4) 20/152 (13.2) 380/1578 (24.1)  0.006
LVEF (%) 31.6£4.2 43.6 2.6 59.6 6.6 <0.001
CAD risk factors
Hypertension® 54/74 (73.0) 112/152 (73.7) 1169/1578 (74.1) 0.97
Hyperlipidaemia 4574 (60.8) 100/151 (66.2) 1116/1577 (70.8) 0.11
Diabetes mellitus® 24]74 (32.4) 57/152 (37.5) 449[1578 (28.5)  0.05
Current or former smoker 53/74 (71.6) 103/151 (68.2) 962/1566 (61.4) 0.06
Family history of CAD 45/64 (70.3) 92/125 (73.6) 868/1323 (65.6) 0.16
NYHA class, known 2374 (31.1) 23/152 (15.1) 731573 (4.6) <0.001
I 4)74 (5.4) 3/152 (2.0) 16/1573 (1.0) 0.003
11 6/74 (8.1) 15/152 (9.9) 331573 (2.1) <0.001
11 12/74 (16.2) 5/152 (3.3) 23/1573 (1.5) <0.001
v 1/74 (1.4) 0/152 (0.0) 2/1573(0.1) 0.04
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Table 1. Baseline characteristics according to left ventricular ejection fraction (continued)

LVEF <40% LVEF 40-49% Preserved LVEF
Characteristics % (n/N) (HFrEF) (n = 74) (HFmrEF) (n =152) 2=50% (n=1578) P-value
Pre-operative risk factors
History of stroke 6/74 (8.1) 8/152 (5.3) 50/1577 (3.2) 0.04
History of TIA 2(74 (2.7) 4/151 (2.6) 47[1569 (3.0) 0.96
Recent myocardial infarction” 18/74 (24.3) 34/151 (22.5) 219/1574 (13.9)  0.001
Chronic kidney disease® 2473 (32.9) 39/149 (26.2) 231/1550 (14.9) <0.001
Dialysis 0/74 (0.0) 2/152 (1.3) 3/1578 (0.2) 0.04
Peripheral vascular disease 14/72 (19.4) 23152 (15.1) 133/1572(8.5)  0.004
Chronic obstructive pulmonary 14/74 (18.9) 17/152 (11.2) 113/1575(7.2)  0.004
disease
History of carotid artery disease ~ 13/74 (17.6) 12/150 (8.0) 125/1574(7.9)  0.01
Body mass index (kg/m?) 289+64 28.7+t49 28.7%14.9 0.93
< 20: cachectic 2[74 (2.7) 2/152 (1.3) 24/1578 (1.52)  0.52
> 30: obese 25/74 (33.8) 47/152 (30.9) 514/1578 (32.6) 0.85
History of anaemia® 8/74 (10.8) 23/152 (15.1) 146/1572 (9.3)  0.07
Lesions per patient 2.7 £ 1.5 (42) 2.9+ 1.5 (66) 2.5+ 1.3(773) 0.051
Diffuse disease or small vessels 4[73 (5.5) 18/146 (12.3) 85/1555 (5.5) 0.004
Critical pre-operative state® STS risk
scores
PROM score 1.11+1.0 0.96 £0.93 0.86£0.78 0.02
Stroke score 0.97 £0.82 0.82+0.61 0.75 £ 0.56 0.004
Reop. score 4.00£1.63 3.64+1.41 3.51+1.34 0.007
SYNTAX score (site-assessed) 21.0+5.7 224+57 20.4 +6.2 (1576) 0.004
Low (£22) 41/74 (55.4) 77/152 (50.7) 967/1576 (61.4)  0.03
Intermediate (23-32) 33/74 (44.6) 75/152 (49.3) 609/1576 (38.6)  0.03
High (=33) 0/74 (0.0) 0/152 (0.0) 0/1576 (0.0) -
SYNTAX score (core laboratory- 284+9.7 27.6+9.2 26.3+9.3(1526) 0.06
assessed)
Low (£22) 24/72 (33.3) 37/144 (25.7) 563/1526 (36.9) 0.03
Intermediate (23-32) 21/72 (29.2) 76/144 (52.8) 600/1526 (39.3)  0.001
High (=33) 27/72 (37.5) 31/144 (21.5) 363/1526 (23.8)  0.021

Values are mean * standard deviation, or n (%).
CAD, coronary artery disease; HFmrEF, heart failure with mid-range ejection fraction; HFrEF, heart failure with
reduced ejection fraction; LVEF, left ventricular ejection fraction; NYHA, New York Heart Association heart
failure classification; PROM, Predicted Risk Of Mortality; STS, Society of Thoracic Surgeons; SYNTAX, Synergy
between Percutaneous Coronary Intervention with Taxus and Cardiac Surgery; TIA, transient ischaemic attack.

* Medically treated.
® Within 7 days of randomization.

¢ Estimated glomerular filtration rate < 60 mL/min.
¢ World Health Organization criteria: Hematocrit <13 g/dL (male) and < 12 g/dL (female).
¢ Ventricular tachycardia, ventricular fibrillation, or aborted sudden death; preoperative cardiac massage; pre-
operative ventilation before anesthetic room; preoperative inotropes or intra-aortic balloon pump; preopera-
tive acute renal failure (anuria or oliguria <10 mL/h).
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The specific cardiovascular risk profile of patients with HFrEF, HFmrEF and preserved
LVEF randomized to PCI vs. CABG are reported in online supplementary Table S1.
No differences between baseline characteristics among those patients with vs. those
without known baseline LVEF were identified (online supplementary Table S2).

Procedural characteristics

Surgical techniques used for CABG were similar among patients with HFrEF, HFmrEF
and preserved LVEF (Table 2). Off-pump CABG was performed in 35.7% of patients
(n = 10/28) with HFrEF, in 28.4% of patients (n = 23/81) with HFmrEF and in 29.1%
of patients (n = 225/774) with preserved LVEF. Bilateral internal thoracic arteries
were used less frequently in patients with HFrEF (14.3%; n = 4/28) vs. in those with
HFmrEF (31.3%; n = 25/80) and preserved LVEF (28.4%; n = 21 9/771). The number of
distal anastomoses did not differ among patients with HFrEF, HFmrEF and preserved
LVEF. The duration of the PCI procedure was similar among patients with HFrEF,
HFmrEF and preserved LVEF (Table 2), while the number of implanted stents and the
total stent length differed significantly between patients with HFrEF, HFmrEF and
preserved LVEF.

After CABG, patients with HFTEF vs. HFmrEF vs. preserved LVEF had a longer post-op-
erative hospital stay (median 9.0 vs. 7.0 vs. 6.0, P = 0.02), and more often experienced
renal failure and arrhythmias (Table 2). Following PCI, no differences were identified
in hospital stay, however patients with HFTEF more often had post-operative renal
failure. No statistical differences were noted in medical treatment at the time of
discharge after CABG or PCI according to LVEF status.

Thirty-day outcomes

Overall, the event rates for the primary endpoint, as well as for the individual
endpoints, were relatively low. The composite endpoint of death, stroke, or MI
occurred more frequently in patients with preserved LVEF that underwent CABG
compared with those that underwent PCI (7.9% vs. 5.1%; HR 0.65, 95% CI 0.44-0.97;
online supplementary Table S3). No treatment-by-subgroup interaction was identi-
fied between LVEF status (HFrEF, HFmrEF and preserved LVEF) and revascularisation
strategy (PCI vs. CABG) among any of the clinical endpoints.

Three-year outcomes

The composite of death, stroke, or MI was 28.3% vs. 15.7% vs. 14.5% according to
HFrEF, HFmrEF and preserved LVEF status (P = 0.02) (Figure 1A). All-cause death
occurred in 19.5% vs. 9.6% vs. 6.2%, respectively (P < 0.001) (Figure 1B). Smoothing
spline analysis showed a gradually increasing risk of all-cause death with decreasing
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LVEF below 50% after PCI (Figure 2) (HR 1.15, 95% CI 0.95-1.39) and CABG (HR 1.90,
95% CI 1.05-3.43). Patients with HFTEF, HFmrEF and preserved LVEF had comparable
rates of stroke and MI (Figure 1C and D).

Impact of LVEF on All-Cause Death at 3 years

PCI
ICABG
10.001

5.00

Hazard Ratio (95% Cl)
o
8
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'
'
'
'
'
i
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'
'
'
'
'
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Figure 2. The influence of Left Ventricular Ejection Fraction (LVEF) on all-cause death at 3 years
in patients undergoing left main coronary artery revascularisation by either Percutaneous Coro-
nary Intervention (PCI) versus Coronary Artery Bypass Grafting (CABG). CI, confidence interval.

The rates of the 3-year composite primary endpoint were similar between PCI and
CABG across groups of patients with HFrEF (29.3% after PCI vs. 27.6% after CABG: P
=0.90), those with HFmrEF (16.2% vs. 15.0%; P = 0.93) and preserved LVEF (14.5% vs.
14.6%; P = 0.95) (Table 3 and Figure 3). The individual rates of all-cause death, stroke,
MI and ischaemia-driven revascularisation were not statistically different between
PCI and CABG in patients with HFTEF or HFmrEF. Any repeat revascularisation oc-
curred more often after PCI vs. CABG in those patients with preserved LVEF (HR 1.68,
95% CI 1.22-2.30), driven by increased rates of ischaemia-driven revascularisation.
No treatment-by-subgroup interaction existed according to baseline LVEF and revas-
cularisation strategy. Adjusted outcomes from the full multivariable adjusted Cox
proportional hazard model were similar to unadjusted outcomes (Table 3).
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Table 3. Three-year unadjusted and adjusted clinical outcomes stratified according to left ven-
tricular ejection fraction status and revascularisation strategy

PCI CABG Unadjusted HR
Clinical frequency, frequency, (95% CI), Adjusted HR
outcomes n (%) n (%) P-value Pinteraction (95% CI)

Death, stroke or MI
HFrEF 11 (29.3) 8 (27.6) 1.04 (0.46-2.35), 0.90 1.05 (0.42-2.61)
HFmrEF 11(16.2) 12 (15.0) 0.96 (0.38-2.38), 0.92 0.90 1.06 (0.40-2.80)
Preserved LVEF 113 (14.6)  113(14.5)  0.99 (0.76-1.28), 0.89 1.05 (0.79-1.38)
Death, stroke, MI or IDR
HFrEF 12 (31.9) 9(31.0) 1.22 (0.59-2.52), 0.82 1.18 (0.53-2.66)
HFmrEF 15 (22.1) 14 (17.4) 0.92 (0.39-2.19), 0.59 0.78  1.03(0.41-2.56)
Preserved LVEF 173 (22.4) 147 (18.9) 1.18(0.95-1.47), 0.16 1.24 (0.98-1.56)
All-cause death
HFrEF 7 (18.6) 6 (20.7) 0.63 (0.21-1.87), 0.78 0.53 (0.16-1.81)
HFmrEF 5(7.4) 9(11.5) 0.85 (0.29-2.54), 0.40 0.20  0.77(0.23-2.55)
Preserved LVEF 57 (7.4) 39 (5.0) 1.47 (0.98-2.20), 0.08 1.50 (0.98-2.31)
Cardiovascular death
HFrEF 5(13.5) 5(17.8) 0.38 (0.08-1.88), 0.62 0.15 (0.02-1.28)
HFmrEF 2 (3.0) 6(7.8) 0.73 (0.21-2.51), 0.22 0.26  0.70 (0.18-2.81)
Preserved LVEF 29 (3.8) 23 (3.0) 1.27 (0.73-2.19), 0.40 1.40 (0.79-2.48)
Stroke
HFrEF 2(5.5) 1(4.2) 0.75 (0.13-4.49), 0.74 1.43 (0.19-10.69)
HFmrEF 2 (3.0) 3(3.8) 1.49 (0.13-16.39), 0.77 049 -
Preserved LVEF 14 (1.9) 23 (3.0) 0.61 (0.31-1.19), 0.14 0.67 (0.34-1.32)
MI
HFrEF 3(8.9) 3(10.3) 1.00 (0.34-2.97), 0.62 0.95 (0.29-3.19)
HFmrEF 6 (9.0) 7(8.7) 0.69 (0.14-3.41), 0.99 0.78  1.02(0.17-6.29)
Preserved LVEF 62 (8.1) 65 (8.4) 0.95 (0.67-1.35), 0.79 0.99 (0.69-1.44)
Repeat revascularisation any
HFrEF 4(11.9) 2(7.5) 2.30 (0.58-9.19), 0.68 1.91 (0.45-8.10)
HFmrEF 6(9.3) 3(3.8) 1.43 (0.26-7.82), 0.37 0.96  2.77(0.31-25.02)
Preserved LVEF 100 (13.2) 61 (8.1) 1.68 (1.22-2.30), 0.001 1.72 (1.23-2.39)
Ischaemia-driven revascularisation
HFrEF 4(11.9) 2(7.5) 2.30 (0.57-9.18), 0.68 1.86 (0.44-7.88)
HFmrEF 6(9.3) 3(3.8) 1.43 (0.26-7.82), 0.37 0.95  2.82(0.31-25.56)
Preserved LVEF 98 (12.9) 60 (8.0) 1.67 (1.21-2.30), 0.002 1.72 (1.23-2.40)

CABG, coronary artery bypass grafting; CI, confidence interval; HFmrEF, heart failure with mid-range ejection
fraction; HFrEF, heart failure with reduced ejection fraction; HR, hazard ratio; IDR, ischaemia-driven revas-
cularisation LVEF, left ventricular ejection fraction; MI, myocardial infarction; PCI, percutaneous coronary
intervention.

The event rates are Kaplan-Meier estimates (n events) with unadjusted and adjusted HR and 95% CI. A full
multivariable Cox proportional hazards model using was constructed to provide adjusted outcomes for the
primary and secondary endpoints. Significance levels of 0.10 for both addition and removal from the model
were used. Adjusted models include the following covariates: age, sex (female), body mass index >30 kg/m?,
medically treated hypertension, hyperlipidaemia and diabetes, history of MI, history of stroke or transient
ischaemic attack, peripheral vascular disease, carotid artery disease, chronic obstructive pulmonary disease,
creatinine >200 pmol/L, recent MI, history of anaemia, diffuse or small vessel disease, LVEF (as continuous
variable), unstable angina, SYNTAX score (as continuous variable), New York Heart Association class < II, and
revascularisation strategy (PCI vs. CABG).
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DISCUSSION

In the current pre-specified sub-study from the EXEL trial, the largest randomized
study to date comparing PCI vs. CABG in selected patients with LMCAD, the com-
posite rate of death, stroke, or MI at 3-year follow-up was significantly higher in
patients with impaired (<50%; n = 74) vs. preserved LVEF (=50%; n = 1730), driven by
an increased rate of all-cause death in those with HFTEF (n = 74, LVEF<40%). Mortality
furthermore progressively increased with decreasing LVEF. Nonetheless, baseline
LVEF did not influence the relative 30-day or 3-year treatment outcomes in patients
with LMCAD randomly allocated to PCI vs. CABG. Since data on the influence of
HFrEF and HFmrEF on clinical outcomes after PCI and CABG are limited, especially
in those patients with left main disease, a strength of the present study is that it
provides important insights into clinical outcomes during 3-year follow-up in this
high-risk patient population. These insights can aid clinical decision making in
determining the optimal treatment strategy in such a specific patient population
requiring revascularisation.

In the overall cohort, patients with HFTEF or HFmrEF had a significantly more
complex cardiovascular risk profile, compared with those with preserved LVEF.
The detrimental cardiovascular risk profile especially in patients with HFrEF and
LMCAD, in concert with less viable myocardium, likely drives the increased all-cause
death rate in this specific subgroup.’*™ While no significant interactions were noted
between clinical outcomes 3 years after PCI and CABG as a function of LVEF, patients
with impaired LVEF (HFrEF and HFmrEF) experienced a longer post-operative hos-
pital stay after CABG due to more frequent post-operative arrhythmias and renal
failure. In contrast, post-PCI complications and length of stay were not significantly
increased in patients with impaired LVEF. The clinical outcomes in patients with
HFmrEF were essentially similar to the outcomes in patients with preserved LVEF;
findings that contribute to the better understanding of the impact of heart failure
and the preferred treatment modalities in those patients with LMCAD and LVEF
40-49% and >50%."*'> Moreover, all peri-procedural outcomes should be considered
along with the potential short- and long-term clinical benefits of both revascularisa-
tion strategies in patients with impaired LVEF during structured multidisciplinary
heart team meetings.

No treatment interactions were observed between PCI and CABG according to
baseline LVEF status for 3-year outcomes. Nonetheless, impaired LVEF (<50%) was
strongly associated with 3-year all-cause death in the overall cohort. To date, con-
flicting evidence has been published on the preferred revascularisation modality
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in patients with CAD and impaired LVEF, with limited randomized data to provide
guidance. The observational CREDO-Kyoto PCI/CABG Registry Cohort 2 (LVEF <50%
vs. LVEF >50%) reported that PCI in patients with impaired LVEF was associated with
higher rates of all-cause death after 5 years compared to CABG (33.2% vs. 23.4%; P
< 0.01)." The observational, propensity-matched analysis by Nagendran et al."”” (n =
1738) showed lower rates of major adverse cardiac and cerebrovascular events and
improved 5-year survival with CABG compared with PCI in patients with diabetes
and impaired LVEF (35-49% and <35%). Nonetheless, the largest pooled analysis of
individual patient-level data from 11 randomized trials found no interaction for
mortality between treatment strategy (PCI vs. CABG) and different LVEF cut-off
values (<30%, 30—49% and >50%; Pjyeraction = 0.65).'2

Finally, in the present study the rate of the composite of death, stroke, or MI at 3
years was significantly higher in patients with HFTEF (28.3%) compared with those
patients with HFmrEF (15.7%) or preserved LVEF (14.5%) (P = 0.02) (Figure 1A). This
finding was driven by an increased rate of all-cause death and cardiovascular death
in those patients whom are at higher-risk for adverse events (e.g. patients with
HFrEF). Moreover, in a smoothing spline analysis, the risk of mortality continued to
increase when LVEF decreased below 50%. Nonetheless, no significant differences in
clinical outcomes were found between CABG or PCI in patients with LVEF <40% at
3-year follow-up. The propensity-matched analysis by Shah et al."® (n = 134) reported
that patients with coronary artery disease and LVEF <30% experienced an increased
risk of mortality when undergoing PCI vs. CABG at 8-year follow-up (multivariable
adjusted HR 3.29, 95% CI 1.78-6.10; P < 0.001). However, only 32% of patients in
the study by Shah et al. had LMCAD, with the majority having three-vessel disease.
Longer-term follow-up from the EXCEL trial is required to determine if differences
in survival between the PCI and CABG groups might emerge over time.

Limitations

Although the present analysis was pre-specified, the number of patients with im-
paired LVEF was modest, especially those with HFrEF (n = 74), limiting statistical
interaction testing. Furthermore, the EXCEL trial excluded patients with high site-
assessed SYNTAX scores (>32), and thus the present results might not apply to the
particularly high-risk group with more complex CAD in whom CABG is considered
standard of care. Finally, patient follow-up in the EXCEL trial is prolonged up to 5
years; however, even this follow-up duration may not be long enough to determine
a potential benefit of either revascularisation strategy.
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CONCLUSIONS

At 3-year follow-up in the EXCEL trial, the composite rate of death, stroke, or MI was
significantly higher in patients with HFrEF compared with HFmrEF or preserved
LVEF, driven by an increased rate of all-cause death. No significant differences in
clinical outcomes after PCI vs. CABG were observed among patients with HFrEF,
HFmrEF and preserved LVEF. Prolonged follow-up could provide important insights
on differences in clinical outcomes that might emerge over time.

Additional supporting information may be found online in the Supporting Informa-
tion section and at the end of the article.
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revascularisation with single versus
bilateral internal thoracic arterial grafts
in patients with left main coronary
artery disease undergoing coronary
artery bypass grafting: insights from
the EXCEL trial

Daniel J.F.M. Thuijs, Stuart J. Head, Gregg W. Stone, John D. Puskas, David
P. Taggart, Patrick W. Serruys, Ovidiu Dressler, Patrick W. Serruys, Aaron
Crowley, W. Morris Brown III, Ferenc Horkay, Piet W. Boonstra, Gabor
Bogats, Nicolas Noiseux, Joseph F. Sabik III, A. Pieter Kappetein

Eur ] Cardiothorac Surg, March 2019



ABSTRACT

Objectives

Observational data suggest that the use of a single internal thoracic artery (SITA)
may result in inferior outcomes compared with bilateral internal thoracic artery
(BITA) use for coronary artery bypass grafting (CABG)—a finding not yet supported
by randomized trial outcomes. However, the optimal number of internal thoracic
artery grafts in patients with left main coronary artery disease has not been inves-
tigated.

Methods

The EXCEL trial randomized 1905 patients with left main coronary artery disease to
percutaneous coronary intervention with everolimus-eluting stents versus CABG.
Among the 905 patients undergoing CABG, 688 (76.0%) received SITA and 217 (24.0%)
received BITA. Differences in clinical event rates were estimated using the Kaplan-
Meier method and compared with the log-rank test. Multivariable Cox regression
was used to adjust for differences in baseline covariates.

Results

Compared to SITA, patients treated with BITA were younger (66.1 * 9.5 vs 64.5 *
9.3 years, P = 0.020), were less likely female (24.3% vs 14.3%, P = 0.002) and diabetic
(28.8% vs 15.2%, P < 0.001), and had a lower prevalence of peripheral vessel disease
(10.2% vs 5.5%, P = 0.040). The unadjusted 3-year composite primary endpoint of
death, stroke or myocardial infarction (MI) occurred in 15.6% of SITA vs 11.6% of
BITA patients (P = 0.17). The SITA group tended to have a higher 3-year rate of all-
cause death compared with the BITA group (6.7% vs 3.3%; P = 0.070). Stroke, MI
and ischaemia-driven revascularisation outcomes were not significantly different
between groups. After adjusting for baseline differences, neither the composite of
death, stroke or MI [hazard ratio (HR) 1.12, 95% confidence interval (CI) 0.71-1.78; P =
0.62] nor mortality (HR 1.36, 95% CI 0.60-3.12; P = 0.46) was significantly higher with
SITA. The rehospitalization rate after 3 years was higher in the SITA group (35.8%
vs 26.0%, P = 0.008), a difference which was no longer present after multivariable
adjustment (HR 1.27, 95% CI 0.93-1.74; P=0.13). Sternal wound dehiscence within
30days did not occur more often in the BITA group compared to the SITA group (1.8%
vs 2.2%, P>0.99).

Conclusions

In the EXCEL trial, there were no clinical differences at 3years between SITA or BITA
revascularisation in patients with left main coronary artery disease.
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INTRODUCTION

According to European and North American guidelines, coronary artery bypass
grafting (CABG) is the treatment of choice for most patients with complex coronary
artery disease.'™ However, with improvements in stent technology and advances in
medical therapy, contemporary randomized trials have shown that percutaneous
coronary intervention (PCI) with drug-eluting stents is an alternative for selected

5-54

patients with left main coronary artery disease (LMCAD).

In complex revascularisation procedures, the choice of techniques for both PCI
and CABG may substantially affect clinical outcomes. In this regard, whether CABG
should be performed using multiple arterial grafts or with the use of a single in-
ternal thoracic artery (SITA) in combination with saphenous vein grafts is still a
matter of debate.>*® Pooled analyses of observational studies suggest that the use
of multiple internal thoracic artery grafts results in better long-term outcomes with
decreased mortality and lower rates of repeat revascularisation and myocardial in-
farction (MI).>* **-%* However, randomized trials have not yet demonstrated improved
survival with the use of the bilateral internal thoracic artery (BITA).** Moreover,
sternal wound infection and dehiscence may be increased with the use of BITA
(especially in diabetic patients), resulting in low adoption rates of BITA for coronary

revascularisation.®* **

The EXCEL (Evaluation of XIENCE versus Coronary Artery Bypass Surgery for Effec-
tiveness of Left Main Revascularization) trial demonstrated that PCI was non-inferior
to CABG for the composite endpoint of death, stroke or MI in patients with LMCAD
and low or intermediate Synergy between Percutaneous Coronary Intervention with
Taxus and Cardiac Surgery (SYNTAX) scores.® The aim of the present analysis was to
evaluate the safety and effectiveness of CABG with SITA versus BITA in patients with
LMCAD in the EXCEL trial.**

METHODS

Study design

The design of the EXCEL trial has been reported previously.®® In the EXCEL study,
1905 LMCAD patients with a SYNTAX score of 32 or lower were randomized between
PCI (n = 948) and CABG (n = 957). Of the 957 randomized CABG patients, 17 patients
did not undergo revascularisation. CABG was the first procedure in 923 patients and
PCI in 17 patients. Eleven CABG patients (1.1%) underwent coronary revascularisa-
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tion with venous grafts only. Information on the use of conduit was unavailable in 7
patients (0.7%). This post hoc analysis was therefore performed on the remaining 905
CABG patients in whom 1 or 2 internal thoracic artery grafts were used. Follow-up
is ongoing over a period of 5years. At the time of the present report, all the patients
had reached the 3-year follow-up. Adverse events were monitored and adjudicated
by an independent clinical events committee. The study was performed under the
supervision of the US Food and Drug Administration and by local ethics commit-
tees, and it is consistent with the Declaration of Helsinki. All the patients signed

informed consent prior to the randomization.

Endpoints

The primary endpoint was the composite of all-cause death, stroke or MI at 3years.
Major secondary endpoints were the primary endpoint at 30days and the composite
of all-cause death, stroke, MI or ischaemia-driven revascularisation at 3 years. Addi-
tional endpoints included the components of the primary and secondary endpoints,
sternal wound dehiscence, unplanned hospitalization and bleeding complications
according to the Bleeding Academic Research Consortium (BARC) scale.®”

The definitions of these endpoints have been described previously.**

Coronary artery bypass grafting techniques

The goal of CABG was complete anatomical revascularisation of all the vessels with a
diameter of 1.5 mm or larger and with an angiographic diameter stenosis of 50% or
more. Although the configuration of bypass grafts was left to the discretion of the in-
dividual surgeon, the use of arterial grafts was strongly recommended. CABG could
be performed with or without the support of cardiopulmonary bypass, depending
on the expertise of the centre.

Statistical analyses

This post hoc analysis was performed in the SITA versus BITA as-treated cohorts.
Discrete variables were expressed as percentages with frequencies, and they were
compared by the y* test or the Fisher’s exact test when the expected frequency in
any cell is <5. Continuous variables were summarized as mean * SD, and they were
compared by independent samples t-test if normally distributed or the Wilcoxon
rank-sum test if non-normally distributed. The unadjusted cumulative event rates
up to 3 years were estimated according to the Kaplan-Meier method, and differences
between SITA and BITA were assessed using the log-rank test. Adjusted comparisons
between SITA and BITA for the prespecified primary and secondary endpoints were
performed by the complete-case multivariable Cox regression analysis accounting
for the following covariates based on clinical relevance and a P-value <0.20 ”° in
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univariable analyses: age, sex, body mass index >30kg/m® (e.g. obese), prior MI,
medically treated hypertension, prior stroke or transient ischaemic attack, critical
preoperative state, prior anaemia, diabetes mellitus, peripheral vascular disease, his-
tory of carotid artery disease and SYNTAX score (as a continuous variable). Patients
who were missing any 1 of the covariates were not included in the multivariable
model. We assessed the validity of the proportional hazards assumption by testing
a time-dependent interaction between SITA versus BITA and survival time. There
was no evidence that the proportionality assumption was violated. The complete
Cox Regression model on the primary outcome (death, stroke or MI) is presented in
Supplementary Material, Table $1.%°

To account for missing data, we conducted separate sensitivity analyses using multiple
imputations and generated 40 imputed datasets. The imputation models included the
same set of covariates from our multivariable Cox regression models. All statistical
tests were 2-sided, and P<0.05 was considered as statistically significant. Statistical
analyses were performed with SAS version 9.4 (SAS Institute, Cary, NC, USA).

RESULTS

Baseline characteristics

Among the 905 study patients undergoing CABG, 688 (76.0%) underwent SITA and 217
(24.0%) underwent BITA. In the SITA group, 10 patients withdrew consent (1.5%) and
23 patients were lost to follow-up (3.3%), whereas in the BITA group 3 patients with-
drew consent (1.4%) and 4 patients were lost to follow-up (1.8%). Compared to patients
treated with SITA, those receiving BITA were younger, were less commonly female,
had less medically treated diabetes and peripheral vascular disease, and presented
less frequently with a critical preoperative state (Table 1). Anatomic complexity, as
assessed by the SYNTAX score reported on-site, was similar between the 2 groups.

Table 1. Baseline characteristics: reported on-site

Characteristics, % (n/N) SITA (N = 688) BITA (N =217) P-value
Age (years) 66.1+£9.5 64.5+9.3 0.020
Female sex 24.3(167) 14.3 (31) 0.002
CAD risk factors

Medically treated hypertension 76 (523) 67.3 (146) 0.010
Hyperlipidaemia 69.5 (477/68) 67.7 (147) 0.62
Medically treated diabetes mellitus 28.8 (198) 15.2 (33) <0.001
Cigarette use 63.2 (431/682) 62.0 (134/216) 0.76
Family history of CAD 63.7 (369/579) 67.4 (124/184) 0.37

74



Impact of left ventricular ejection fraction on clinical outcomes after left main coronary artery revascularisation

Table 1. Baseline characteristics: reported on-site (continued)

Characteristics, % (n/N) SITA (N = 688) BITA (N =217) P-value
Preoperative risk factors

Prior stroke or TIA 8.0(55) 4.6 (10) 0.090
Prior myocardial infarction® 15.2(104/685) 11.5 (25) 0.18
Dialysis 0.4 (3) 0.0 (0) >0.99
PVD 10.2 (70/684) 5.5 (12) 0.040
Congestive heart failure 6.6 (45/685) 5.1(11) 0.42
COPD 9.2 (63/687) 6.0 (13/216) 0.15
Carotid artery disease history 9.8 (67/685) 4.6 (10) 0.020
BMI (kg/m?) 29.0+5.1 282%4.1 0.24
<20: cachectic 1.2 (8) 0.9 (2) 0.99
>30: obese 34.5 (237) 28.1(61) 0.080
Critical preoperative state® 2.6 (18) 0(0) 0.010
Prior history of anaemia 10.6 (73/686) 3.7(8) 0.002
Coronary dominance

Right 91.7 (626/683) 85.1(177/208) 0.006
Left 8.3 (57/683) 14.9 (31/208) 0.006
LM stenosis locations

Ostial 38.4 (264) 31.3 (68) 0.060
Mid 19.2(132) 16.1 (35) 0.31
Distal 50.9 (350) 54.8 (119) 0.31
Bifurcation 30.7 (211) 35.9 (78) 0.15
LM stenosis degree (%)

0-<50 0.4 (3/686) 0.5 (1) >0.99
>50-<70 16.2 (111/686) 18.9 (41) 0.35
=70 83.4 (572/686) 80.6 (175) 0.35
Total SYNTAX score, mean * SD (N) 20.4 + 6.3 (687) 20.7 £ 5.6 (217) 0.39
LVEF (%), mean * SD (N) 57.0 + 8.8 (663) 59.0 £ 9.6 (202) 0.0006

Values are shown as mean * SD or frequencies in % (n), unless otherwise noted. The number of patients in each
group is provided as SITA (N = 688) and BITA (N = 217), unless otherwise noted.

# Prior myocardial infarction within 2 months.

" Clinical preoperative state: ventricular tachycardia, ventricular fibrillation or aborted sudden death, preop-
erative cardiac massage, preoperative ventilation before anaesthetic room, preoperative inotropes or IABP and
preoperative acute renal failure (anuria or oliguria <10 ml/h).

BITA: bilateral internal thoracic artery; BMIL: body mass index; CAD: coronary artery disease; COPD: chronic
obstructive pulmonary disease; IABP: intra aortic balloon pump; LM: left main; LVEF: left ventricular ejection
fraction; PVD: peripheral vascular disease; SD: standard deviation; SITA: single internal thoracic artery; SYN-
TAX: Synergy between Percutaneous Coronary Intervention with Taxus and Cardiac Surgery; TIA: transient
ischaemic attack.

Surgical characteristics

No differences were observed between the SITA and BITA groups with respect to
the average number of vessels bypassed per patient or the number of conduits per
patients. BITA patients had more distal anastomosis to the ramus circumflex artery
yet similar rates were observed for the left anterior descending and right coronary
artery (Table 2). Total arterial revascularisation was performed in 12.5% of patients
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Table 2. Surgical characteristics

Characteristics

SITA (N = 688)

BITA (N =217) P-value

Average number of conduits per patient (arterial or
venous), n = SD

Number of vessels bypassed per patient, n + SD
Site of distal anastomosis

LAD

LCx

RCA

LAD and LCx

Off-pump CABG

Cardioplegia

Crystalloid

Blood

Any blood product transfusion
Bypass duration time, min + SD
Cross-clamp duration, min + SD
Duration of procedure, min * SD (skin-to-skin time)
ITAs used

LITA

In situ

Free

RITA

In situ

Free

Use of (any) radial artery
revascularisation with only arterial grafts
Other surgical procedures performed®
Intubation >48 h

Postoperative hospital duration (days)
Medications at discharge

Aspirin

ACE-inhibitor or ARB

Beta blocker

Calcium channel antagonists

Statin

Any P2Y12 inhibitors

Clopidogrel

Ticagrelor

Prasugrel

2.610.8

22106

98.4 (676/687)
87.2 (599/687)
38.6 (265/687)
86.0 (591/687)
28.6 (197)
29.9 (146/489)
66.9 (327/489)
4.4 (30)
81.6+44.6
52.4%259
188.2 + 62.2

98.7 (679)
94.4 (641/679)
5.7 (39/679)
1.3(9)

77.8 (7/9)
22.2 (2/9)
6.4 (44)
12.5 (86)
1.9 (13)

2.9 (20)
81£6.7

99.3 (672/677)
41.9 (285/680)
93.1 (633/680)
7.9 (54/680)
92.8 (631/680)
35.0 (238/680)
34.4 (234/680)
0.0 (0/680)
0.6 (4/680)

2.610.7

23%0.5

100.0 (217)
93.1 (202)
35.5 (77)
93.1 (202)
34.1(74)

23.8 (34/143)
71.3 (102/143)
2.3 (5)

87.2+ 44.4
62.1+29.2
218.1 +68.9

100.0 (217)
92.6 (201/217)
8.3 (18/217)
100.0 (217)
66.4 (144/217)
33.6 (73/217)
5.1(11)

65.0 (141)

1.8 (4)

2.3 (5)
8.8+8.0

98.1 (208/212)
43.5 (93/214)
91.6 (196/214)
4.7 (10[214)
92.5 (198/214)
26.2 (56/214)
24.8 (53[214)
0.9 (2/214)

0.0 (0/214)

0.58

0.47

0.080
0.020
0.41
0.006
0.13

0.16
0.32
0.17
0.040
<0.001
<0.001

0.12
0.34
0.18
<0.0001
0.72
0.72
0.48
<0.001
>0.99
0.64
0.19

0.23
0.69
0.46
0.11
0.89
0.020
0.008
0.060
0.58

Values are shown as mean * SD or frequencies in % (n), unless otherwise noted. The number of patients in each
group is provided as SITA (N = 688) and BITA (N = 217), unless otherwise noted.
# Aortic valve surgery, mitral valve surgery, tricuspid valve surgery and atrial appendage closure.
ACE: Angiotensin-converting enzyme; ARB: angiotensin II receptor blockers; BITA: bilateral internal thoracic
artery; CABG: coronary artery bypass grafting; ITA: internal thoracic artery; LAD: left anterior descending; LCx:
ramus circumflex (circumflex artery); LITA: left internal thoracic artery; RCA: right coronary artery; RITA: right
internal thoracic artery; SD: standard deviation; SITA: single internal thoracic artery; Skin-to-skin time: the
time between the first incision until the final closing of the sternotomy wound.
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in the SITA group vs 65.0% in the BITA group (P < 0.001). Radial artery grafts were
used infrequently in each group.

Usage of off-pump surgery was similar between the 2 groups. Patients treated with
SITA compared with BITA had shorter procedure duration times, total bypass dura-
tion times and shorter cross-clamp times (Table 2). The postoperative hospital stay
was similar in both groups.

Clinical outcomes

The 30-day clinical outcomes, including the composite rate of death, stroke or MI
and ischaemia-driven repeat revascularisation, were not significantly different be-
tween the 2 groups (Table 3). The rate of sternal wound dehiscence was comparable
with SITA and BITA revascularisation (2.2% vs 1.8%, respectively; P > 0.99).

Table 3. Unadjusted 30-day clinical outcomes

Endpoints SITA (N =688), BITA (N=217), Hazard ratio (95% P-value
% (n) % (n) confidence interval)

Death, stroke or MI 7.8 (54) 7.8 (17) 1.00 (0.58-1.73) >0.99

All-cause death 0.9 (6) 1.4 (3) 0.63 (0.16-2.51) 0.51

Cardiovascular 0.9 (6) 0.9 (2) 0.94 (0.19-4.66) 0.94

Non-cardiovascular 0.0 (0) 0.5(1)

Stroke 1.5 (10) 0.9 (2) 1.66 (0.34-7.16) 0.56

MI 6.1 (42) 6.5 (14) 0.95 (0.52-1.73) 0.86

Ischaemia-driven 1.3(9) 0.9(2) 1.41 (0.31-6.54) 0.66

revascularisation

Major bleeding (BARC 3-5) 9.0 (62) 8.3 (18) 1.09 (0.65-1.85) 0.74

Sternal wound dehiscence® 2.2 (15) 1.8(4) 1.18 (0.40-3.53) >0.99

Rates are the Kaplan—-Meier estimates (n events).

? Reported on-site.

BARC: Bleeding Academic Research Consortium; BITA: bilateral internal thoracic artery; MI: myocardial infarc-
tion; SITA: single internal thoracic artery.

At 3-year follow-up, the unadjusted rate of the primary composite endpoint of all-
cause death, stroke or MI occurred in 15.6% of patients in the SITA group vs 11.6% in
the BITA group (P = 0.17, Fig. 1 A and Table 4). There was a trend towards a higher
rate of all-cause death with SITA versus BITA: 6.7% vs 3.3% (Fig. 1B), respectively (P
= 0.070). There were no significant differences in the 3-year rates of stroke, (Fig.
1C and D) MI, ischaemia-driven revascularisation or major bleeding complications
(BARC Class 3-5) between the (Fig. 2A and B) groups. At 3 years, SITA patients had
a significantly higher rate of unplanned hospitalization compared to BITA patients
(35.8% vs 26.0%, P = 0.008, Fig. 2C and Table 4). In the SITA group, 20.1% of the

77

¥ 191deyn



A —SITA — BITA

20 SITAvs BITA Log-Rank P-value = 0.17

HR: 136 [95% CI: 0.38, 2.10]

o

Death, stroke or MI (%)
o =S

0 6 12 18 24 30
Time (Months)
Number at risk:
SITA 688 606 593 583 576 556
BITA 217 199 197 191 188 184
—— SITA — BITA

10| S1TA vs BITA Log-Rank P-valuc = 0.43

HR: 1.47 [95% CI: 0.56, 3.86]

Stroke (%)
o

IS

0 6 12 18 24 30
Time (Months)
Number at risk:
SITA 688 654 641 628 621 603
BITA 217 211 209 205 202 198

15.6%

11.6%

499
174

3.5%
24%

542
188

All-cause death (%)

Number at risk:
SITA 688

BITA

D

Myocardial infarction (%)

Number at risk:

SITA
BITA

== SITA ~—— BITA

SITA vs BITA Log-Rank P-value = 0.07
HR:2.07 [95% CI: 0.93,4.58]

6.7%
3.3%
o 6 12 18 24 30 36
Time (Months)
663 648 636 631 612 554
217 213 211 207 205 202 191
——SITA — BITA
SITA vs BITA Log-Rank P-value = 0.81
HR: 1.07 [95% CI: 0.62, 1.83]
8.4%
7.9%
0 6 12 18 24 30 36
Time (Months)
614 604 590 586 570 511
217 201 199 193 191 188 178

Figure 1. Kaplan-Meier curves on 3-year primary endpoints. Statistical significance is calculated
with the log-rank test, and HRs with a 95% CI are provided. (A) Death, stroke or MI. (B) All-cause
death. (C) Stroke. (D) MI. SITA is represented by the blue line, and BITA is represented by the red
line. BITA: bilateral internal thoracic artery; CI: confidence interval; HR: hazard ratio; MI: myo-
cardial infarction; SITA: single internal thoracic artery.

patients had a cardiovascular indication for unplanned admission compared to
13.8% of the patients in the BITA group (P = 0.04). After adjustment for differences in
baseline covariates by multivariable Cox regression, none of the rates of the primary
or secondary clinical outcomes were significantly different between the SITA and
BITA groups (Table 4). Adjusted associations were consistent after multiple imputa-
tions of missing data (Supplementary Material, Table S2).
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Figure 2. Kaplan-Meier curves on 3-year secondary endpoints. Statistical significance is calcu-
lated with the log-rank test, and HRs with a 95% CI are provided. (A) Ischaemia-driven revascu-
larisation (B) BARC bleeding type 3-5. (C) Unplanned hospitalization. SITA is represented by the
blue line, and BITA is represented by the red line. BITA: bilateral internal thoracic artery; CI: con-
fidence interval; HR: hazard ratio; MI: myocardial infarction; SITA: single internal thoracic artery.
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Table 4. Unadjusted and adjusted 3-year clinical outcomes

Endpoints SITA BITA Unadjusted  Unadjusted Adjusted Adjusted
(N=688), (N=217), hazardratio P-value hazard ratio P-value
% (n) % (1) (95% CI) (95% CI)
Death, stroke or MI 15.6 11.6 1.36 0.17 1.12 0.62
(106) (25) (0.88-2.10) (0.71-1.78)
All-cause death 6.7 (45) 3.3(7) 2.07 0.07 1.36 0.46
(0.93-4.58) (0.60-3.12)
Cardiovascular 4.2 (28) 2.4 (5) 1.80 0.22 1.14 0.80
(0.69-4.65) (0.42-3.06)
Non-cardiovascular 2.6 (17) 0.9 (2) 2.74 0.16 1.93 0.39
(0.63-11.86) (0.43-8.77)
Stroke 3.5(23) 2.4 (5) 1.47 0.43 0.88 0.80
(0.56-3.86) (0.32-2.43)
MI 8.4 (57) 7.9 (17) 1.07 0.81 1.04 0.90
(0.62-1.83) (0.58-1.85)
Ischaemia-driven 7.3 (48) 6.7 (14) 1.11 0.72 1.02 0.96
revascularisation (0.61-2.02) (0.54-1.93)
Major bleeding 9.8(67) 83(18)  1.18 0.53 1.12 0.39
(BARC 3-5) (0.70-1.99) (0.64-1.94)
Unplanned 35.8 (238) 26.0(55) 1.49 0.008 1.27 0.13
hospitalization (1.11-1.99) (0.93-1.74)

Rates are the Kaplan-Meier estimates

(n events).

BARC: Bleeding Academic Research Consortium; BITA: bilateral internal thoracic artery; CI: confidence inter-
val; MI: myocardial infarction; SITA: single internal thoracic artery.

DISCUSSION

Due to the absence of significant differences in the postoperative outcomes such
as all-cause death, stroke, MI or sternal wound dehiscence between BITA and SITA
surgical revascularisation in patients with LMCAD and low to intermediate SYNTAX
scores, one can conclude that the use of BITA was equally safe compared to the use
of SITA at the 3-year follow-up.

A potential reason for the less frequent use of BITA could be the risk of competitive
coronary flow on arterial grafts. Sabik et al. 7' showed that when the degree of pre-
operative proximal stenosis decreases to below mild (<40%), the risk of competitive
coronary flow for arterial grafts increases and thereby compromising graft patency.
Yet, in the current study, over 99% of both SITA and BITA patients had a moderate-to-
severe left main coronary artery stenosis, of whom over 80% had a severe (=70%) left
main stenosis (Table 1). Furthermore, patients undergoing BITA compared to SITA
were younger and had fewer comorbidities, possibly due to the selection bias of BITA
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patients having a more favourable life-expectancy and better clinical status. This
resulted in less favourable 3-year outcomes in unadjusted analyses. However, after
multivariable adjustment for these covariates, event-free survival and the individual
rates of adverse events, including all-cause death, were comparable with both types
of revascularisation. Specifically, no significant differences were observed for the
individual endpoints of death, stroke, MI, ischaemia-driven repeat revascularisation,
unplanned hospitalization, bleeding complications or sternal wound dehiscence.

The EXCEL trial recommended performing total arterial coronary revascularisation
in an effort to ensure complete revascularisation with the highest possible graft
patency rates.> The most commonly used grafts were the internal thoracic arteries,
which were used in 99.0% of patients. Radial artery grafts were used in only 5.1% of
patients in the BITA group and 6.4% of patients in the SITA group, and the gastroepi-
ploic artery was not used at all. Despite the protocol recommendations and inclu-
sion of highly skilled sites in the EXCEL trial, only 24.0% of patients underwent BITA,
and complete arterial revascularisation was achieved in only 25.1% of all patients.
The results of this study thus demonstrate that bilateral arterial grafts and complete
arterial revascularisation are not frequently used in contemporary surgical practice.

Intubation and duration of the initial hospitalization were not prolonged in the
BITA group. Although the use of BITA prolonged the procedure compared with SITA,
the use of BITA was reassuringly safe with nearly identical 2% rates of sternal wound
dehiscence in both the groups. Nonetheless, there were no significant differences
in 30-day or 3-year clinical outcomes between patients treated with SITA and BITA.
The higher rate of unplanned hospitalizations in the SITA group was likely due to
the higher prevalence of comorbidities as this risk was no longer present after the
adjustment for clinically relevant covariates. Similarly, the ART trial (n = 3102), the
largest randomized trial to date with 10-year survival as a primary endpoint, did not
demonstrate a difference in mortality or other adverse events in the interim analysis
at 5 years with BITA compared with SITA,** and the sternal wound complication
rate was slightly higher in the BITA group (3.5% vs 1.9%). However, the 3- to 5-year
follow-up from the EXCEL and ART trials may be too short for the benefits of BITA
to emerge. In a meta-analysis of observational studies, Yi et al. * reported a survival
benefit of BITA compared with SITA when follow-up was extended to =9 years. The
observational study from the Cleveland Clinic by Lytle et al. 7 followed patients up
to 20 years and showed that BITA and SITA survival curves only started to diverge in
favour of BITA revascularisation at 10-year follow-up. CABG with BITA revascularisa-
tion may therefore be encouraged, considering the outcomes of current study with
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respect to the unequivocal long-term survival benefits of BITA, which is reported by

observational studies and meta-analysis.”* 7

It is noteworthy that in the current study, 26.3% of the 707 male patients and 15.6%
of the 198 female patients received BITA revascularisation. While the reasons for
the lower rates of BITA use in women are not immediately apparent, these rates are
similar to previous studies ”* and emphasize the need for future research in women

undergoing cardiac surgery.”>”*

In addition to longer-term follow-up from the EXCEL and ART trials, insights into
the outcomes of BITA compared to SITA will be gained from the recently initiated
ROMA trial, in which more than 4000 patients undergoing CABG were randomized
into two groups receiving either single or multiple arterial grafts, with follow-up
planned for up to 10 years.”

Limitations

The present study with 905 patients is modest in size, but nonetheless represents
the largest analysis to date on the use of BITA versus SITA in patients with LMCAD
undergoing surgical revascularisation. The BITA and SITA groups were not random-
ized, and patients in the BITA group had fewer comorbidities, requiring multivari-
able adjustment. However, we cannot exclude the role of unmeasured confounders,
and thus these results should be considered hypothesis-generating. The reasons for
performing BITA versus SITA were not prospectively collected. Further insights may
be obtained with longer-term follow-up from the EXCEL trial (presently planned
for 5 years). Finally, EXCEL excluded patients with high anatomic SYNTAX scores
assessed by local heart teams (e.g. SYNTAX score >33), and thus the results do not
apply to patients with highly complex LMCAD. The recently published systematic

review by Head et al. 7®

showed a larger survival benefit of CABG over PCI in patients
with intermediate to complex multi-vessel disease (SYNTAX score = 23), which was

not found in complex LMCAD patients.

CONCLUSIONS

In the EXCEL trial, CABG with SITA versus BITA revascularisation for patients with
LMCAD resulted in no significant differences in the rate of the primary composite
endpoint of death, stroke or MI at 3years, or in any of the individual endpoints
at 30days or 3 years, including bleeding complications, ischaemia-driven revascu-
larisation or unplanned hospitalization. As there were also no differences in sternal
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wound dehiscence rates between SITA and BITA revascularisation, the use of BITA
can be considered safe. Longer-term follow-up (for 210 years) should be performed
to completely characterize the potential impact of SITA versus BITA revascularisa-
tion on long-term outcomes after CABG in high-risk patients with LMCAD.
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SUPPLEMENTARY MATERIAL

Supplementary material is also available at EJCTS online.

SUPPLEMENTARY MATERIAL

Table S1. Full Cox Regression model on the primary outcome (death, stroke or MI).
Variable Hazard ratio [95% CI] P-value

SITA vs BITA 1.12[0.71 - 1.78] 0.62
Age, per 5 years 1.03[0.84 - 1.26] 0.77
Sex, male vs female 1.04 [0.67 - 1.61] 0.86
BML, >30 vs <30 kg/m? 0.98 [0.67 — 1.46] 0.98
Prior MI 1.02 [0.64 - 1.63] 0.93
Medically-treated hypertension 1.31[0.82 - 2.08] 0.25
Prior stroke or TIA 1.14 [0.60 - 2.16] 0.69
Critical preoperative state 0.76 [0.18 - 3.15] 0.71
Diabetes mellitus 1.29[0.87 - 1.91] 0.21
Peripheral vascular disease 0.45 [0.22 - 0.94] 0.03
COPD 2.51 [1.54 - 4.09)] <0.001
Prior anemia 1.52[0.89 - 2.61] 0.13
History of carotid artery disease 1.69 [0.93 - 3.06] 0.08
SYNTAX score, per 5 units 1.02 [0.93 - 1.12] 0.66

Here, the full Cox Regression Model on the primary outcome (death, stroke or MI) is reported according to the
EJCTS Statistical and Data Reporting Guideline.[20] Of note, there were no changes to the treatment effect in-
ferences when “critical preoperative state” and “peripheral vascular disease” were eliminated from the model.

A BMI of > 30 is classified as obese.

Abbreviations used: SITA: single internal thoracic artery, BITA: bilateral internal thoracic artery, BMI: Body
Mass Index, MI: myocardial infarction, TIA: transient ischemic attack, COPD: chronic obstructive pulmonary

disease, SYNTAX: Synergy between Percutaneous Coronary Intervention with Taxus and Cardiac Surgery.
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Table S2. Multivariable adjusted three-year clinical outcomes after multiple imputations.

Hazard ratio [95% CI] Adjusted

Endpoint (adjusted) P-value
Death, stroke or MI 1.22[0.77 - 1.93] 0.40
All-cause death 1.52 [0.66 - 3.49] 0.32

Cardiovascular 1.34[0.49 - 3.66] 0.57

Non-cardiovascular 1.99[0.47 - 8.44] 0.35
Stroke 1.14 [0.40 - 3.23] 0.80
MI 1.09 [0.62 - 1.94] 0.76
Ischemia-driven revascularization 0.99 [0.53 — 1.86] 0.99
Major bleeding (BARC 3-5) 1.08 [0.64 — 1.83] 0.78
Unplanned hospitalization 1.28 [0.95 - 1.73] 0.11

Hazard ratios with 95% confidence intervals, for SITA versus BITA, were calculated after adjustment for differ-
ences in baseline covariates by multivariable Cox regression and multiple imputations.

Abbreviations used: SITA: single internal thoracic artery, BITA: bilateral internal thoracic artery, MI: myocar-
dial infarction, BARC: Bleeding Academic Research Consortium.
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ABSTRACT

Background

The optimal revascularisation strategy for patients with left-main coronary artery
disease (LMCAD) is a compelling topic. After the publication of recent trials, numer-
ous meta-analyses on percutaneous coronary intervention (PCI) versus coronary
artery bypass grafting (CABG) were published. This study reviewed the extent of
meta-analyses on PCI versus CABG in LMCAD.

Methods and Results

A systematic search in online databases was performed to identify meta-analyses on
PCI versus CABG in LMCAD. Meta-analyses that reported associations between revas-
cularisation and clinical outcomes were included.. Study outcomes were reported
according to descriptive statistics, without pooling study outcomes. Fifty-one meta-
analyses were included. Of those, 33 became available after EXCEL and NOBLE trial
publication. The composite of major adverse cardiac (and cerebrovascular) events
were reported in 41, and 49 reported all-cause mortality. Results varied, depending
on (i) randomized versus observational data, or a combination of both, (ii) methodol-
ogy and effect-measures to report treatment-differences, (iii) varying sample sizes,
and (iv) the year of publication.

Conclusions

The number of meta-analyses on PCI versus CABG in patients with LMCAD, is dis-
proportionate and urges the need for quality over quantity. To ensure high-quality
publications, we call on all authors, editors and reviewers to appraise the evidence
already available and join forces to conduct individual patient data pooled analyses
instead.

Keywords

Coronary artery bypass; percutaneous coronary intervention; left main, meta-analyses; MACCE;

all-cause mortality
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INTRODUCTION

Meta-analyses are systematic reviews that pool study-outcomes to increase statistical
power and provide a higher level of evidence than is often possible with single stud-
ies. Therefore, meta-analyses are frequently consulted by healthcare professionals

and inform medical guidelines.’

The number of meta-analyses increased substantially in the field of cardiovascu-
lar medicine and determining the optimal strategy for patients with left main
coronary artery disease (LMCAD) remains a fiercely debated subject. Over the past
decades, numerous randomized studies assessed clinical outcomes after percutane-
ous coronary intervention (PCI) versus coronary artery bypass grafting (CABG) in
patients with LMCAD.*® Two randomized controlled trials (RCTs) that contributed
considerably to the evidence are the EXCEL (Evaluation of XIENCE versus Coronary
Artery Bypass Surgery for Effectiveness of Left Main revascularisation and NOBLE
(Nordic Baltic British left main revascularisation trials.” ® Additionally, several non-
randomized observational studies have reported results of CABG versus PCI. Pooling
of observational data with randomized studies may lead to inter-study variability
related to study design, sample size, baseline characteristics and outcomes, making
it challenging to adequately appraise all scientific evidence available.

A meta-analysis, if performed correctly, can be helpful. However, an excess of
meta-analyses, as was noticed over the recent decade, could lead to overlapping
and redundant outcomes.’ Therefore, this study critically appraised the extent of
potential overlap and shortcomings by systematically reviewing the contemporane-
ous published meta-analyses on PCI versus CABG in LMCAD, with a special focus on
those published after the EXCEL and NOBLE publications.

METHODS

Search strategy

On November 7", 2018, a systematic literature search, according to the Preferred
Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) guideline'
(Supplementary Appendix), was performed in Embase, Medline Ovid and Cochrane
databases to identify meta-analyses on PCI versus CABG in LMCAD. The search con-
tained the following key words or synonyms: “left main coronary artery disease”,

“percutaneous coronary intervention”, “coronary artery bypass grafting” and “meta-
analysis”. A detailed search strategy is reported in the Supplementary Appendix.
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Meta-analyses comparing revascularisation strategies for LMCAD, by PCI with any
stent(s) versus CABG, and reported clinical outcomes were included. Titles and
abstracts were first screened for inclusion. When eligible, full-text English articles
were subsequently reviewed independently by two authors (CA and DT). Predefined
exclusion criteria were: (i) conference abstracts, (ii) absence of a LMCAD popula-
tion, (iii) subgroups of patients with LMCAD, (iv) absence of effect estimates, (vi)
individual patient pooled analyses or (vii) systematic reviews. Incongruities were
resolved by agreement between two authors (CA and DT).

Data extraction

The following study details were extracted: year of publication, authors, journal,
number of patients (total, CABG, and PCI) and the number of included individual
randomized controlled trials (RCTs) and observational studies. Postoperative out-
comes with an effect estimate (hazard, odds, risk ratios or incidence rate ratios)
were extracted, along with the model used for analysis (fixed or random effects
model). “Combined long-term follow-up” is defined as meta-analyses reporting a
pooled event-rate at follow-up with varying durations (e.g. combination of 1, 3 and
5-year follow-up data).

Clinical outcomes that were extracted included major adverse cardiac (and cere-
brovascular) events (MAC(C)E), according to the definitions used by the individual
included meta-analyses, such as (i) death, stroke or myocardial infarction (MI) or as
(ii) death, stroke, MI or any form of repeat revascularisation (for example; target-
vessel revascularisation or ischemia-driven revascularisation All-cause mortality
rates were also extracted.

Study outcomes

The primary endpoint consisted of a summary of MAC(C)E and all-cause mortality
outcomes at combined long-term follow-up reported by meta-analyses published
after EXCEL and NOBLE. Additionally, a summary of MAC(C)E and all-cause mor-
tality outcomes at 1-year and combined long-term follow-up was provided for all
included meta-analyses. The present report had no intention to determine which
revascularisation strategy would be preferable for patients with LMCAD and rather
focused on providing an overview of the currently available literature. Therefore,
pooled outcomes of treatment effects are not provided.

Statistical analyses

Results are reported according to descriptive methods. All risk estimates reported,
reflect a “PCI versus CABG” comparison. When an included meta-analysis reported
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“CABG versus PCI” risk estimates, these were recalculated to represent “PCI versus
CABG” comparisons. Forest plots were used to visualize the spread of varying study
outcomes for MAC(C)E and all-cause mortality. Plots were constructed with Prism 8

(GraphPad Software, San Diego, CA, USA).

RESULTS

Study selection

The systematic search resulted in 402 articles. After excluding duplicates, screening
titles and abstracts, 128 articles remained for full text reading (Figure 1). Of these,
77 were excluded based on the pre-specified criteria. Finally, 51 meta-analyses were
included in the present study, of which 33 were published after EXCEL and NOBLE
(Table 1 and Supplementary Appendix Table S1).'"®!

]

Records identified through

- database searching
=] —
2 (n=402)
m
=3
=
=
E=
@
=
Duplicate records removed
— (n=274)
oy
=
i Records screened Records excluded
5 (n=128) (n=10)
v
— Full-text articles excluded
(n=77)
- Full-text articles assessed for + not in English (n=2)
&= . . = no full text (n=3)
8 E]lglblllty - conference abstract (n=48)
] (11 = [28) - no left main subgroup (n=10)
w - only reporting on a subgroup of patients {n=5)
- no effect estimates reported (n=1)
- individual patient pooled analysis (n=6)
—_ - other (n=2)
=]
2 o .
E Studies included in
E qualitative synthesis
(n=51)

—

Figure 1. Flowchart of the comprehensive systematic search for meta-analyses PCI versus CABG

in LMACD.
Abbreviations used: CABG; coronary artery bypass grafting, PCI; percutaneous coronary intervention, LMCAD:

left main coronary artery disease.
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Table 1. Study characteristics and outcomes by the included meta-analyses on PCI versus CABG
in LMCAD (n=51).

Follow up
duration
o
o
g
o 2
PCI CABG o B E
Year Author Journal (n) m VEEAS MAC(C)E"
2018 Ali* Medicine (Baltimore) 10424 11408 X - - X  Stroke, death, MI or
revascularisation
2018 Benedetto™ ] Thorac Cardiovasc * * - - - - X  Death, MI or stroke
Surg
2018 Bertaina®™ ] Cardiovasc Med 8501 10813 - - - - X Death, MI, definite or
(Hagerstown) probable ST, TVR
2018 Cui® ] Geriatr Cardiol 6333 7797 - - - - X  Death, MI or stroke
2018 Khan® Heart Lung Circul 2349 2351 X X - X - MI, stroke, death or TVR
2018 Kodumuri”’ Am ] Cardiol 5017 5267 - - - - X Death, MI, stroke or RR
2018 Moore® Heart Lung Circul 2197 2197 - - - - X Death, MI or CVA
2018 Rahouma™ Ann. cardiothorac. 2349 2351 - - - - X Death, MI, stroke or RR
surg.
2018 Takagi® Catheter Cardiovasc 6009 6378 - - - - X  Death, MI and RRV
Interventions (with/without stroke)
2018 Verdoia®! Angiology 2297 2298 - - - - X Major Adverse
Cardiovascular Events*
2017 Bajaj** Eur Heart ] Qual 2349 2351 - X - - X Death, stroke, MI or RR
Care Clin Outcomes
2017 Chang® Ann Thorac Surg * * X X - - X Death, stroke, MI or TVR
2017 DeRosa® BMC Cardiovasc 2249 2250 - - - - X Death, stroke, MI or RR
Disord
2017 Gao™ Oncotarget 2297 2298 - X - - X Death, stroke, MI or RR
2017 Garg* Am ] Cardiol 2297 2298 - - - - X *
2017 Giacoppo®  JAMA Cardiol 2197 2197 - - - - X  Death, stroke or MI
2017 Khan® Am ] Cardiol 2349 2351 - X - - X Death, MI stroke or RR
2017 Khan* Am ] Cardiol 3197 3340 - - - X - Death, nonfatal MI,
stroke or RR
2017 Laukkanen®® Open Heart 2149 2351 X X - - X Death, MI, CVA or
stroke, or TVR
2017 Mahmoud® Catheter Cardiovasc 2349 2351 X X - - X  Death, MI, stroke or
Interventions revascularisation
2017 Palmerini® Am Heart ] 2347 2339 X - - - X Death, stroke, MI or UR
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. MAC(C)E" All-cause mortality
<
% 25 s
z2225848:8
P 53 R Q Risk
g 2 E o B Eox . . -
% O »n a4 A A Z K estimates 1 year Combined 1 Year Combined
524X - XX XX OR 1.22 0.83
(0.95-1.56) (0.60-1.15)
6 - X X X X X X IRR 0.99
(0.70-1.40)
6 20X X X X X X OR 1.10 0.94
(1.07-1.14) (0.89-1.00)
412X - - XXX HR 0.94 1.11
(0.86-1.03) (0.92-1.32)
6 - X XX X XX RR 1.15 0.67
(0.92-1.45) (0.43-1.06)
4 8 X - - XXX OR 1.23 0.97
(1.01-1.51) (0.74-1.26)
4 - X - - XXX OR 1.37 1.08
(1.18-1.58) (0.86-1.35)
6 - X XX X XX IRR 1.328 0.947
(1.114-1.582) (0.711-1.262)
517 X - X X X X HR 1.42 1.03
(1.28-1.58) (0.90-1.18)
5 - X - XX XX OR 1.16 0.88
(0.98-1.37) (0.60-1.29)
6 - X XX X XX RR 1.17 1.21 0.68 0.98
(0.941.44)  (1.05-1.40)  (0.44-1.06)  (0.78-1.25)
5 - X XXX - - RR 1.20 1.25 0.66 0.81
(0.941.54)  (1.05-1.49)  (0.38-1.15)  (0.62-1.08)
5 - XX - XXX OR 1.33 1.04
(1.12-1.58) (0.82-1.32)
5 - X - XX XX RR 1.15 1.26 0.70 1.05
(0.92-1.44)  (1.11-144)  (0.45-1.09)  (0.85-1.31)
5 - X - XX XX OR 1.01
(0.76-1.34)
4 - X - - XXX HR 1.06 1.04
(0.85-1.32) (0.81-1.33)
6 - X X X X XX HR 1.03 1.16 0.71 1.03
(0.69-1.52) (0.95-1.43) (0.47-1.06) (0.80-1.33)
4 5 X - - XXX OR
6 - X X X X XX HR 1.16 1.27 0.66 1.04
(0.94-1.44) (1.12-1.44) (0.42-1.04) (0.81-1.33)
6 - X XX X XX RR 1.21 1.19 0.76 0.94
(0.97-1.51) (1.01-1.41) (0.45-1.30) (0.73-1.22)
6 - X X X X XX OR 1.27 0.99
(1.12-1.45) (0.76-1.30)
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Table 1. Study characteristics and outcomes by the included meta-analyses on PCI versus CABG
in LMCAD (n=51). (continued)

Follow up
duration
PCI CABG 3 . 2
Year Author Journal m @ W=E&EANS MAC(C)E'
2017 Putzu® Int J Cardiol * * X X - - X Death, stroke or MI*
2017 Qian* Am ] Cardiol 2297 2298 - X - - X Study specific definitions
of MACCE'"
2017 S&* Braz ] Cardiovasc 2297 2298 - X - - - Death, M], stroke or TVR
Surg
2017 Sardar* Am ] Cardiol 2303 2309 - X - - X Death, stroke,MI or any
revascularisation
2017 Shah* Am ] Cardiol 2349 2351 - X X X X Death, recurrent MI, RR
and stroke
2017 Sharma* Cardiovasc Ther 2349 2351 X X X X X  Death, MI, stroke or
revascularisation
2017 Spinthakis® Int J Cardiol 2297 2298 - X X X - -
2017 Testa*® PLoS ONE 2347 2339 - X - - X  Death, stroke or MI
2017 Upadhaya” ] Card Surg 2297 2298 - - - - X Study specific definitions
of MACCE'
2017 Ye* Medicine (Baltimore) 2349 2351 - - - - X Death, MI, stroke and
revascularisation
2017 Zhang” BMC Med 10406 12081 - - - - X Death, M], stroke or RR
2016 Nerlekar®  Circ Cardiovasc 2297 2297 - X - - X Death, MI, stroke, or RR
Interventions

Overview of characteristics on PCI versus CABG in LMCAD published by meta-analysis published after EXCEL
and NOBLE trial.

Risk estimates representing CABG versus PCI, provided by included meta-analyses, were recalculated to rep-
resent PCI versus CABG risk estimates. X =YES, - = NO. *this specific outcome was not specified in this meta-
analysis. "MAC(C)E was defined according to the study-specific definition used by the included meta-analysis.
*the correct reference was missing in the original meta-analysis.

Abbreviations used: CABG: coronary artery bypass grafting, CVA: cerebrovascular accident, PCI: percutaneous
coronary intervention, LMCAD: left main coronary artery disease, RCTs: randomized controlled trials, Obs.: Ob-
servational, Ref.: reference, LA: longest available follow-up, MI; myocardial revascularisation, RR/RRV; repeat
revascularisation, TVR: target vessel revascularisation, ST; stent thrombosis, OR: odds ratio, HR: hazard ratio,
RR: risk ratio, IRR: incidence rate ratio, UR: unplanned revascularisation.
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MAC(C)E" All-cause mortality
H
&
% 2 8=
22235888
P =8 2Q Risk
o 2 E m o § Q X . . .
2 O »n 3 A A Z 1 estimates 1 year Combined 1 Year Combined
5 - X - XX XX OR 0.69 1.08
(0.44-1.10) (0.86-1.35)
5 - X - XX XX RR 1.14 1.27 0.78 1.05
(0.91-1.42) (1.13-1.43) (0.56-1.08) (0.83-1.34)
5 - X - XX XX RR 1.05 1.03
(0.82-1.36) (0.80-1.32)
5 - X - XX XX OR 0.73 1.36 0.71 1.03
(0.52-1.01) (1.18-1.57) (0.44-1.12) (0.79-1.35)
6 - X X X X XX RR 1.15 1.20 0.68 0.98
(0.91-1.44) (1.03-1.41) (0.44-1.06) (0.78-1.25)
6 - X X X X XX OR 1.15 1.36 0.67 1.06
(0.88-1.51) (1.18-1.58) (0.43-1.06) (0.82-1.38)
5 - X - XX XX OR 0.70
(0.44-1.12)
6 - X XX X XX OR 1.02 1.02 0.81 1.00
(0.76-1.36) (0.76-1.38) (0.63-1.03) (0.77-1.31)
5 - X - XX XX OR 1.36 1.03
(1.18-1.58) (0.78-1.35)
6 - X XX X XX RR 1.21 0.98
(1.05-1.40) (0.78-1.25)
622X XX X XX HR 1.42 1.05
(1.14-1.77) (0.92-1.20)
5 - X - XX XX OR 1.14 1.36 1.03
(0.86-1.49) (1.18-1.58) (0.78-1.35)
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Published meta-analyses

The number of published meta-analyses increased over the past decade, especially
after the publication of the randomized EXCEL and NOBLE trials (Figure 2).” ® Sev-
eral journals published more than one meta-analysis, with one journal publishing
10 meta-analyses on PCI versus CABG for LMCAD. Meta-analyses predominantly
reported risk estimates according to odds, risk or hazard ratios.

2016

50 - 2011 NOBLE 51
PRECOMBAT n=1201

2009 =600
LE MANS
| n=105
40 41
2011 2016
Boudriot ef al. EXCEL
2009 n=201 n=1905

w
]

[
>
L

[y
>
I

Number of published meta-analyses

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Years

Figure 2. Representation of published randomized clinical trials and meta-analyses on PCI ver-
sus CABG in LMCAD over the past decade. The red bars represent the amount of published meta-
analyses per year. The red curve represents the cumulative amount of published meta-analyses
over the past decade. The main randomized studies that published data on PCI versus CABG in
LMCAD are indicated by black lines and names with the intention-to-treat sample sizes.

Meta-analyses after EXCEL and NOBLE

Thirty-three meta-analyses were published after EXCEL and NOBLE. Of these, 32
included EXCEL and NOBLE in addition to results from 3 or 4 other RCTs in their
analysis. MAC(C)E outcomes, at combined long-term follow-up, were reported by 26
studies (Table 1, Figure 3), while 27 meta-analyses reported all-cause mortality at
combined long-term follow-up (Table 1, Figure 4).
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Ali 2018
Bertaina 2018
Kodumuri 2018
Moore 2018
Verdoia 2018
De Rosa 2017
Palmerini 2017
Sardar 2017
Sharma 2017
Testa 2017
Upadhaya 2017
Nerlekar 2016

Bajaj 2017

Gao 2017
Mahmoud 2017
Qian 2017
Shah 2017

Ye 2017

Meta-analyses

Cui 2018

Takagi 2018
Giacoppo 2017
Khan 2017
Laukkanen 2017
Zhang 2017

Benedetto 2018
Rahouma 2018

MAC(C)E - combined
including EXCEL + NOBLE

Favours PCI Favours CABG

0.5 0 1.5

0.5 1.0 1.5

0.5 1.0 15
Hazard Ratio

0.5 1.0 1.5
Incidence Rate Ratio

Figure 3. Forest plot representation of MAC(C)E outcomes, at longest follow-up available, re-
ported by those meta-analyses published after the NOBLE and EXCEL trials. Risk estimates rep-
resent PCI versus CABG comparisons and were categorized according to: odds, risk, hazard and
incidence rate ratios. MAC(C)E was defined according to the study-specific definition used by
the included meta-analysis. Legend of shapes used: square: only randomized controlled trials,
triangle: randomized controlled trials plus observational studies. Size of a shape does not rep-
resent the study sample size nor the weight of a specific study. Black represents random-effect

meta-analyses, red fixed-effect meta-analyses.
Abbreviations used: CABG; coronary artery bypass grafting, PCI; percutaneous coronary intervention.
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All-cause mortality - combined
including EXCEL + NOBLE

Favours PCI Favours CABG

- »
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Kodumuri 2018 S A
Moore 2018 —
Verdoia 2018 [ [ B i
De Rosa 2017 —
Garg 2017 I - {
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Putzu 2017 ———
Sardar 2017 [ l i
Sharma 2017 I . |
Testa 2017 .-
Upadhaya 2017 , = {
Nerlekar 2016 I 2 |
4 03 0dds Ratio 13
a Bajaj 2017 e
TE Gao 2017 —a—
= Mahmoud 2017 e
© Qian 2017 i
] Shah 2017 .
T Ye 2017 . e S— .
= 0.5 1.0 15
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Takagi 2018 e
Giacoppo 2017 }—-l—|
Khan 2017 A
Laukkanen 2017 l—-—l—!
Zhang 2017 e
0.5 1.0 15
Hazard Ratio
Rahouma 2018 I u |
0.5 1.0 1.5

Incidence Rate Ratio

Figure 4. Forest plot representation of all-cause mortality outcomes, at longest follow-up avail-
able, reported by those meta-analyses published after the NOBLE and EXCEL trials. Risk estimates
represent PCI versus CABG comparisons and were categorized according to: odds, risk, hazard
and incidence rate ratios. Legend of shapes used: square: only randomized controlled trials, tri-
angle: randomized controlled trials plus observational studies. Size of a shape does not represent
the study sample size nor the weight of a specific study. Black represents random-effect meta-

analyses, red fixed-effect meta-analyses.
Abbreviations used: CABG; coronary artery bypass grafting, PCI; percutaneous coronary intervention.
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Meta-analyses that included the same RCTs (SYNTAX, Boudriot et al., PRECOMBAT,
EXCEL, NOBLE with/without LE MANS) reported varying sample sizes, ranging from
4594 to 4700 patients, while the overall intention-to-treat population consists of
4595 patients (5 RCTs) and 4700 (5 RCTs plus LE MANS, respectively) (Table 1). Eleven
meta-analyses reported MAC(C)E risk estimates at combined long-term follow-up
varying from 0.99 (95%CI: 0.70-1.40) to 1.36 (95%CI: 1.18-1.58), although the compos-
ite of MAC(C)E differed among trials. MAC(C)E-specific definitions used by the vari-
ous trials are reported in the Supplementary Appendix (Table S2). Ten meta-analyses
reported risk estimates of all-cause mortality at combined long-term follow-up, vary-
ing from 0.94 (95%CIL: 0.73-1.22) to 1.06 (95%CI:0.82-1.38). Two meta-analyses that
also included observational data reported similar outcomes as compared studies

51, 54

only including RCTs.

Published meta-analyses over the past decade

Since 2009, 41 meta-analyses reported MAC(C)E outcomes (Table S1). Of those, 33
reported outcomes at combined long-term follow-up (Figure S1) and 22 reported
outcomes at 1-year (Table 1, Figure S2). All-cause mortality, at combined long-term
follow-up, was reported by 38 meta-analyses (Table S1, Figure S3). Twenty-seven
studies reported all-cause mortality at 1-year (Figure S4). Meta-analyses that only
included RCTs reported similar all-cause death outcomes compared with those

including also observational data.

DISCUSSION

Fifty-one meta-analyses covering the exact same topic were identified, and of these,
33 emerged over the past three years after the publications of the randomized
EXCEL and NOBLE trials. Sixteen meta-analyses were published from 2009 to 2013
and this number more than doubled (n=35) from 2014 to 2018. While this study did
not perform a meta-analysis of meta-analyses and had no intention on determining
the preferred revascularisation strategy for LMCAD, it systematically reviewed the
abundancy of meta-analyses on PCI versus CABG in LMCAD over the past decade.
Interestingly, the reported outcomes differed between meta-analyses due to sev-
eral methodological reasons. Although meta-analyses (should) aim to present the
highest level of evidence, there are multiple shortcomings which are summarized

below.” ¢

There were methodological limitations in the design of many meta-analyses. The
reported sample-sizes varied without explanation. Several studies combined the in-
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tention-to-treat populations with as-treated populations. Many (n=38) meta-analyses
report all-cause mortality at long-term follow-up, while the duration of follow-up
differed significantly between trials. The SYNTAX trial for instance, reported 5-year
follow-up, while EXCEL reported 3-year follow-up. Inclusion of studies with different
follow-up durations could result in an under- or overestimation of the outcome, as
it is well known that risk differences of MI and repeat revascularisation diverge over
time, favoring CABG.”>”-* % ® This is most evident in the landmark analysis of the
EXCEL trial for the composite endpoint of death, stroke or MI: 0-30 days (HR: 0.61
(95% CI: 0.42-0.88)) versus >30 days -3 year (HR: 1.44 (95% CI: 1.06-1.96)).” *

Additionally, the statistical models used in the meta-analyses differed. Besides
reporting various effect-measures, meta-analyses either used a randome-effect or a
fixed-effect model. A fixed-effect model assumes that the treatment-effect is similar
across studies, while a random-effect model accounts for differences in treatment
effect, study populations or follow-up length.” Some of the meta-analyses that
included SYNTAX, Boudriot et al., PRECOMBAT, EXCEL and NOBLE used a random-
effect model while others used a fixed-effect model. Moreover, meta-analyses that
included observational studies, with substantial variations in follow-up time and
patients baseline characteristics, used a fixed-effect model.

Finally, composite outcomes with different definitions were pooled. The definitions
of MAC(C)E differed among SYNTAX®, EXCEL’, and NOBLE (Table S2)°, but some
meta-analyses did not take into account these differences in the composite end-
points. This, however, is crucial information for both patient and physicians when
deciding on the preferred treatment.

To diminish the overlap in future meta-analyses, it is recommended to register the
rationale and protocol of a new meta-analysis at an online registration platform.*
Finally, a preferable alternative for performing a meta-analysis is to conduct an in-
dividual patient data pooled analysis.®>”° Pooling individual patient data overcomes
the different methods of reporting and analyzing data by individual studies. It has
the advantage to use all available raw patients characteristics, account for missing
variables, use accurate follow-up data and a standardized statistical method for
analysis.®
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CONCLUSION

The present study identified 51 meta-analyses covering the exact same topic of PCI
versus CABG revascularisation in patients with LMCAD. With the publications of
longer-term follow-up of the SYNTAX and EXCEL trials, one could anticipate an-
other surge of meta-analyses. To ensure high quality studies and reduce overlapping
publications, we call on all authors, editors and reviewers to critically appraise the
evidence already available and use online meta-analyses registration platforms to
avoid potential overlap. Collaborating and focusing research capacities, by conduct-
ing individual patient data pooled analyses could enable us to work more efficiently
and ensure reporting the highest quality of available evidence.
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SUPPLEMENTARY MATERIALS

Detailed description of the used search terms

The following search terms was used in the Embase database: “(‘percutaneous
coronary intervention’/exp OR ‘stent’/exp OR ‘coronary stenting’/exp OR ((percu-
tan®* NEAR/6 (interven* OR approach* OR revascul®)) OR stent* OR pci):ab,ti) AND
(‘coronary artery bypass graft’/exp OR ‘coronary artery bypass surgery’/de OR ‘bypass
surgery’/de OR ‘coronary artery surgery’/de OR ‘off pump coronary surgery’/de OR
‘heart muscle revascularisation’/de OR (revascularisation/de AND surgery/de) OR
(bypass* OR shunt* OR graft* OR cabg OR (revascular* NEAR/3 (surg* OR myocard* OR
muscl®))):ab,ti) AND (‘left coronary artery’/de OR ((left NEAR/3 (coronar* OR main*))
OR Imca OR ulcma):ab,ti) AND (‘meta analysis’/exp OR ‘meta analysis (topic)’/de
OR ‘systematic review’/de OR ‘systematic review (topic)’/de OR (((meta OR pooled)
NEAR/3 analys*) OR metaanalys* OR (systematic* NEAR/3 review)):ab,ti)”.

The search term for the Medline Ovid database was as follows: “(exp Percutaneous
Coronary Intervention/ OR exp Stents/ OR ((percutan* ADJ6 (interven* OR approach*
OR revascul*)) OR stent* OR pci).ab,ti.) AND (exp Coronary Artery Bypass/ OR Myo-
cardial Revascularization/ OR (bypass* OR shunt* OR graft* OR cabg OR (revascular*
ADJ3 (surg” OR myocard* OR muscl*))).ab,ti.) AND (((left ADJ3 (coronar* OR main*)) OR
Imca OR ulcma).ab,ti.) AND (Meta-Analysis as Topic/ OR Meta-Analysis [ OR (((meta
OR pooled) ADJ3 analys*) OR metaanalys* OR (systematic* ADJ3 review")).ab,ti.)”.

Finally, the following search term was used for the Cochrane database: “(((percu-
tan* NEAR/6 (interven® OR approach* OR revascul®)) OR stent* OR pci):ab,ti) AND
((bypass* OR shunt* OR graft* OR cabg OR (revascular* NEAR/3 (surg* OR myocard*
OR muscl*))):ab,ti) AND (((left NEAR/3 (coronar* OR main*)) OR Imca OR ulcma):ab,ti)
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SUPPLEMENTAL TABLE

Table S1. Study characteristics and outcomes by the included meta-analyses on PCI versus CABG
in LMCAD (n=51).

Follow up
duration
b5
Total E
patients PCI CABG 3 > B
Year Author Journal (n) N N WEEA S MAC(C)E'
2018 Alietal' Medicine (Baltimore) 21832 10424 11408 X - - - X Stroke,
death, MI or
revascularisation
2018 Benedetto ] Thorac Cardiovasc 4654 * * - - - - X Death, Mlor
etal.? Surg stroke
2018 Bertainaet ] Cardiovasc Med 19314 8501 10813 - - - - X Death, MI,
al® (Hagerstown) definite or
probable ST, TVR
2018 Cuietal* J Geriatr Cardiol 14130 6333 7797 - - - - X Death, MIor
stroke
2018 Khanetal® Heart Lung Circul 4700 2349 2351 X X - X - MI, stroke, death
or TVR
2018 Kodumuri  Am ] Cardiol 10284 5017 5267 - - - - X Death, M], stroke
et al.® or RR
2018 Moore etal.” Heart Lung Circul 4404 2197 2197 - - - - X Death, Ml or CVA
2018 Rahouma Ann. cardiothorac. 4700 2349 2351 - - - - X Death, MI, stroke
etal.® surg. or RR
2018 Takagietal.’ Catheter Cardiovasc 12387 6009 6378 - - - - X Death, MI and
Interventions RRV (with/
without stroke)
2018 Verdoia et Angiology 4595 2297 2298 - - - - X Major Adverse
al.”® Cardiovascular
Events*
2017 Bajajetal' Eur Heart ] Qual 4700 2349 2351 - X - - X Death, stroke, MI
Care Clin Outcomes or RR
2017 Chang et Ann Thorac Surg 2343 * * X X - - X Death, stroke, MI
al.” or TVR
2017 De Rosaet  BMC Cardiovasc 4499 2249 2250 - - - - X Death, stroke, MI
al.”? Disord or RR
2017 Gaoetal™  Oncotarget 4595 2297 2298 - X - - X Death, stroke, MI
or RR
2017 Gargetal.® Am ] Cardiol 4595 2297 2298 - - - - X *
2017 Giacoppo et JAMA Cardiol 4394 2197 2197 - - - - X Death, stroke
al.’® or MI
2017 Khanetal'” Am ] Cardiol 4700 2349 2351 - X - - X Death, M], stroke
or RR
2017 Khanetal'® Am ] Cardiol 6637 3197 3340 - - - X - Death, nonfatal
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MAC(C)E" All-cause mortality
2
Z z 5 Z 'é % e
= :E g T3E8  Risk
) m o E Qo X . . .
2 O &h 8 A A~ Z K1 estimates 1 year Combined 1 Year Combined
524X - XX XX OR - 1.22 - 0.83
(0.95-1.56) (0.60-1.15)
6 - X XX X XX IRR - 0.99 -
(0.70-1.40)
6 20X X X X X X OR - 1.10 - 0.94
(1.07-1.14) (0.89-1.00)
412X - - X XX HR - 0.94 - 1.11
(0.86-1.03) (0.92-1.32)
6 - X X X X X X RR 1.15 - 0.67 -
(0.92-1.45) (0.43-1.06)
4 8 X - - XXX OR - 1.23 - 0.97
(1.01-1.51) (0.74-1.26)
4 - X - - XXX OR - 1.37 - 1.08
(1.18-1.58) (0.86-1.35)
6 - X XX X XX IRR - 1.328 (1.114- - 0.947 (0.711-
1.582) 1.262)
517X - X X X X HR - 1.42 - 1.03
(1.28-1.58) (0.90-1.18)
5 - X - X XXX OR - 1.16 - 0.88
(0.98-1.37) (0.60-1.29)
6 - X XX X XX RR 1.17 1.21 0.68 0.98
(0.94-1.44) (1.05-1.40) (0.44-1.06) (0.78-1.25)
5 - XX XX - - RR 1.20 1.25 0.66 0.81
(0.94-1.54) (1.05-1.49) (0.38-1.15) (0.62-1.08)
5 - XX - XXX OR 1.33 1.04
(1.12-1.58) (0.82-1.32)
5 - X - XX XX RR 1.15 1.26 0.70 1.05
(0.92-1.44) (1.11-1.44) (0.45-1.09) (0.85-1.31)
5 - X - X XXX OR - - - 1.01
(0.76-1.34)
4 - X - - XXX HR - 1.06 - 1.04
(0.85-1.32) (0.81-1.33)
6 - XX X X XX HR 1.03 1.16 0.71 1.03
(0.69-1.52) (0.95-1.43) (0.47-1.06) (0.80-1.33)
4 5 X - - XXX OR - - - -
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Table S1. Study characteristics and outcomes by the included meta-analyses on PCI versus CABG
in LMCAD (n=51). (continued)

Follow up

duration
T
Total E
patients PCI CABG & > B

Year Author Journal (n) N  (N) W2ehsS MAC(C)E"

2017 Laukkanen Open Heart 4700 2149 2351 X X - X Death, MI, CVA

etal.’’ or stroke, or TVR

2017 Mahmoud et Catheter Cardiovasc 4700 2349 2351 X X - - X Death, MI,

al® Interventions stroke or
revascularisation

2017 Palmerini et Am Heart ] 4686 2347 2339 X - - - X Death, stroke, MI

al? or UR

2017 Putzuetal® Int] Cardiol 4595 * * X X - - X Death, stroke
or MI*

2017 Qianetal® Am ] Cardiol 4595 2297 2298 - X - - X Study specific
definitions of
MACCE'

2017 Sdetal* Braz J Cardiovasc 4595 2297 2298 - X - - - Death, M], stroke

Surg or TVR

2017 Sardar et Am ] Cardiol 4612 2303 2309 - X - - X Death,
al.® stroke,MI or any
revascularisation

2017 Shahetal® Am ] Cardiol 4700 2349 2351 - X X X X Death, recurrent
MI, RR and
stroke

2017 Sharma et Cardiovasc Ther 4700 2349 2351 X X X X X Death, MI,

al” stroke or
revascularisation

2017 Spinthakis Int J Cardiol 4595 2297 2298 - X X X - -

et al.®

2017 Testaetal® PLoS ONE 4686 2347 2339 - X - - X Death, stroke
or MI

2017 Upadhayaet ] Card Surg 4595 2297 2298 - - - - X Study specific

al* definitions of
MACCE"

2017 Ye et al”™ Medicine (Baltimore) 4700 2349 2351 - - - - X Death, MI,
stroke and
revascularisation

2017 Zhangetal” BMC Med 22487 10406 12081 - - - - X Death, MI, stroke
or RR

2016 Nerlekaret Circ Cardiovasc 4594 2297 2297 - X - - X Death, MI,

al® Interventions stroke, or RR
2014 Al Alietal® JACC Cardiovasc 1506 757 749 - - - - X -
Interv
2014 Benedetto ] Thorac Cardiovasc 1611 809 802 - - - - X*
et al.® Surg
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MAC(C)E" All-cause mortality
[
o
ZEZZ% ¢ g B
o 4 E é T8 23 Risk
g 2 moQ E Q X . . .
MO »n A A A Z K estimates 1 year Combined 1 Year Combined
6 - X XX XXX HR 1.16 1.27 0.66 1.04
(0.94-1.44) (1.12-1.44) (0.42-1.04)  (0.81-1.33)
6 - X XXX XX RR 1.21 1.19 0.76 0.94
(0.97-1.51) (1.01-1.41) (0.45-1.30)  (0.73-1.22)
6 - X X X X XX OR - 1.27 - 0.99
(1.12-1.45) (0.76-1.30)
5 - X - X XXX OR - - 0.69 1.08
(0.44-1.10)  (0.86-1.35)
5 - X - X XXX RR 1.14 1.27 0.78 1.05
(0.91-1.42) (1.13-1.43) (0.56-1.08)  (0.83-1.34)
5 - X - X XXX RR 1.05 - 1.03 -
(0.82-1.36) (0.80-1.32)
5 - X - X XXX OR 0.73 1.36 0.71 1.03
(0.52-1.01) (1.18-1.57) (0.44-1.12)  (0.79-1.35)
6 - X XX X XX RR 1.15 1.20 0.68 0.98
(0.91-1.44) (1.03-1.41) (0.44-1.06) (0.78-1.25)
6 - X X X XXX OR 1.15 1.36 0.67 1.06
(0.88-1.51) (1.18-1.58) (0.43-1.06)  (0.82-1.38)
5 - X - X XXX OR - - 0.70 -
(0.44-1.12)
6 - X X X X XX OR 1.02 1.02 0.81 1.00
(0.76-1.36) (0.76-1.38) (0.63-1.03)  (0.77-1.31)
5 - X - X XXX OR - 1.36 - 1.03
(1.18-1.58) (0.78-1.35)
6 - X X X X XX RR - 1.21 - 0.98
(1.05-1.40) (0.78-1.25)
622X X X X XX HR - 1.42 - 1.05
(1.14-1.77) (0.92-1.20)
5 - X - X XXX OR 1.14 1.36 - 1.03
(0.86-1.49) (1.18-1.58) (0.78-1.35)
3 - X - XX - - OR - - - 1.08
(0.75-1.57)
4 - X XXX - - OR - 1.39 - 0.79
(1.09-1.77) (0.54-1.15)
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Table S1. Study characteristics and outcomes by the included meta-analyses on PCI versus CABG
in LMCAD (n=51). (continued)

Follow up
duration
i
Total E
patients PCI CABG & > B
Year Author Journal (n) N  (N) W2ehsS MAC(C)E"
2013 Alam etal®  Circ] 11148 4814 6334 X X - X - Death, stroke, MI
or RR
2013 Athappan et JACC Cardiovasc 14203 7055 7148 - X X X - Death, stroke or
al”’ Interventions nonfatal MI
2013 Bittletal.®  Circulation 4574 2059 2515 - X X - - -
2013 Caoetal.®* ] Thorac Cardiovasc 5628 2490 3138 X X - - X Death, stroke, MI
Surg or RR
2013 Deschetal.* Herz 1611 809 802 - - - - X Death, stroke, MI
or RR
2013 Lietal* Trials 8413 3682 4731 X X - - X Death, MIor
cerebrovascular
events
2013 Sd et al.* Eur ] Cardiothorac 5674 2331 3343 - X - - - Death, stroke, MI
Surg or TVR
2012 Jangetal®*  Am ] Cardiol 5079 2107 2972 - X - - - Death, stroke, MI
or TVR
2012 Jiangetal™ Am J Cardiol 7230 2696 4534 - - - - X Death, stroke, MI
or TVR
2012 Kajimotoet JCard Surg 2601 1303 1298 - X - - - Death, stroke, MI
al.® or TVR
2011 Capodanno ] Am Coll Cardiol 1611 809 802 - X - - - Death, stroke, MI
et al.* or TVR
2011 Zheng et Cardiology 5479 2351 3128 X X X X X Death, stroke
al.¥’ or MI
2010 Leeetal*®  Am ] Cardiol 2905 1236 1669 - X - - - -
2010 Takagi et J Thorac Cardiovasc 2841 1198 1643 - - - - X -
al.® Surg
2009 Naik et al.®® JACC Cardiovasc 3773 1659 2114 - X X - - Death, stroke
Interventions or MI
2009 Takagi et J Thorac Cardiovasc 2181 1006 1175 - - - - X Death, stroke, MI
al® Surg or RR

Overview of characteristics reported by all included meta-analyses on PCI versus CABG in LMCAD. Meta-anal-
yses that were published after the EXCEL and NOBLE trials are highlighted in green. Those meta-analyses that
were published prior to the EXCEL and NOBLE publications are highlighted in red.

Risk estimates representing CABG versus PCI, provided by included meta-analyses, were recalculated to rep-
resent PCI versus CABG risk estimates. X =YES , - = NO. *this specific outcome was not specified in this meta-
analysis. "MAC(C)E was defined according to the study-specific definition used by the included meta-analysis.
*the correct reference was missing in the original meta-analysis.

Abbreviations used: CABG: coronary artery bypass grafting, CVA: cerebrovascular accident, PCI: percutaneous
coronary intervention, LMCAD: left main coronary artery disease, RCTs: randomized controlled trials, Obs.: Ob-
servational, Ref.: reference, LA: longest available follow-up, MI; myocardial revascularisation, RR/RRV; repeat
revascularisation, TVR: target vessel revascularisation, ST; stent thrombosis, OR: odds ratio, HR: hazard ratio,
RR: risk ratio, IRR: incidence rate ratio, UR: unplanned revascularisation.
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MAC(C)E" All-cause mortality
[
o
z g : E 'g g o
~ ° O RH Risk
g 2 E mBZOoR s - -
MO »n A A A Z K estimates 1 year Combined 1 Year Combined
423X X X X - - OR 1.22 1.30 0.69 0.87
(0.94-1.58) (1.10-1.55) (0.49-0.97) (0.71-1.08)
321X - XX - - OR 0.938 (0.659- - 0.792 (0.528- -
1.337) 1.193)
4 8 X X X X - - OR - - 1.00 (0.72- -
1.40)
311X X X - - - RR 1.53 1.57 0.71 0.84
(1.23-1.89) (1.29-1.89) (0.54-0.95)  (0.70-1.02)
4 - X XXX - - RR - - 0.34 0.74
(0.09-1.24)  (0.46-1.19)
317X - XX - - RR - - 0.80 0.79
(0.63-1.02)  (0.71-0.87)
313X - XX - - OR 1.607 - 0.691 -
39X - XX - - OR 0.70 - 0.68 -
(0.49-1.00) (0.45-1.02)
- 25- - - - - - RR - 1.22 - 0.72
(0.89-1.68) (0.52-1.00)
3 -X -XX - - OR - 1.81 - 1.09
(1.43-2.33) (0.71-1.67)
4 - X XXX - - OR 1.276 (0.950- - 0.741 (0.427- -
1.715) 1.284)
2 13X - X - - - OR 0.95 0.71
(0.63-1.43) (0.50-1.03)
26 X - X - - - OR 1,40
(0.81-2.39)
-7 - - - - - - HR 1.35
(1.04-1.75)
2 8 X X - - - - OR 0.84 1.00
(0.57-1.22) (0.70-1.41)
15 -X - - - - RR 0.68 0.99
(0.32-1.46) (0.69-1.43)

117

g wdeyd



Table S2. MAC(C)E definitions used by the six included randomized trials.

Randomized Years of Patients randomly MAC(C)E definition

Controlled inclusion allocated to:

Trial PCI CABG

SYNTAX 2005-2007 357 348 death from any cause, stroke, myocardial
infarction, or repeat revascularisation

LE MANS 1997-2008 52 53 any cause, myocardial infarction, stroke,

target lesion revascularisation (TLR), or acute
stent thrombosis

Boudriot et al. 2003-2009 100 101 death from any cause, myocardial infarction,
and the need for repeat revascularisation

PRECOMBAT 2004-2009 300 300 death from any cause, myocardial infarction,
stroke, and ischemia-driven target-vessel
revascularisation

EXCEL 2010-2014 948 957 death, stroke, or myocardial infarction

NOBLE 2008-2015 598 603 death from any cause, non-procedural

myocardial infarction, repeat
revascularisation or stroke

The MAC(C)E-specific definitions of the major randomized controlled trials are reported in the current table.
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Figure S1. Forest plot representation of MAC(C)E outcomes, at longest follow-up available, reported by

all included meta-analyses.

Risk estimates represent PCI versus CABG comparisons and were categorized according to: odds, risk, hazard
and incidence rate ratios. MAC(C)E was defined according to the study-specific definition used by the included
meta-analysis. Legend of shapes used: square: only randomized controlled trials, triangle: randomized con-
trolled trials plus observational studies, circle: only observational. Size of a shape does not represent the study
sample size nor the weight of a specific study. Black represents random-effect meta-analyses, red fixed-effect
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Risk estimates represent PCI versus CABG comparisons and were categorized according to: odds, risk, hazard
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ABSTRACT

Background

The Synergy between PCI with Taxus and Cardiac Surgery (SYNTAX) trial was a
non-inferiority trial that compared percutaneous coronary intervention (PCI) us-
ing first-generation paclitaxel-eluting stents with coronary artery bypass grafting
(CABG) in patients with de-novo three-vessel and left main coronary artery disease,
and reported results up to 5 years. We now report 10-year all-cause death results.

Methods

The SYNTAX Extended Survival (SYNTAXES) study is an investigator-driven extension
of follow-up of a multicentre, randomised controlled trial done in 85 hospitals across
18 North American and European countries. Patients with de-novo three-vessel and
left main coronary artery disease were randomly assigned (1:1) to the PCI group or
CABG group. Patients with a history of PCI or CABG, acute myocardial infarction, or
an indication for concomitant cardiac surgery were excluded. The primary endpoint
of the SYNTAXES study was 10-year all-cause death, which was assessed according
to the intention-to-treat principle. Prespecified subgroup analyses were performed
according to the presence or absence of left main coronary artery disease and diabe-
tes, and according to coronary complexity defined by core laboratory SYNTAX score
tertiles. This study is registered with ClinicalTrials.gov, NCT03417050.

Findings

From March, 2005, to April, 2007, 1800 patients were randomly assigned to the PCI
(n=903) or CABG (n=897) group. Vital status information at 10 years was complete
for 841 (93%) patients in the PCI group and 848 (95%) patients in the CABG group.
At 10 years, 248 (28%) patients had died after PCI and 212 (24%) after CABG (hazard
ratio 1-19 [95% CI 0.99-1.43], p =0.066). Among patients with three-vessel disease,
153 (28%) of 546 had died after PCI versus 114 (21%) of 549 after CABG (hazard ratio
1.42 [95% CI 1-11-1-81]), and among patients with left main coronary artery disease,
95 (27%) of357 had died after PCI versus 98 (28%) 0f348 after CABG (0.92 [0.69-1.22],
Pinteraction=0.023). There was no treatment-by-subgroup interaction with diabetes
(Pinteraction=0.60) and no linear trend across SYNTAX score tertiles (Piend=0.20).

Interpretation

At 10 years, no significant difference existed in all-cause death between PCI using
first-generation paclitaxel-eluting stents and CABG. However, CABG provided a
significant survival benefit in patients with three-vessel disease, but not in patients
with left main coronary artery disease.
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INTRODUCTION

Several randomised trials"® have compared coronary artery bypass grafting (CABG)
versus percutaneous coronary intervention (PCI) with simple balloon angioplasty,
bare metal stents, or drug-eluting stents for the treatment of multivessel or left
main coronary artery disease, but no significant differences in survival were dem-
onstrated. Results from a pooled analysis of individual patient data® from 11 trials
and 11 518 patients suggested that all-cause death was significantly lower after
CABG versus PCI at 5-year follow-up (9.2% vs 11.2%: hazard ratio [HR] 1.20 [95% CI
1.06-1-37], p=0.0038). However, the mean age of the patient population was 65
years, and thus the overall life expectancy of most patients exceeded this follow-up
time. Longer-term follow-up beyond 5 years is required to determine the relative
effectiveness of PCI versus CABG. The Synergy between PCI with Taxus and Cardiac
Surgery (SYNTAX) trial compared PCI with paclitaxel-eluting stents versus CABG
in 1800 patients with de-novo three-vessel disease and left main coronary artery
disease, and reported similar survival among patients in the PCI and CABG groups
after 5 years of follow-up (13-9% all-cause death in the PCI group vs 11.4% all-cause
death in the CABG group, p=0.10).>'®"" This study, the SYNTAX Extended Survival
(SYNTAXES) study, examined all-cause death after 10 years of follow-up in patients
randomly assigned to PCI or CABG in the SYNTAX trial.

Research in context

Evidence before this study
We searched PubMed for articles published in English between database inception
and July 24, 2019, with the following search terms: “percutaneous coronary inter-

» o« » o«

vention”, “stents”,

*9

coronary artery bypass grafting”, and “random™”. Randomised
controlled trials and meta-analyses comparing percutaneous coronary intervention
(PCI) using stents versus coronary artery bypass grafting (CABG) in patients with
three-vessel or left main coronary artery disease were included. An individual pa-
tient data meta-analysis reported that mortality outcomes favoured CABG over PCI
at 5-year follow-up in patients with multivessel disease, particularly those with dia-
betes and more complex coronary artery disease, whereas no significant difference
was identified in patients with left main coronary artery disease. It was concluded
that longer-term follow-up would be required to better define mortality differences
between revascularisation strategies. In our search, we only found two randomised
controlled trials reporting survival outcomes at 10 years after PCI versus CABG. In
the MASS 1I trial, patients with multivessel disease had a 10-year all-cause death
rate of 24.9% after PCI versus 25-1% after CABG (p=0.089). However, PCI was done
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with bare metal stents and about 40% of patients had two-vessel disease, and no
patients with left main coronary artery disease were included. In the LE MANS trial,
which included only patients with left main coronary artery disease (n=105), 10-
year all-cause death was 21.6% after PCI versus 3072% after CABG (p=0.41). However,
the sample size was small and only 35% of PCI procedures were performed with
(first-generation) drug-eluting stents. The search did not identify studies reporting
outcomes in patients with de-novo three-vessel and left main coronary artery disease
randomly assigned to PCI with drug-eluting stents or CABG.

Added value of this study

The current study is the first randomised trial that reports complete 10-year data on
all-cause death in patients with de-novo three-vessel and left main coronary artery
disease after PCI with drug-eluting stents versus CABG. It provides important insights
into the relative effectiveness of PCI versus CABG regarding the most robust and
clinically relevant outcome—all-cause death. At 10 years, no significant difference
was found in all-cause death between PCI using first-generation paclitaxel-eluting
stents and CABG. However, CABG provided a significant survival benefit in patients
with three-vessel disease, but not in patients with left main coronary artery disease.
These findings can aid decision making for patients with coronary artery disease
who require PCI or CABG, accounting for differences in cardiovascular risk factors,
coronary lesion complexity (eg, SYNTAX score), and the presence of three-vessel or

left main coronary artery disease.

Implications of all the available evidence

Patients with complex, three-vessel coronary artery disease who require revasculari-
sation should undergo CABG as it results in significantly lower all-cause death than
PCI In selected patients with left main coronary artery disease, PCI is a suitable
alternative to CABG and provides similar 10-year survival.

METHODS

Study design and patients

The SYNTAX trial (NCT00114972) was a multicentre, randomised controlled trial
done in 85 hospitals across 18 North American and European countries, with the
aim of assessing non-inferiority of PCI with paclitaxel- eluting stents versus CABG
in patients with de-novo three-vessel disease and left main coronary artery disease
for the primary endpoint of major adverse cardiac or cerebrovascular events at 1
year. The rationale, design, and 1-year primary endpoint results of the SYNTAX trial
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have been published previously, as well as results at prolonged 3-year and 5-year

follow-ups.">*

The SYNTAX trial completed follow-up at 5 years and was reinitiated as the SYNTAXES
study to evaluate survival up to 10 years (the protocol and CONSORT checklist are
available in the appendix pp 26-58). Patients aged 21 years or older with de-novo
three-vessel disease and left main coronary artery disease were enrolled with the
following exclusion criteria: a history of PCI or CABG, acute myocardial infarction,
or an indication for concomitant cardiac surgery (see appendix pp 56-58 for the
complete list of inclusion and exclusion criteria).

The SYNTAXES study is registered at ClinicalTrials.gov as an investigator-driven
extension of follow-up of the SYNTAX trial. Medical Ethical Committee approval
for this study was granted at the institution of the principal investigators (Erasmus
University Medical Centre, Rotterdam, Netherlands, reference: MEC-2016-716). In-
formed consent to obtain information 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. Survival data were obtained by
(electronic) health-care record review and national death registry checks.

Randomisation and masking

Randomisation and masking for the SYNTAXES study was the same as for the SYN-
TAX study. Briefly, patients who were assessed as equally suitable for CABG or PCI
were randomly assigned (1:1) to one of the two treatments, as described in detail in

previous publications.">"

Procedures

Procedures were done according to local practice with the intention to accomplish
complete revascularisation of any vessel at least 1.5 mm in diameter with stenosis
of 50% or more, identified during pre-procedural heart team meetings.' CABG could
be performed with or without cardiopulmonary bypass and the use of arterial grafts
was strongly recommended yet not mandatory. PCI could be performed using a
radial, femoral, or brachial approach. Staged PCI procedures were allowed when
performed within 72 h of the initial treatment and during the same hospital stay.
Every patient was prescribed life-long aspirin, and adherence to contemporaneous
guideline- directed medical treatment was highly recommended."
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Outcomes

The prespecified primary endpoint of the SYNTAXES study was all-cause death at 10
years in patients randomly assigned to PCI with drug-eluting stents versus CABG.
The secondary endpoint was all-cause death at maximum available follow-up in
patients randomly assigned to PCI with drug-eluting stents versus CABG.

The left main coronary artery disease subgroup consisted of patients with any left
main disease, either isolated, or in combination with single-vessel, two-vessel, or
three-vessel coronary artery disease. The three-vessel disease subgroup consisted of
patients with coronary artery disease involving all three vessels in the absence of
left main coronary artery disease.>'> The anatomical complexity of coronary artery
disease was graded according to the SYNTAX score during prerandomisation heart
team meetings, with higher SYNTAX scores indicating more complex coronary
artery disease."* SYNTAX scores, according to core laboratory analyses, were defined
according to tertiles, with scores of 22 or lower defined as low, 23-32 as intermedi-
ate, and 33 or higher as high."® The European System for Cardiac Operative Risk
Evaluation (EuroSCORE) was used to assess operative risk. Diabetes was defined as
patients requiring treatment with oral hypoglycaemic agents or insulin. Incomplete
revascularisation was determined post-procedurally by correlating the revascular-
ised lesions to those lesions identified during the preoperative heart team meeting.

Statistical analysis

The sample size of the SYNTAXES study was based on the sample size considerations
for the original trial, which was powered for a non-inferiority comparison of major
adverse cardiac and cerebrovascular events at 12 months between PCI and CABG (a
complete description of the sample size calculation is provided in the appendix p 6)."
Sample sizes were calculated for each of the left main coronary artery disease and
three-vessel disease subgroups and overall. After allowing for an expected attrition
rate of 3.5%, the overall sample size of 1800 patients (900 per group) resulted in 96%
power to detect non-inferiority at a noninferiority margin of 6.6% and a one-sided a
level of 5%.

All analyses were according to the intention-to-treat principle. 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 participate in the 10-
year follow-up. We analysed the primary endpoint of 10-year all-cause death using
Kaplan-Meier curves, with a log-rank p value to test between-group differences at a
two-sided a value of 0.05. We used Cox proportional hazards models to estimate HRs
with 95% CIs comparing PCI with CABG. We did landmark analyses in the overall
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population and in prespecified subgroups, setting the landmark point at 5 years to
distinguish the results of the 5-year analysis in the SYNTAX trial from the extended
follow-up in the SYNTAXES study. Landmark analyses were accompanied by a test
for interaction between treatment effect and time (first 5 years versus subsequent
period). We did a sensitivity analysis of the primary endpoint using a multivariable
Cox model with stepwise forward selection of covariates. Prespecified subgroup
analyses were done in a hierarchical manner. For the primary subgroup analysis
according to the presence or absence of left main coronary artery disease, we used
a prespecified Bonferroni correction, which allowed for the treatment-by-subgroup
interaction to be tested at a two-sided a value of 0.025 (0.05/2) in addition to compar-
ing the primary endpoint between PCI and CABG in the overall population. For
the secondary subgroup analyses according to presence or absence of diabetes and
complexity of coronary artery disease defined by ordered SYNTAX score tertiles,
we used an additional Bonferroni correction, which allowed for the interaction
and the trend of log HRs across ordered SYNTAX score tertiles to be tested at a
two-sided a value of 0.0125 (0.05/4). As this approach allow.05, without requiring a
significant test of the primary endpoint at the prespecified a level before proceed-
ing with treatment-by- subgroup interaction tests, it mitigated the inflation of the
type I error rate considerably when performing multiple subgroup analyses, but
did not fully control it. Prespecified subgroup analyses of the primary endpoint by
age, sex, and ordered SYNTAX score tertiles in left main coronary artery disease and
three-vessel disease subgroups were considered exploratory. Additional post- hoc
exploratory analyses in the left main coronary artery disease subgroup were per-
formed according to the presence or absence of additional vessel disease (ie, isolated
left main coronary artery disease, or left main coronary artery disease in combina-
tion with one-vessel, two-vessel, or three-vessel disease). All subgroup analyses were
done in unadjusted and adjusted manners (the statistical analysis plan is available
in the appendix pp 59-66). The secondary endpoint of all-cause death at maximum
follow-up was analysed identically, including post-hoc subgroup analyses. Baseline
characteristics of patients with and without availability of 10-year follow-up were
compared to address the potential for attrition bias. Analyses were performed using
Stata, version 15, and SPSS Statistics software, version 24.This study is registered
with ClinicalTrials.gov, NCT03417050.

Role of the funding source

The funders had no role in the SYNTAXES study design, data collection, data analy-
ses, interpretation of the data, or writing of the report. The corresponding author,
and APK, MM, BRdC, PJ, and SJH, had full access to the data in the study and had
final responsibility for the decision to submit for publication.
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RESULTS

From March, 2005, to April, 2007, 1800 patients were randomly assigned to undergo
PCI with paclitaxel- eluting stents (n=903) or CABG (n=897: figure 1). Clinical and
angiographic characteristics were well matched between groups (table 1). Further
details about the procedural characteristics of the patients included in this study
have been published previously"® and are included in the appendix (p 8).

Information on 10-year survival was collected between March 1, 2017, and June
17, 2019. Two hospitals, which included five patients, elected not to participate in
the SYNTAXES study. Information on vital status at 10-year follow-up was complete
in 841 (93%) patients in the PCI group and 848 (95%) patients in the CABG group.
Baseline characteristics of patients with versus without vital status at 10 years are
provided in the appendix (p 9). The median duration of follow-up was 11-2 years (IQR
7.7-12.1) overall and 11-9 years (11.2-12.3) in survivors.

Table 1. Baseline clinical and angiographic characteristics

PCI group (n=903) CABG group (n=897)
Age, years 65.2 (9-7) 65°0 (9-8)
Sex
Women 213 (24%) 189 (21%)
Men 690 (76%) 708 (79%)
Body-mass index, kg/m? 28.1 (4.8) 27.9 (4-5)
Diabetes
Requiring oral medications or insulin 231 (26%) 221 (25%)
Requiring insulin 89 (10%) 93 (10%)
Metabolic syndrome 339(737 (46%) 317/696 (46%)
Ever smoked 167 (18%) 196/890 (22%)
Previous myocardial infarction 285/893 (32%) 300/887 (34%)
Previous stroke 35/899 (4%) 43/890 (5%)
Previous transient ischaemic attack 39/901 (4%) 45/888 (5%)
Hypertension (=130/85 mm Hg) 622 (69%) 574 (64%)
Congestive heart failure 36/898 (4%) 47/880 (5%)
Previous carotid artery disease 73 (8%) 75 (8%)
Hyperlipidaemia 705/896 (79%) 686/889 (77%)
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Table 1. Baseline clinical and angiographic characteristics (continued)

PCI group (n=903) CABG group (n=897)
Angina
Stable 514 (57%) 513 (57%)
Unstable 262 (29%) 251 (28%)
Ejection fraction <30% 12/891 (1%) 22/[875 (3%)
EuroSCORE value 3.8(2.6) 3.8 (2.7)
Parsonnet score 8.5(7.0) 8.4 (6.8)
SYNTAX score* 28.4 (11.5) 29.1(11.4)
Number of lesions 4-3 (1-8) 4.4(1.8)
Total occlusion 217/897 (24%) 198/897 (22%)
Bifurcation lesion 649(897 (72%) 651/890 (73%)
Three-vessel disease 546 (60%) 549 (61%)
Left main coronary artery disease, any 357 (40%) 348 (39%)
Isolated 42357 (12%) 49348 (14%)
Plus one-vessel disease 67/357 (19%) 71/348 (20%)
Plus two-vessel disease 112/357 (31%) 106/348 (30%)
Plus three-vessel disease 136/357 (38%) 122348 (35%)

Data are mean (SD), n (%), or n/N (%), unless otherwise noted. Percentages might not sum to 100% as a result
of rounding. Data are reported according to the intention-to-treat principle. CABG=coronary artery bypass
grafting. EuroSCORE=European System for Cardiac Operative Risk Evaluation. PCI=percutaneous coronary in-
tervention. *SYNTAX scores are reported according to core laboratory analysed data.

The primary endpoint of all-cause death at 10 years occurred in 248 (28%) of 903
patients after PCI and 212 (24%) of 897 patients after CABG (HR 1-19 [95% CI 0-99-
1-43, p=0.066; figure 2A). Landmark analysis between 5-year and 10-year follow-up
identified that allcause death occurred in 122 (14%) patients after PCI and in 107
(12%) patients after CABG (HR 1.17 [95% CI 0.91-1.52]; figure 2B). At maximum
follow-up, PCI was associated with higher all-cause death than was CABG (303 [34%]
vs 265 [29%], HR 1-18 [95% CI 1-00-1-39]; appendix p 15).

There was a treatment-by-subgroup interaction according to presence or absence
of left main coronary artery disease (Pinteraction=0.023). In the three-vessel disease
subgroup, all-cause death at 10 years occurred in 153 (28%) of 546 patients after PCI
compared with 114 (21%) of 549 patients after CABG (HR 1-42 [95% CI 1.11-1.81];
figure 3A). In the left main coronary artery disease subgroup, all-cause death at 10
years occurred in 95 (27%) of 357 patients after PCI versus 98 (28%) of 348 patients
after CABG (HR 0.92 [95% CI 0.69-1.22]; figures 3B, 4). There was no treatment-by-
subgroup interaction according to diabetes status (Pinteration=0.60; figures 3C, 3D, 4)
and ordered SYNTAX score tertiles (Puwena=0.20; figures 4, 5). Results were similar
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4337 patients assessed for eligibility

2537 excluded
408 had a treatment preference
306 declined to participate after providing
informed consent, or the referring physician
declined to accept the patient’s consent
210 met exclusion criteria
194 declined to participate before providing
> informed consent
79 had other reason
51 underwent medical treatment
14 declined to undergo revascularisation
1275 eligible only for enrolment in parallel registries
198 enrolled in PCl registry
1077 enrolled in CABG registry

A 4
| 1800 randomly assigned |
903 allocated to PCI 897 allocated to CABG
886 received allocated treatment 856 received allocated treatment
17 did not receive allocated treatment 41 did not receive allocated treatment
11 underwent CABG 16 underwent PCl
6 did not have PCl or CABG 25 did not have PCl or CABG
3 from hospitals that did not 2 from hospitals that did not
participate in 10-year participate in 10-year
follow-up (with complete follow-up (with complete
primary endpoint data at primary endpoint data at
5years, and followed up 5years, and followed up
and alive) and alive)
A : A :
900 from hospitals that participated in E 895 from hospitals that participated in E
10-year follow-up | 10-year follow-up |
841 with complete primary endpoint ! 848 with complete primary endpoint !
data at 10 years data at 10 years
593 followed up and alive 636 followed up and alive
248 died 212 died
59 with incomplete primary endpoint H 47 with incomplete primary endpoint H
data at 10 years (lost to follow-up) H data at 10 years H
: (lost to follow-up) :
903 included in intention-to-treat analysis 897 included in intention-to-treat analysis
59 censored at time of loss to follow-up | g __: 47 censored at time of loss to follow-up |g__!
3 censored at 5 years as hospitals did 2 censored at 5 years as hospitals did
not participate in 10-year follow-up not participate in 10-year follow-up

Figure 1. Trial profile Patient flow through the SYNTAX trial (0-5 years of follow-up) and the
SYNTAX Extended Survival study (up to 10 years of follow-up). CABG=coronary artery bypass
grafting. PCI=percutaneous coronary intervention.
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in adjusted subgroup analyses at 10 years and in subgroup analyses at maximum
follow-up (appendix pp 16-24). Additional exploratory analyses and the prespecified
sensitivity analysis are provided in the appendix (pp 11-14, 25).
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Number at risk
PClgroup 903 860 844 822 795 756 711 690 662 630 592
CABG group 897 856 838 820 799 763 726 697 679 657 633

Figure 2. Kaplan-Meier curves for primary analysis of 10-year all-cause death (intention-to-treat
population) The probability of all-cause death in PCI versus CABG up to 10 years of follow-up (A)
and landmark analysis according to a landmark point at 5 years (B). Because the widths of 95% Cls
were not adjusted for multiple comparisons in the landmark analysis, these intervals should not
be used for inference about between-group differences. CABG=coronary artery bypass grafting.
HR=hazard ratio. PCI=percutaneous coronary intervention.
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Chapter 6
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Figure 5. Kaplan-Meier curves for 10-year all-cause death in prespecified SYNTAX score tertile
subgroups (intention-to-treat population) The probability of all-cause death in PCI versus CABG
up to 10 years of follow-up in prespecified subgroups of patients with low SYNTAX scores (<22;
A), intermediate SYNTAX scores (23-32; B), and high SYNTAX scores (=33; C). p value for trend
was 030. SYNTAX scores were reported according to core laboratory analysed data. Because the
widths of 95% CIs were not adjusted for multiple comparisons, these intervals should not be
used for inference about between-group differences. CABG=coronary artery bypass grafting.
HR=hazard ratio. PCl=percutaneous coronary intervention.
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DISCUSSION

The SYNTAX trial reported similar survival in patients with de-novo three-vessel and
left main coronary artery disease randomly assigned to PCI with paclitaxel-eluting
stents versus CABG after 5 years of follow-up. The SYNTAXES study is the first study
to assess 10-year survival after PCI with drug-eluting stents versus CABG.At 10-year
follow-up, the proportions of all-cause deaths between PCI and CABG were similar.
Prespecified subgroup analyses identified that CABG resulted in significantly lower
all-cause death than did PCI in patients with three-vessel disease, whereas no sig-
nificant difference between PCI and CABG was identified in patients with left main
coronary artery disease. The current study provides unique long-term insights into
survival after PCI versus CABG by extending follow-up to 10 years, which could aid in
decision making in determining the optimal revascularisation strategy for patients
with coronary artery disease. Moreover, the primary endpoint of all-cause death
focuses on the most robust endpoint that is clinically relevant for both patients and
physicians. In addition, follow-up at 10 years was complete for 94% of randomly
assigned patients and equally distributed between CABG and PCIL

In the SYNTAX trial, PCI was performed with first- generation drug-eluting stents
that are no longer available. Newer-generation drug-eluting stents have been shown
to be associated with significantly improved mid-term (up to 3 years of follow-up)
outcomes, including reduction of all-cause death.' Moreover, the larger adoption of
fractional-flow reserve instead of solely angiography-guided interventions, in com-
bination with the application of intravascular ultrasound, has resulted in improved
outcomes after PCL'®'" Indeed, the SYNTAX II study'® demonstrated that these
developments were associated with significant reductions in adverse events during
follow-up. Despite these improvements, most recent randomised trials have shown
that CABG remained consistently associated with lower rates of repeat revascularisa-
tion at mid-term followup compared with PCI, regardless of which type of stent was
used.”* Longer-term follow-up of trials comparing contemporaneous PCI with CABG
are therefore warranted to determine the relative effectiveness of PCI versus CABG.

According to our prespecified subgroup analyses, patients with more complex
coronary disease (eg, three-vessel disease and those with higher SYNTAX scores)
continued to derive a benefit of CABG over PCI beyond the 5-year follow-up. These
results underscore the long-term impact of CABG over PCI that might be attributable
to two factors. First, coronary bypass surgery offers the advantage of overcoming
the overall burden of complex and diffuse atherosclerotic disease by constructing
the anastomosis distal to diseased segments, whereas PCI only treats significant
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flow-limiting lesions without protecting the distally diseased vessels. Second, CABG
is associated with a higher rate of complete revascularisation than achieved with
PCL.'**! Particularly in patients with diffuse and complex coronary disease, PCI can
be technically challenging and more frequently results in incomplete revascularisa-
tion. More incomplete revascularisation is associated with an increased risk of death
at 5-year follow-up, whereas minimal incomplete revascularisation is not.*** In
patients with low coronary disease complexity for which complete revascularisa-
tion with PCI is achievable, PCI is a suitable alternative to CABG.** Finally, adher-
ence to guideline-directed medical therapy after revascularisation is important to
adequately treat any progression of coronary artery disease.

The FREEDOM Follow-On study® found significantly fewer deaths with CABG versus
PCI at a median followup of 7-5 years in patients with multivessel disease. Typically,
patients with diabetes, who have more complex and progressive coronary disease,
also benefit from CABG compared with PCL° The current study, however, found no
survival difference between PCI and CABG in patients with diabetes at 10 years.
This finding could be due to chance related to the smaller sample size (n=452) as
compared with the FREEDOM trial (n=1900). The length of follow-up could also have
affected the difference in results of the FREEDOM study (median 7.5 years) and the
current study (median 11-2 years), because in our analysis the Kaplan-Meier curves
converged further with follow-up prolonging after 7-8 years. Moreover, the inclu-
sion of patients with left main coronary artery disease in the current study could
have had an effect on the relative benefit of CABG over PCI in the overall diabetic
cohort. In the recent pooled analysis of PCI versus CABG randomised trials, diabetes
was an effect modifier in patients with multivessel disease but not in patients with
left main coronary artery disease.’

Results at the 5-year follow-up provided promising survival outcomes of PCI versus
CABG in patients with left main coronary artery disease and was corroborated in
the pooled analysis of trials.’ It is reassuring that PCI resulted in a similar number
of deaths at 10 years compared with CABG, as shown in the current analysis. The LE
MANS trial*® also reported similar survival outcomes at 10 years in patients randomly
assigned to CABG or PCI with bare metal stents or first- generation drug-eluting
stents, but in a smaller cohort (n=105). Similarly, the observational MAIN-COMPARE
study”’ (n=2240) found no survival difference between PCI with bare metal stents
or drug-eluting stents and CABG at 10-year follow-up. PCI for a focal left main le-
sion—ie, large in diameter with high flow—results in better stent patency and is
therefore a suitable alternative to CABG in selected patients with left main coronary
artery disease. Nevertheless, 56% of patients with left main coronary artery disease
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who underwent PCI in the SYNTAX trial had a distal left main lesion.”® Moreover, in
the EXCEL trial,* 80.5% of patients had a distal lesion that involved a bifurcation or
trifurcation lesion, and subgroup analyses according to the presence or absence of a
distal bifurcation or trifurcation lesion found no significant interaction. These data
suggest that PCI can be an alternative to CABG not only in patients with relatively
non-complex left main lesions, but also in patients with more complex disease, as
also demonstrated in our analyses according to SYNTAX scores. The NOBLE® and
EXCEL* trials might provide important additional insights in long-term outcomes
after PCI with second-generation stents versus CABG if follow-up is prolonged to 10
years.

Despite the fact that the SYNTAX score was originally intended to predict major
adverse cardiac and cerebrovascular events at the 1-year follow-up,' the recent
pooled analysis of randomised trials suggested an interaction between SYNTAX
score tertiles and death, particularly in patients with multivessel disease and less
so in patients with left main coronary artery disease.>* In patients with left main
coronary artery disease, we confirmed the absence of an association between the
SYNTAX score and 10-year all-cause death. However, although in the current study
the interaction test was negative, the visual interpretation of the interaction in
patients with three-vessel disease indicates that patients with advanced coronary
artery disease, as reflected by increasing SYNTAX scores, have a benefit with CABG
over PCI. Indeed, in the subgroup of patients with three-vessel disease and a high
SYNTAX score, PCI resulted in higher 10-year all-cause death than did CABG (HR 1.91
[95% CI 1.25-2.92]; appendix p 21), indicating a significant survival benefit of CABG
over PCI. This hypothesis is further corroborated by the reasons for exclusion from
randomisation in the SYNTAX trial; the majority of patients were referred to CABG

for having very complex coronary artery disease (mean SYNTAX score was 37.8).%°

At maximum follow-up, CABG appeared to be associated with a borderline survival
benefit compared with PCL It is important to note that the HR was similar at 10-
year and maximum follow-up, but with additional deaths the statistical power was
increased at maximum follow-up. The differences in survival outcomes between PCI
and CABG at maximum follow-up were identified only in patients with three-vessel
disease but not left main coronary artery disease, similar to the 10-year findings.
Because of the limited number of patients at risk at maximum follow-up, these
results should be interpreted as hypothesis-generating and could be used for sample
size calculation in randomised controlled trials comparing PCI with CABG.
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Additional limitations should be considered. First, the endpoint was all-cause
death only. Although causes of death could have provided additional insights into
mechanisms of death that could potentially be related to the revascularisation
strategy, it was not feasible to collect those data.*’ Second, additional outcomes,
such as myocardial infarction, stroke, stent thrombosis, and graft occlusion, were
not assessed but are important to consider when choosing the most appropriate
revascularisation strategy.

In conclusion, no significant differences in all-cause death emerged between PCI
with first-generation paclitaxel-eluting stents and CABG at 10 years. Nonetheless,
in patients with three-vessel disease, CABG provided a significant survival benefit
over PCI, whereas no treatment differences were identified in patients with left
main coronary artery disease. The decision to opt for PCI or CABG in patients with
three-vessel disease or left main coronary artery disease should be put forward by a
multidisciplinary heart team that takes into consideration the presence or absence
of mortality differences in patient subgroups. In addition, the overall coronary
lesion complexity (eg, SYNTAX score), and other cardiovascular risk factors of an
individual patient, such as diabetes and additional comorbidities, together with a

patient’s preference, should be included in the discussion.
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SUPPLEMENTARY APPENDIX

Ten-Year Survival After Percutaneous Coronary Intervention versus Coronary
Artery Bypass Grafting in Patient with Three-Vessel and Left Main Coronary
Artery Disease: A Multicentre, Randomized Controlled Trial

The SYNTAX Extended Survival (SYNTAXES) study

Daniel J.F.M. Thuijs, MD; Prof. A. Pieter Kappetein, Ph.D.; Prof. Patrick W. Serruys,
Ph.D.; Prof. Friedrich- Wilhelm Mohr, Ph.D.; Marie-Claude Morice, Ph.D.;Michael J.
Mack, Ph.D.; David R. Holmes Jr., MD; Prof. Nick Curzen, Ph.D.; Piroze Davierwala,
MD; Thilo Noack, MD; Milan Milojevic, Ph.D.; Keith D. Dawkins, MD; Bruno R. da
Costa, Ph.D; Prof. Peter Juni, MD; Stuart J. Head, Ph.D.; for the SYNTAX Extended
Survival Investigators

This appendix has been provided by the authors to give readers additional informa-
tion about their work.
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*SYNTAX Extended Survival Participating sites with Local Chief
Investigators:

1.

9Bk v

Aalst, Onze Lieve Vrouw Ziekenhuis (OLVZ), Belgium: Filip Casselman, Bernard
de Bruyne

Aarhus, Aarhus Universitets hospital, Denmark: Evald Hgj Christiansen
Alicante, Hospital General de Alicante, Spain: Juan M. Ruiz-Nodar

Antwerp, ZNA Middelheim, Belgium: Paul Vermeersch

Bad Oeynhausen, Universitidtsklinikum der Ruhr-Universitat Bochum, Germany:
Werner Schultz

6. Barcelona, Hospital Clinic de Barcelona, Spain: Manel Sabaté

7. Bergamo, Ospedale Papa Giovanni di Bergamo, Italy; Giulio Guagliumi

8. Berlin, Charité - Universititsmedizin Berlin, Germany: Herko Grubitzsch, Karl

9.

10.
11.

12.
13.
14.

15

17.
18.
19.
20.

21.
22.

23.

24

25.

26.

Stangl

Bordeaux, Clinique ST Augustin, France: Olivier Darremont

Breda, Amphia Ziekenhuis, The Netherlands: M. Bentala, Peter den Heijer
Budapest, Cardiovascular Center of the Semmelweis University, Hungary: Istvan
Preda

Dallas, Baylor University Medical Centre, TX, USA: Robert Stoler

Dallas, Medical City Dallas Hospital, TX, USA: Michael J. Mack

Debrecen, University of Debrecen, Hungary: Tamds Szerafin

. Denver, UCH Denver Colorado, USA: John K. Buckner and Myles S. Guber
16.

Eindhoven, Catharina Ziekenhuis, The Netherlands: Niels Verberkmoes, Ferdi
Akca

Evanston, Northshore University HealthSystem, IL, USA: Ted Feldman

Freiburg, Heart Center, University of Freiburg, Germany: Friedhelm Beyersdorf
Gent, Universitair Ziekenhuis Gent, Belgium: Benny Drieghe

Glasgow, Golden Jubilee National Hospital, Clydebank, UK: Keith Oldroyd, Geoff
Berg

Gothenborg, Sahlgrenska University Hospital, Sweden; Anders Jeppsson

Grand Blanc, Genesys Regional Medical Center, Grand Blanc, MI, USA: Kimberly
Barber

Grand Rapids, Spectrum Health Hospitals Cook Research Department, MI, USA;
Kevin Wolschleger, John Heiser

. Groningen, Universitair Medisch Centrum Groningen, The Netherlands: Pim van

der Harst, Massimo A. Mariani

Hamburg, University Heart Center Hamburg, Germany: Hermann Reichenspurn-
er

Helsinki, University of Helsinki Meilahti Hospital, Finland: Christoffer Stark,
Mika Laine
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27.
28.
29.
30.

31.
32.
33.
34.

35.

36.

37.

38.

39.
40.

41.

42.
43.

44.
45.

46.
47.

48.

49.
50.

51.
52.
53.

Honolulu, Kaiser Permanente, HI, USA: Paul C. Ho and John C. Chen

Hyannis, Cape Cod Hospital, MA, USA: Richard Zelman

Iowa, University of lowa Hospitals & Clinics, IA, USA: Phillip A. Horwitz MD,
Katowice, Centrum Badawczo-Rozwojowe, American Heart of Poland, Poland:

Agata Krauze, Andrzej Bochenek

Kiel, Universitdtsklinikum Campus Kiel, Germany: Christina Grothusen
Krakow, John Paul II Hospital, Poland: Dariusz Dudek

Langhorne, St. Mary Medical Center, PA, USA: George Heyrich

Leipzig, Heart Center, University of Leipzig, Germany: Piroze Davierwala, Thilo
Noack

Liege, University Hospital of Liege, Belgium: Victor LeGrand, Philippe Kolh
Lisbon, Hospital de Santa Marta, Portugal: Pedro Coelho

Lubeck, University Medical Center Schleswig-Holstein, Campus Liibeck, Ger-
many: Stephan Ensminger, Boris Nasseri

Lund, Skdnes Universitetssjukvird, Sweden: Richard Ingemansson, Goran
Olivecrona

Madrid, Hospital Clinico San Carlos, Spain: Javier Escaned, Reddy Guera

Massa, Fondazione CNR/Regione Toscana per la Ricerca Medica e di Sanita
Pubblica-Ospedale del Cuore G.Pasquinucci, Italy: Sergio Berti

Massy, Cardiovascular Institute Paris-Sud (ICPS), Hopital privé Jacques Cartier,
Ramsay, Générale de Santé Massy, France : Marie-Claude Morice

Milan, San Raffaele Hospital, Milan, Italy: Alaide Chieffo

Minneapolis, Minneapolis Heart Institute Foundation, MN, USA: Nicholas Burke,
Michael Mooney

Mirano, Ospedale di Mirano, Italy: Alvise Spolaor

Munich, Klinikum der Universitit Miinchen, Campus Grohadern, Germany;
Christian Hagl, Michael Ndbauer

Nieuwegein, Sint-Antonius Ziekenhuis, The Netherlands: Maarten Jan Suttorp
Norfolk, Sentara Cardiovascular Research Institute, Norfolk, VA, USA: Ronald A.
Stine

Oklahoma, Oklahoma Cardiovascular Research Group, OK, USA: Thomas Mc-
Garry, Scott Lucas

Olso, Oslo universitetssykehus HF, Norway: Knut Endresen

Orlando, Florida Hospital Cardiovascular Research, Florida, USA: Andrew Taussig,
Kevin Accola

Pavia, IRCCS Policlinico San Matteo, Italy: Umberto Canosi

Pecs, University Hospital of Pecs, Hungary: Ivan Horvath

Petoskey, Cardiac & Vascular Research Center of Northern Michigan, Michigan,
USA, Louis Cannon, John D. Talbott, Chris W. Akins
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54. Portland, Maine Medical Center, ME, USA: Robert Kramer

55. Prague, Interni Klinika VEN, Czech Republic: Michael Aschermann

56. Raleigh, WakeMed Health & Hospitals, Raleigh, NC, USA; William Killinger

57.Riga, Latvian Centre of Cardiology, Latvia: Inga Narbute

58. Rochester, Mayo Clinic, MN, USA: David R. Holmes Jr.

59.Rome, Catholic University of the Sacred Heart, Italy: Francesco Burzotta

60. Rotterdam, Erasmus University Medical Centre, The Netherlands: Ad ].J.C. Bo-
gers, Felix Zijlstra

61.Rouen, Centre Hopital Universitaire Rouen, Hopital Charles Nicolle, France:
Helene Eltchaninoff

62.Rouen, Clinique Saint-Hilaire Rouen, France: Jacques Berland

63.Rozanno, Instituto Clinico Humanitas, Italy: Giulio Stefanini

64. Salamanca, Hospital Clinico Salamanca, Spain: Ignacio Cruz Gonzalez

65. Salzburg, Dept. of Cardiology, Paracelsus Medical University Salzburg, Austria:
Uta Hoppe

66.San Antonio, San Antonio Endovascular and Heart Inst., TX, USA: Radoslaw
Stefan Kiesz, Bartlomiej Gora

67.Stockholm, Karolinska University Hospital, Sweden: Anders Ahlsson, Matthias
Corbascio

68. Stonybrook, Stony Brook University, NY, USA: Thomas V. Bilfinger

69. Toulouse, Centre Hopital Universitaire Rangueil, France: Didier Carrie

70. Toulouse, Groupe CardioVasculaire Interventionnel, Clinique Pasteur, France:
Didier Tchétché

71. Trier, Krankenhaus der Barmherzigen Bruder Trier, Germany: Karl-Eugen Haupt-
man

72.Uppsala, University Hospital Uppsala, Sweden: Elisabeth Stahle, Stefan James

73.Vienna, Allgemeines Krankenhaus AKH, Austria: Sigrid Sandner, Giinther Laufer,
Irene Lang

74. Warsaw, Institute of Cardiology, Poland: Adam Witkowski

75. Washington, Medstar Heart and Vascular Institute, DC, USA; Vinod Thourani

76.Zwolle, Isala Zwolle, The Netherlands: Harry Suryapranata

77.London, Guys and St Thomas, UK Simon Redwood

78.London, Barts, UK: Charles Knight

79. London, King’s College, UK: Philip MacCarthy

80. Southampton, University Hospital Southampton NHS FT, UK: Nick Curzen

81.Brighton, Brighton and Sussex University Hospitals NHS Trust, UK: Adam de
Belder

82. Oxford, John Radcliffe Hospital, UK: Adrian Banning
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83. Leicester, University Hospitals of Leicester NHS Trust Glenfield Hospital, UK:
Anthony Gershlick

84.Rockford, St. Anthony’s Medical Center, IL, USA: Robert Minor (elected not to
participate in SYNTAX Extended Survival, yet did contribute to the SYNTAX trial)

85. Sacramento, Mercy General, CA, USA: Michael Chang (elected not to participate
in SYNTAX Extended Survival, yet did contribute to the SYNTAX trial)

II. SAMPLE SIZE CALCULATION

The sample size of the SYNTAX Extended Survival study was based on the sample
size considerations for the original trial. The original SYNTAX trial was powered for
a noninferiority comparison of major adverse cardiac and cerebrovascular events
(MACCE) at 12 months between CABG and PCI. The trial was powered separately for
patients with 3VD and patients with LMCAD, so that each would have 80% power for
a non-inferiority comparison of MACCE between PCI and CABG. For the subgroup of
patients with 3VD only, the expected MACCE rates were 12% for both CABG and PCIL.
With a noninferiority margin of 5% and a one-sided alpha of 5%, 1050 patients were
needed to have 80% power for the analysis. After allowing for an expected attrition
rate of 3.5%, 1090 patients (545 per group) were needed for the 3VD comparison.
For the subgroup of patients with LMCAD, the expected MACCE rates were 15% for
CABG and 17% for PCI. With a noninferiority margin of 9% and a one-sided alpha
of 5%, 684 patients were needed to have 80% power for the analysis. After allowing
for an expected attrition rate of 3.5%, 710 patients (355 per group) were needed for
the LMCAD comparison. After allowing for an expected attrition rate of 3.5%, the
overall sample size of 1800 patients (900 per group) resulted in 96% power to detect
noninferiority at a noninferiority margin of 6.6% (weighted average of 5.0% for the
3VD subgroup and 9.0% for LMCAD subgroup) and a one-sided alpha of 5%.

ITI. EXPLORATORY ANALYSES AND PRE-SPECIFIED
SENSITIVITY ANALYSIS

Results from additional exploratory analyses and sensitivity analyses are provided
below in Table 2 to Table 5, and in Figures S4 to S10.
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IV. SUPPLEMENTARY TABLES

Table S1. Procedural characteristics of the randomized SYNTAX patients.

Characteristics PCI CABG
(n=903) (n=2897)
Revascularization presentation — no. (%)
Urgent 4.1 (37/896) 3.8 (33/870)
Emergent 1.8 (16/896) 3.9 (34/870)
Elective 94.1 (843/896) 92.3 (803/870)

Off-pump surgery - no. (%)

Graft revascularization - no. (%)
> 1 arterial graft
Bilateral internal thoracic arteries
Complete arterial revascularization
Venous graft only

Grafts per patient — mean + SD

Distal anastomoses — mean * SD

Staged procedure - (%)

Bi/trifurcation lesions treated — no. (%)

Lesions treated - mean + SD

Stents implanted - mean * SD

Total length implanted - mean + SD, mm
Range, mm

Long stenting (>100 mm) — no. (%)

Complete revascularization” - no. %

Post procedural hospital stay” — days

14.1 (125/885)
24.8 (790/3180)
3.6%1.6
46+23
86.1%47.9

8.0 —324.0
33.2 (291/877)
56.7 (508/896)
34+45

15.0 (128/853)

97.3 (831/854)
27.6 (236/854)
18.9 (161/854)
2.6 (22/854)
2.8%0.7
32409

63.2 (550/870)
9.5+8.0

Supplementary Appendix Table S1. Values are shown as mean * SD (standard deviation) or frequencies in
percentages and (n), unless otherwise noted. “Both differed significantly between PCI versus CABG (P=0.005).
Abbreviations used: CABG; coronary artery bypass grafting, PCI; percutaneous coronary intervention.
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Table S2. Baseline Clinical and Angiographic Characteristics of the patients with and without

vital status up to 10-year follow-up.

Characteristics With 10-year Without 10-year P-value
follow-up follow-up
(n=1689) (n=111)

Age (years) 65.1+9.7 65.1+9.6 0.23
Female sex — no. (%) 370 (21.9) 32 (28.8) 0.09
Body mass index (kg/m2) - mean * SD 28.0+4.6 29.0+5.1 0.32
Diabetes — no. (%)

Requiring oral medications or insulin 417 (24.6) 35 (31.5) 0.11

Requiring insulin 173 (10.2) 13 (11.7) 0.62
Metabolic syndrome - no. (%) 615 (45.7) 41 (46.6) 0.87
Prior nicotine abuse — no. (%) 1090 (64.8) 71 (64.5) 0.96
Prior myocardial infarction — no. (%) 556/1673 (33.2) 29/107 (27.1) 0.19
Prior stroke — no. (%) 75/1679 (4.5) 3/110 (2.7) 0.39
Prior transient ischemic attack — no. (%) 821679 (4.9) 2/110 (1.8) 0.14
Hypertension (=130/85mmHg) — no. (%) 1109 (65.7) 87 (78.4) 0.006
Congestive heart failure — no. (%) 82/1673 (4.9) 1/105 (1.0) 0.06
Prior carotid artery disease — no. (%) 137 (8.1) 11(9.9) 0.50
Hyperlipidaemia — no. (%) 1314/1674 (78.5) 77 (69.4) 0.03
Angina — no. (%)

Stable 969 (57.4) 58 (52.3) 0.29

Unstable 478 (28.3) 35 (31.5) 0.47
Ejection fraction <30% - no. (%) 29/1661 (1.7) 3(2.7) 0.46
EuroSCORE value - mean + SD 3.8+t4.6 3.5+29 0.06
Parsonnet score - mean * SD 8.5+£7.0 84+57 0.07
SYNTAX scoree — mean + SD 28.8*+11.4 27.5t11.6 0.76
No. of lesions — mean * SD 4.0+1.7 41+738 0.38
Total occlusion — no. (%) 387/1676 (23.1) 28 (25.2) 0.61
Bifurcation lesion - no. (%) 1221/1676 (72.9) 79 (71.2) 0.70
Three-vessel disease 1029 (60.9) 66 (59.5) 0.76
Left main disease, any 660 (39.1) 45 (40.5) 0.76

Table S2. This table reports the baseline characteristics of those patients with 10-year all-cause death follow-
up (PCI n=841, CABG n=848) versus those without 10-year follow-up (PCI n=62; including 3 patients from not-
participating SYNTAXES sites, CABG n=49; including 2 patients from not-participating SYNTAXES sites). Values
are shown as mean * SD (standard deviation) or frequencies in percentages and (n), unless otherwise noted.
©SYNTAX scores reported according to core-lab analysed data. Abbreviations used: CABG; coronary artery by-
pass grafting, PCI; percutaneous coronary intervention.
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Table S3. Landmark analysis for the overall cohort and according to pre-specified subgroups of
patients with three-vessel disease, left main coronary artery disease, diabetes, without diabetes
and according to SYNTAX score tertiles.

Time period of landmark analysis HR (95% CI) P for interaction

All patients 0.99
0-5 years 1.20 (0.93 to 1.55)
>5-10 years 1.17 (0.91 to 1.52)

Three-vessel disease 0.59
0-5 years 1.52 (1.08 to 2.14)
>5-10 years 1.33 (0.95 to 1.87)

Left main coronary artery disease 0.58
0-5 years 0.85 (0.57 to 1.27)
>5-10 years 1.00 (0.67 to 1.49)

Diabetes 0.082
0-5 years 1.48 (0.93 to 2.34)
>5-10 years 0.83(0.53 to 1.31)

No diabetes 0.23
0-5 years 1.07 (0.78 to 1.46)
>5-10 years 1.41 (1.02 to 1.95)

Syntax score 0-22 0.097
0-5 years 0.81 (0.48 to 1.36)
>5-10 years 1.51 (0.90 to 2.54)

Syntax score 23-32 0.92
0-5 years 1.05 (0.68 to 1.62)
>5-10 years 1.09 (0.68 to 1.74)

Syntax score >33 0.23

0-5 years
>5-10 years

1.76 (1.16 to 2.67)
1.23 (0.82 to 1.85)

Table S3. HR: hazard ratio; CI: confidence interval. A HR below 1 favours Percutaneous Coronary Intervention,
and above 1 favours Coronary Artery Bypass Graft. The p-values for interaction are for the time-by-treatment
interactions based on a cut-off at 5 years to distinguish between the period up to 5 years and the subsequent
follow-up up to 10 years.
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Table S4. Multivariable Cox proportional hazard model - Sensitivity analysis

Characteristics HR (95% CI) P for interaction
Overall cohort 1.24 (1.02 - 1.48)
Type of Coronary Artery Disease 0.022

Left Main Disease 0.96 (0.72 - 1.27)

Three-Vessel Disease 1.48 (1.16 - 1.89)

Supplementary Appendix Table S4. The model included all 1800 randomized patients and was constructed
using stepwise forward selection. Significance levels of 0.10 for both addition and removal from the model
were used, considering all baseline variables listed Table 1 and forcing the allocated treatment and the vari-
ables used for stratification of randomization (LMCAD and diabetes) into the model. Subgroup specific esti-
mates of the hazard ratios of the primary endpoint in the LMCAD and 3VD subgroups were derived by appro-
priate linear combinations of coefficients representing treatment and the interaction between treatment and
subgroup (LMCAD versus 3VD). Abbreviations used: CI; confidence interval, HR; hazard ratio.

Table S5. Multivariable Cox proportional hazard model — Included Variables.

Characteristics HR (95% CI)

Allocated treatment (PCI versus CABG) 1.23(1.02 - 1.48)
Age, years 1.04 (1.03 - 1.05)
Bifurcation lesion 1.18 (0.95 - 1.47)
Congestive heart failure 1.34 (1.15-1.56)
Diabetes 1.40 (1.14 - 1.72)
EuroSCORE 1.16 (1.11 - 1.21)
Left Main Disease 1.14 (0.94 - 1.37)
Metabolic syndrome 1.39(1.13-1.71)
Nicotine abuse at time of enrolment 1.46 (1.20 - 1.79)

Supplementary Appendix Table S5. The model included all 1800 randomized patients and was constructed
using stepwise forward selection. This table represents the individual variables, with hazard ratios and 95%
confidence intervals, that were included in the final model. Abbreviations used: CI; confidence interval, HR;
hazard ratio.
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V. SUPPLEMENTARY FIGURES

100 Hazard ratio, 1.18 (95% Cl 1.00-1.39)

s PCI
90 | s CABG

80
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Probability of death (%)
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0 1 2 3 4 5 6 7 8 9 10 1 12 129

Number at risk: Years since Randomization

PCl 903 860 844 822 795 756 711 690 662 630 592 474 237 80
CABG 897 856 838 820 799 763 726 697 679 657 633 512 264 98

Supplementary Appendix Figure S1. All-cause death at maximum follow-up of patients randomized to
PCI versus CABG (intention-to-treat population). Kaplan-Meier curves describing the probability of death in
PCI versus CABG up to 12.9 years of follow-up. Curves were truncated at 12.9 years when only 10% of patients
were at risk to avoid visual misinterpretation. Because the widths of 95% confidence intervals were not ad-
justed for multiple comparisons, these intervals should not be used for inference about between-group differ-
ences. Abbreviations used: CABG; coronary artery bypass grafting, CI; confidence interval, PCI; percutaneous
coronary intervention.
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Supplementary Appendix Figure S2. All-cause death at maximum follow-up of patients randomized
to PCI versus CABG with 3VD, LMCAD, diabetes and without diabetes (intention-to-treat population).
Kaplan-Meier curves describing the probability of death in PCI versus CABG up to 12.9 years of follow-up in
pre-specified subgroups of patients with three-vessel disease (Panel A), left main coronary artery disease (Panel
B), with diabetes (Panel C) and without diabetes (Panel D). Curves were truncated at 12.9 years when only 10%
of patients were at risk to avoid visual misinterpretation. Because the widths of 95% confidence intervals were
not adjusted for multiple comparisons, these intervals should not be used for inference about between-group
differences. Abbreviations used: CABG; coronary artery bypass grafting, CI; confidence interval, PCI; percutane-
ous coronary intervention.
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Figure S3. All-cause death
at maximum follow-up of
patients randomized to PCI
versus CABG with low, inter-
mediate and high SYNTAX
scores (intention-to-treat
population).  Kaplan-Meier
curves describing the prob-
ability of death in PCI versus
CABG up to 12.9 years of fol-
low-up in pre-specified sub-
groups of patients with low
SYNTAX scores (0-22; panel A),
intermediate SYNTAX scores
(23-32; Panel B), and high
SYNTAX scores (=33; Panel C).
SYNTAX scores were reported
according to core-lab analysed
data. Curves were truncated
at 12.9 years when only 10%
of patients were at risk to
avoid visual misinterpreta-
tion. Because the widths of
95% confidence intervals were
not adjusted for multiple
comparisons, these intervals
should not be used for infer-
ence about between-group dif-
ferences. Abbreviations used:
CABG; coronary artery bypass
grafting, CI; confidence inter-
val, PCI; percutaneous coro-
nary intervention.
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P for
Subgrou PCl (% CABG (% HR (95% CI) . o
group (%) (%) (95%CN) ;i teraction
Type of coronary disease
Left main disease 95/357 (27)  98/348 (28) —_— . 0.82 (069, 1.22) 0.023
Thres-vessel disease™ 153/548 (28) 114/549 (21) —_— 1.42 (1.11, 1.81)
Medically treated diabetes
Yes 80/231(35)  72/221(33) —_— 1.10 (0.80, 1.52) 0.80
No 168/672 (26) 140/676 (21) +—— 1.23(0.98, 1.63)
Coronary disease complexity
SYNTAX score 022 65/299(22)  53/275(19) | 1.11(0.77,1.60) 0.20%
SYNTAX score 23-32  80/310(26)  72/300 (24) —_— 1.07 (0.78, 1.47)
SYNTAX score 233 101/280 (35) 82/315(26) —l— 147(1.10,1.96)
Age
<70 125/613 (20) 8B/612 (16) —a— 1.30 (1.00,1.69) 0.33
>71 123/290 (42) 114/285 (40) —_— 1.08 (0.84, 1.40)
Sex
Female 180/690 (26) 155/708 (22) +—a— 1.21(0.98,1.50) 0.65
Male 88/213(32) 57/189(30) L 1.10 (0.77, 1.56)
T T T T
5 8 1 1.25 2
Favors PCI Favors CABG

Supplementary Appendix Figure S4. Unadjusted subgroup analyses on 10-year all-cause death in pa-
tients randomized to PCI and CABG (intention-to-treat population). All-cause death after PCI versus CABG
during 10-year follow-up in pre-specified unadjusted subgroup analyses according to baseline characteristics.
Outcomes according to age and sex were considered exploratory. *P value for trend of log HRs across SYNTAX
tertiles for subgroup analysis according to lesion complexity. Because the widths of 95% confidence intervals
were not adjusted for multiple comparisons, these intervals should not be used for inference about between-
group differences. *Patients with coronary artery disease involving all three vessels in the absence of left main
disease. Abbreviations used: CABG; coronary artery bypass grafting, CI; confidence interval, HR; hazard ratio,
PCL percutaneous coronary intervention.
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P for

0,
Subgroup PCl (%) CABG (%) HR (95% Cl) interaction
Type of coronary disease
Left main disease 95/357 (27)  98/348 (28) —ll— 0.97 (0.71,1.32) 0.041
Three-vessel disease” 153/546 (28) 114/549 (21) —a— 1.46 (1.13,1.89)
Medically treated diabetes
Yes 80/231(35)  72/221 (33) —_— 1.17 (0.84,1.64) 0.71
No 168/672 (25) 140/676 (21) - 1.27 (0.99, 1.62)
Coronary disease complexity
SYNTAX score 0-22  65/299 (22) ~ 53/275 (19) —_— 1.09 (0.75,1.57) 0.24*
SYNTAX score 23-32  80/310 (26) ~ 72/300 (24) —_—t 1.09 (0.77, 1.53)
SYNTAX score 233 101/290 (35) 82/315 (26) ——> 162(1.18,222)
Age
<70 125/613 (20) 98/612 (16) +—— 1.29 (0.98,1.69) 0.55
>71 123/290 (42) 114/285 (40) —_—t— 1.15(0.87, 1.51)
Sex
Female 180/690 (26) 155/708 (22) —— 1.23 (0.98, 1.55) 0.87
Male 68/213(32)  57/189 (30) —_—t 1.28 (0.86, 1.90)
T T T T
5 8 1 125 2
Favors PCI Favors CABG

Supplementary Appendix Figure S5. Adjusted subgroup analyses on 10-year all-cause death in patients
randomized to PCI and CABG (intention-to-treat population). All-cause death after PCI versus CABG during
10-year follow-up in pre-specified adjusted subgroup analyses according to baseline characteristics. *P value
for trend of log HRs across SYNTAX tertiles for subgroup analysis according to lesion complexity. Because the
widths of 95% confidence intervals were not adjusted for multiple comparisons, these intervals should not be
used for inference about between-group differences. *Patients with coronary artery disease involving all three
vessels in the absence of left main disease. Abbreviations used: CABG; coronary artery bypass grafting, CI;
confidence interval, HR; hazard ratio, PCI; percutaneous coronary intervention.
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Subgroups

Unadjusted estimates - Left main disease

SYNTAX score 0-22
SYNTAX score 23-32 L

SYNTAX score 233

Adjusted estimates - Left main disease

SYNTAX score 0-22

SYNTAX score 23-32
SYNTAX score 233

Unadjusted estimates - Three-vessel disease®
SYNTAX score 0-22

SYNTAX score 23-32

SYNTAX score 233

Adjusted estimates - Three-vessel disease #
SYNTAX score 0-22

SYNTAX score 23-32

SYNTAX score 233

HR (95% Cl)

1.08 (0.62, 1.89)
0.66 (0.37, 1.17)
1.14 (0.76,1.71)

1.07 (0.61, 1.89)
0.77 (0.43, 1.37)
1.12(0.74,1.71)

1.13(0.70, 1.82)
1.34(0.91,1.97)
1.91(1.25,2.92)

1.09 (0.68, 1.77)
1.36 (0.91, 2.04)
2.05(1.33, 3.16)

P for
trend

0.70

0.76

0.100

0.090

I T
.3 .6

Favors PCI

T
1.7

Favors CABG

Supplementary Appendix Figure S6. Subgroup analyses according to SYNTAX score tertiles in 3VD and
LMCAD subgroups at 10 year follow-up (intention-to-treat population). PCI versus CABG 10-year all-cause
death (unadjusted and adjusted) hazard ratios in the overall cohort and pre-specified subgroups of patients
3VD and LMCAD according to low SYNTAX scores (0-22), intermediate SYNTAX scores (23-32) and high SYN-
TAX scores (>33). “Patients with coronary artery disease involving all three vessels in the absence of left main
disease. Because the widths of 95% confidence intervals were not adjusted for multiple comparisons, these
intervals should not be used for inference about between-group differences. Abbreviations used: CABG; coro-
nary artery bypass grafting, CI; confidence interval, HR; hazard ratio, PCI; percutaneous coronary intervention.
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P for

Subgroups HR(95%Cl)  trend
Unadjusted estimates - Left main disease
SYNTAX score 0-22 1.02 (0.63, 1.65) 0.56
SYNTAX score 23-32 —— 0.72 (0.43, 1.20)
SYNTAX score 233 —i— 1.17 (0.80, 1.72)
Adjusted estimates - Left main disease
SYNTAX score 0-22 —_— 1.00 (0.62, 1.62) 0.54
SYNTAX score 23-32 —_— 0.84 (0.50, 1.41)
SYNTAX score 233 i 1.11(0.75, 1.65)
Unadjusted estimates - Three-vessel disease#
SYNTAX score 0-22 il 1.11(0.74, 1.67) 0.085
SYNTAX score 23-32 —i— 1.26 (0.90, 1.78)
SYNTAX score 233 —a— 1.82 (1.23, 2.70)
Adjusted estimates - Three-vessel disease #
SYNTAX score 0-22 Hl——— 1.08 (0.71, 1.62) 0.13
SYNTAX score 23-32 —— 1.28 (0.90, 1.82)
SYNTAX score 233 —_— 1.92(1.29,2.87)
T T
6 1.7
Favors PCI Favors CABG

Supplementary Appendix Figure S7. Subgroup analyses according to SYNTAX score tertiles in 3VD and
LMCAD subgroups at maximum follow-up (intention-to-treat population). PCI versus CABG 10-year all-
cause death (unadjusted and adjusted) hazard ratios in the overall cohort and pre-specified subgroups of pa-
tients 3VD and LMCAD according to low SYNTAX scores (0-22), intermediate SYNTAX scores (23-32) and high
SYNTAX scores (=33). Because the widths of 95% confidence intervals were not adjusted for multiple com-
parisons, these intervals should not be used for inference about between-group differences. *Patients with
coronary artery disease involving all three vessels in the absence of left main disease. Abbreviations used:
CABG; coronary artery bypass grafting, CI; confidence interval, HR; hazard ratio, PCI; percutaneous coronary

intervention.
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P for
Subgrou PCl (% CABG (% HR(95%CI) . .
group (%) (%) (95% cl) interaction
Type of coronary disease
Left main disease 117/357 (33) 117/348 (34) —H 0.96 (0.74,1.24) 0.044
Three-vessel disease” 186/546 (34) 148/549 (27) —_—— 1.35 (1.09, 1.68)
Medically treated diabetes
Yes 94/231 (41)  93/221 (42) —_—l 1.00 (0.75,1.33) 0.19
No 209/672 (31) 172/676 (25) — 1.26 (1.03, 1.55)
Coronary disease complexity
SYNTAX score 0-22  86/299 (29) 741275 (27) ——— 1.08 (0.79, 1.47) 0.13*
SYNTAX score 23-32  101/310 (33) 92/300 (31) i 1.06 (0.80, 1.41)
SYNTAX score 233 113/290 (39) 94/315 (30) ——  146(1.11,192)
Age
<70 145/613 (24) 125/612 (20) —— 1.19(0.94,1.52) 0.89
>71 158/290 (54) 140/285 (49) — i 1.17 (0.93, 1.46)
Sex
Female 219/690 (32) 193/708 (27) ——i— 1.20 (0.9, 1.45) 0.61
Male 84/213 (39)  72/189 (38) — 1.09 (0.79, 1.49)
T T T
5 8 125
Favors PCI Favors CABG

Supplementary Appendix Figure S8. Unadjusted subgroup analyses at maximum follow-up in patients
randomized to PCI and CABG (intention-to-treat population). All-cause death after PCI versus CABG during
maximum follow-up in pre-specified adjusted subgroup analyses according to baseline characteristics. *P value
for trend of log HRs across SYNTAX tertiles for subgroup analysis according to lesion complexity. Because the
widths of 95% confidence intervals were not adjusted for multiple comparisons, these intervals should not be
used for inference about treatment effects. Because the widths of 95% confidence intervals were not adjusted
for multiple comparisons, these intervals should not be used for inference about between-group differences.
*Patients with coronary artery disease involving all three vessels in the absence of left main disease. Abbrevia-
tions used: CABG; coronary artery bypass grafting, CI; confidence interval, HR; hazard ratio, PCI; percutaneous

coronary intervention.
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P for

Subgroup PCl (%) CABG (%) HR (95% CI) interaction
Type of coronary disease
Left main disease 117/357 (33) 117/348 (34) —l‘— 0.97 (0.73,1.28) 0.040
Three-vessel disease” 186/546 (34) 148/549 (27) . 1.39 (1.11, 1.76)
Medically treated diabetes
Yes 94/231 (41) 93221 (42) —_— 1.04 (0.77,1.41) 0.28
No 209/672 (31) 172/676 (25) —a— 1.27 (1.02, 1.58)
Coronary disease complexity
SYNTAX score 0-22  86/299 (29) 741275 (27) —_—— 1.05(0.76, 1.43) 0.20*
SYNTAX score 23-32  101/310 (33) 92/300 (31) —_— 1.08 (0.80, 1.47)
SYNTAX score 233 113/290 (39) 94/315 (30) ——W——> 155(1.16,2.08)
Age
<70 145/613 (24) 125/612 (20) -t 1.20 (0.94,1.53) 0.87
>71 158/290 (54) 140/285 (49) - 1.23(0.97,1.57)
Sex
Female 219/690 (32) 193/708 (27) —— 1.20 (0.98,1.48) 0.93
Male 84/213 (39)  72/189 (38) —_— 1.23(0.86, 1.74)

T T T T

5 8 1 125 2

Favors PCI Favors CABG

Supplementary Appendix Figure S9. Adjusted subgroup analyses at maximum follow-up in patients
randomized to PCI and CABG (intention-to-treat population). All-cause death after PCI versus CABG during
maximum follow-up in pre-specified adjusted subgroup analyses according to baseline characteristics. *P value
for trend of log HRs across SYNTAX tertiles for subgroup analysis according to lesion complexity. Because the
widths of 95% confidence intervals were not adjusted for multiple comparisons, these intervals should not be
used for inference about between-group differences. “Patients with coronary artery disease involving all three
vessels in the absence of left main disease. Abbreviations used: CABG; coronary artery bypass grafting, CI;
confidence interval, HR; hazard ratio, PCI; percutaneous coronary intervention.
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ABSTRACT

Objectives

To report the risk profile and 10-year survival of patients deemed ineligible for ran-
domization and therefore enrolled in coronary artery bypass grafting (CABG) and
percutaneous coronary intervention (PCI) nested-registries.

Background

The SYNTAX (Synergy between PCI with TAXUS and Cardiac Surgery) trial was a
randomized study of patients with stable de novo three vessel (3VD) and/or left main
coronary artery disease (LMCAD) eligible for CABG and PCI. Patients ineligible for
randomization were entered into a PCI or CABG nested-registry.

Methods

This study is a prespecified subgroup analysis of the SYNTAX Extended Survival
(SYNTAXES) study. Patients from the PCI and CABG nested-registries were followed
to determine 10-year all-cause death (primary endpoint). Prespecified sub-analyses
were performed for 3VD versus LMCAD, diabetes versus no diabetes, and among
SYNTAX score tertiles.

Results

Ten-year all-cause death was 51.6% (99/192) in the PCI-registry and 25.9% (167/644) in
the CABG-registry. In the PCI registry, 10-year all-cause death was 44.4% and 62.0%
among 3VD and LMCAD patients, respectively (HR 0.56 [95% CI 0.37-0.83]; p=0.003).
Diabetes did not affect 10-year all-cause death, while low versus high SYNTAX score
did (34.1% vs. 63.4%, respectively) (HR 1-53 [95% CI 1.18-2.002]; p = 0.006). In the
CABG-registry, all-cause death was not different according to 3VD, LMCAD, or SYN-
TAX score tertile. All-cause death occurred in 40.3% vs. 19.9% of patients with versus
without diabetes (HR 2.44 [95% CI 1.80-3.31]; p < 0.001).

Conclusion

Patients in the CABG-registry showed excellent 10-year survival (all-cause death
25.9%). However, patients in the PCl-registry showed poor 10-year survival with
an all-cause death rate exceeding 50%. Decisions on treatment strategies require a
case-based heart team approach, weighing different aspects of comorbidities and
treatment options.
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Condensed Abstract:

The SYNTAX trial was an all-comer randomized study of patients with stable de novo
three vessel and/or left main CAD eligible for either CABG or PCI by a heart team.
We report 10-year survival of PCI-registry patients ineligible for CABG due to the
presence of significant comorbidities increasing surgical risk, and CABG registry
patients ineligible for PCI due to too extensive CAD. Ten-year all-cause death was
25.9% (167/644) and 51.6% (99/192) in the CABG- and PCI-registries, respectively.
These results underline that long-term survival is impacted by cardiovascular risk
factors and provide “real-world” insight regarding the interaction between CABG
and PCI in high-risk CAD patients.

Keywords
SYNTAX; PCI; CABG; Extended Survival
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INTRODUCTION

Coronary artery bypass grafting (CABG) has been considered the preferred treatment
for stable multi-vessel and/or left main coronary artery disease (LMCAD) (1). Since
the introduction of percutaneous coronary intervention (PCI), various randomized
clinical trials have been conducted comparing PCI outcomes with those of CABG in
this patient population (2-5). However, the randomized patients from these trials are
considered highly-selected patients and may not adequately represent “real-world”
patients with coronary artery disease regularly treated by cardiologists and cardio-
thoracic surgeons.

The SYNTAX (Synergy between PCI with TAXUS and Cardiac Surgery) trial was an all-
comer randomized study that enrolled patients with stable de novo three vessel dis-
ease and/or left main CAD (CAD) deemed eligible by the heart team for either CABG
or PCI. A major strength and novelty of the SYNTAX trial was that patients were
excluded from randomization and entered into nested registries when significant
comorbidities were present creating an increased surgical risk in the judgement of
the heart team (e.g., the PCl-registry with CABG ineligible patients). Furthermore,
patients were entered into a CABG-registry if the complexity of the CAD was deemed
too extensive for optimal PCI outcomes (e.g., PCI ineligible patients) (6,7).

The SYNTAX trial reported clinical outcomes with up to 5-years follow-up, and The
SYNTAX Extended Survival (SYNTAXES) study provided unique long-term data on
all-cause death up to 10 years of follow-up (8,9). The present study reports the risk
profiles and 10-year survival of those patients deemed ineligible for randomization
and enrolled in the SYNTAX CABG and PCI nested-registries.

METHODS

Study Design and Patients

The present study is a prespecified subgroup analysis of the SYNTAXES study
(NCT03417050), an investigator-driven extension of follow-up up to 10 years of the
original SYNTAX trial (NCT00114972). The SYNTAX trial was a multicenter random-
ized controlled trial performed in 85 centers across 18 North-American and Euro-
pean countries. The trial design and rationale have been described previously (6,7).
In summary, patients with stable de novo three-vessel disease (3VD) andfor LMCAD
were screened for enrollment by the local heart team. During a multidisciplinary
heart team discussion (consisting of a cardiothoracic surgeon, an interventional
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cardiologist and a non-interventional cardiologist), a consensus was reached on
whether both PCI with a first-generation paclitaxel drug-eluting stents and CABG
would result in clinical equipoise, allowing the patient to be randomized for either
treatment. Patients found ineligible to be randomized were included in nested CABG
(PCL-ineligible patients) and PCI (CABG-ineligible patients) registries. (6,7). A random
group of patients from the CABG registry (60%; n=649) and all PCI registry patients
(100%; n=198) were selected to be followed-up (6,10).

Medical Ethical Committee approval for this study was granted at the institution
of the principal investigators (Erasmus University Medical Centre, Rotterdam,
Netherlands, reference: MEC-2016-716). The study protocol is consistent with the
International Conference on Harmonization Guidance of Industry E6 Good Clinical
Practice and the Declaration of Helsinki. Informed consent to obtain information
on 10-year vital status was waived, and follow-up was performed in accordance with
local law and regulations of each participating site. Survival data was obtained from
electronic medical records or by query of national death registries.

Endpoints

The primary endpoint of this study was all-cause death at 10-year follow-up in patients
entered into the PCI and CABG nested-registries. Prespecified sub-analyses for 10-year
all-cause death were performed in subgroups of patients with 3VD versus LMCAD, the
presence versus absence of diabetes, and according to coronary artery disease complex-
ity defined by SYNTAX score tertiles (low; 0-22, intermediate; 23-32, and high; >33).

Definitions

The LMCAD subgroup consisted of patients in which the disease was either isolated
or combined with single-vessel, two-vessel, or three-vessel CAD. The 3VD subgroup
consisted of patients with CAD involving all three vessels in the absence of LMCAD.
SYNTAX scores representing the extensiveness and complexity of CAD based on vi-
sual interpretation of the coronary angiogram assessed during heart team meetings
were defined according to the classical tertiles; scores of 22 or lower defined as low,
23-32 as intermediate, and 33 or higher as high. Diabetes was defined as patients
requiring treatment with oral agents or insulin (6,7,10). The European System for
Cardiac Operative Risk Evaluation (EuroSCORE) was used to assess operative risk.

Statistical Analysis

The analyses were performed according to the as-treated principle. Patient charac-
teristics were presented according to descriptive statistics and reported as propor-
tions (%, count/sample size) or mean * SD.

177

£ 1deyd



Sub-analyses were performed for LMCAD and 3VD, with or without diabetes, and
SYNTAX score tertile. Kaplan-Meier curves were generated to measure the prob-
ability of all-cause death for patients entered in the PCI and CABG nested-registries
(primary endpoint), as well as for prespecified subgroups (3VD, LMCAD, diabetes,
no diabetes, and SYNTAX score tertiles; secondary endpoint). Patients with missing
vital status were included in the time to event Kaplan Meier analysis and censored
at the time of “lost to follow-up.” Statistical comparison was performed by overall
and pairwise log-rank testing with Benjamini-Hochberg correction, with a 2-sided
p-value of 0.05 or less considered statistically significant. Cox proportional hazards
models were used to estimate hazard ratios (HR) with 95% confidence intervals (CI)
for sub-group comparisons. Analyses were performed with R, version 3.5.0 or higher
(Foundation for Statistical Computing, Vienna, Austria).

RESULTS

From March 2005 through April 2007, 198 patients were included in the PCI and
1,077 patients in the CABG registries. Of the 198 patients in the PCI registry, 192
were treated with PCI, four patients were treated medically, one underwent CABG,
and one patient withdrew consent. From the 1,077 patients in the CABG registry,
649 were randomly selected to be followed-up, and of which, 644 were treated with
CABG, three did not receive treatment, and two were managed medically. Another
nine patients were lost to follow-up, and three patients withdrew consent. Follow-up
at 10 years was complete in 100% (192/192) of as-treated PCI Registry and in 100%
(644/644) of the randomly selected as-treated CABG Registry patients.

Patients included in the PCI registry were deemed either high-risk for CABG (70.7%),
had no graft material for anastomosis (9.1%), refused CABG (5.6%), had small or poor
quality of distal vessels (1.5%), or were excluded from randomization because of
other reasons (13.1%). Reasons for inclusion in the CABG registry included complex
coronary anatomy not ideal for PCI (70.9%), chronic total occlusion untreatable with
PCI (22.0%), inability to take antiplatelet medication (0.9%), refusal to undergo PCI
(0.5%), or other reasons (5.7%).

Patient Characteristics

The baseline characteristics of patients entered into the nested CABG and PCI-
registries have been reported previously (10). In brief, compared to the randomized
trial, PCI registry patients were older and at higher operative risk. Those in the

CABG registry showed similar age and operative risk compared to the randomized
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patients (Table 1). For both cohorts, coronary lesion complexity was higher in regis-

try patients compared to the randomized patients.

Table 1. Baseline demographics and lesion characteristics in the registry and trial patients

Registry Trial
Characteristics PCI CABG PCI CABG
(n=192) (n=644) (n=903) (n=897)

Age, yIs. 71.2£10.4 (192) 65.7 + 9.4 (644) 65.2+9.7 65.0+9.38
Male 70.3% (135/192)  80.7% (520/644) 76.4% (690/903) 78.9% (708/897)
Comorbid risk factors
Body mass index (kg/m?) 28.0+5.5(191) 28.0 +4.6 (643) 28.1+4.8 27.9%45
Diabetes
Any 35.4% (68/192)  29.7% (191/644) 25.6% (231/903)  24.6% (221/897)

Requiring insulin

Blood pressure >130/85 mm
Hg

Hyperlipidemia
Cardiovascular history
Smoking status

Previous myocardial
infarction

Previous stroke

Previous transient ischemic
attack

Congestive heart failure
Carotid artery disease
Angina

Stable

Unstable

Ejection fraction <30%
Additive EuroSCORE
Parsonnet score

Lesion complexity
SYNTAX score

Total occlusion

Lesion characteristics
Number of lesions

Left main coronary artery
disease, any

Isolated

Plus one-vessel disease
Plus two-vessel disease
Plus three-vessel disease
Three-vessel disease only

15.1% (29/192)
69.8% (134/192)

67.5% (129/191)

11.2% (21/188)
40.4% (76/188)

7.8% (15/192)
7.9% (15/191)

9.7% (18/186)
10.4% (20/192)

46.4% (89/192)
38.0% (73/192)
5.7% (11/192)
5.8 +3.1(192)
14.4 %95 (192)

31.6+12.3 (189)
36.5% (69/189)

4.8%1.9(192)
41.1% (79/192)

13.9% (11/79)
19.0% (15/79)
32.9% (26/79)
34.2% (27/79)
56.8% (108/192)

9.2% (59/644)
68.5% (441/644)

76.4% (480/628)

21.9% (140/639)
33.5% (211/629)

5.5% (35/639)
5.6% (36/638)

5.5% (35/633)
12.3% (79/644)

62.9% (405/644)
21.6% (139/644)
4.5% (29/644)
3.9 2.7 (644)
9.0 7.1 (644)

37.8+13.3 (632)
56.4% (356/631)

3.9 £ 1.6 (644)
47.5% (306/644)

3.3% (10/306)
11.4% (35/306)
21.9% (67/306)
63.4% (194/306)
51.6% (332/644)

9.9% (89/903)
68.9% (622/903)

78.7% (705/896)

18.5 % (167/903)
31.9% (285/893)

3.9% (35/899)
4.3% (39/901)

4.0% (36/898)
8.1% (73/903)

56.9% (514/903)
29.0% (262/903)
1.3% (12/891)
3.8 2.6 (903)
8.5+ 7.0 (903)

28.4+11.5 (903)
24.2% (217/897)

43+1.8(903)
39.5% (357/903)

11.8% (42/357)
18.8% (67/357)
31.4% (112[357)
38.1% (136/357)
60.5% (546/903)

10.4% (93/897)
64.0% (574/897)

77.2% (686/889)

22.0% (196/890)
33.8% (300/887)

4.8% (43/890)
5.1% (45/888)

5.3% (47/880)
8.4% (75/897)

57.2% (513/897)
28.0% (251/897)
2.5% (22/875)
3.8 £2.7 (897)
8.4 6.8(897)

29.1%11.4 (897)
22.1% (198/897)

4.4%1.8(897)
38.8% (348/897)

14.1% (49/348)
20.4% (71/348)
30.5% (106/348)
35.1% (122/348)
61.2% (549/897)

Values are mean SD (N) or % (n/N)), unless otherwise noted. Percentages might not sum to 100% as a result of

rounding

CABG = coronary artery bypass grafting; PCI = percutaneous coronary intervention; SYNTAX = Synergy between

PCI with TAXUS and Cardiac Surgery; EuroSCORE = European System for Cardiac Operative Risk Evaluation.

179

£ 1deyd



Primary endpoint

PCI Registry

The primary endpoint of all-cause death at 10 years occurred in 51.6% (99/192) of
patients entered into the PCI nested-registry (Central Illustration) compared to 27%
(244/903) in the PCI arm of the randomized trial.

Procedure === CABG = PCI
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Central Illustration. Kaplan-Meier curves for primary analysis of 10-year all-cause death in coro-
nary artery bypass grafting (CABG in blue) and percutaneous coronary intervention (PCI in red)
registries, respectively.

Ten-year all-cause death was significantly lower for patients with 3VD as compared
to those with LMCAD (44% (48/108) vs. 62% (49/79), respectively; HR 0.56 [95% CI
0.37-0.83]; p = 0.003) (Figure 1A).
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Figure 1. Kaplan-Meier curves of the three-vessel disease vs. left main disease analysis of 10-year
all-cause death in (A) percutaneous coronary intervention (PCI) and (B) coronary artery bypass
grafting (CABG) registries, respectively.

Among PCI patients with or without diabetes, the 10-year all-cause death occurred
in 52.9% (36/68) and 50.8% (63/124), respectively (HR 1.15 [95% CI 0.76-1.74]; p = 0.49;
Figure 2A).

All cause death at 10 years was 34.1% (15/44) for patients with a low SYNTAX score
(<22; n=44; mean 16.5 * 5.1), 50.8% (32/63) for patient with intermediate SYNTAX
score (23-32; n=63; mean 27.7 + 2.8), and 63.4% (52/82) in patients with high SYNTAX
score (>33; n=82; mean 42.4 £ 9.2) (HR 1-53 [95% CI 1.18-2.002]; p = 0.006; Figure 3A).
There was no significant difference in all-cause death between low- and intermedi-
ate-SYNTAX score groups (p = 0.11) or intermediate- and high-SYNTAX score groups
(p = 0.11). However, a significant difference was observed between the low- and
high-score groups (p = 0.006). Incomplete revascularisation was 63.5% (122/192).

CABG Registry

The primary endpoint of all-cause death at 10 years occurred in 25.9% (167/644) of
patients after CABG (Central Illustration). This compared to 24% (211/897) 10-year
all-cause death in the CABG arm of the randomized trial.

The 10-year all-cause death was 28.3% (94/332) in 3VD as compared to 22.5% (69/306)
in LMCAD patients (HR 1.31 [95% CI 0.96-1.78]; p = 0.09) (Figure 1B). Sub-group
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analysis revealed a significant difference in 10-year all-cause death for 40.3% (77/191)
patients with versus without diabetes (19.9% (90/453); HR 2.44 [95% CI 1.80-3.31]; p
< 0.001; Figure 2B).

A.PCI B. CABG
Diabetes —— No —+— Yes Diabetes —+— No —+— Yes

100% 100%

Hazard ratio, 1.15 (95% Cl, 0.76-1.74)
75% log rank p = 0.49

Hazard ratio, 2.4 (95% CI, 1.80-3.31)
75% - log rank p < 0.001
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Figure 2. Kaplan-Meier curves of the diabetes vs. no diabetes analysis of 10-year all-cause death
in (A) PCI and (B) CABG registries, respectively. CABG = coronary artery bypass grafting; PCI =
percutaneous coronary intervention.

All-cause death at 10 years was 17.7% (12/68) in low SYNTAX score patients (<22;
n=68; mean 16.8 +4.1), 24.2% (39/161) in intermediate SYNTAX score patients (23-32;
n=161; mean 28.2 + 2.7), and 28.0% (113/403) in high SYNTAX score patients (>33;
n=403; mean 45.2 + 10.1; HR 1-27 [95% CI 0-99-1-62]; p = 0.16; Figure 3B). The differ-
ence in all-cause death was not statistically significant between the different score
tertiles. Incomplete revascularisation was 25.3% (163/644).
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Figure 3. Kaplan-Meier curves for primary analysis of 10-year all-cause death in (A) percutaneous
coronary intervention (PCI) and (B) coronary artery bypass grafting (CABG) registries, respec-
tively, in the pre-specified SYNTAX score tertile subgroups.

DISCUSSION

The SYNTAXES study is the first to assess 10-year survival after PCI with drug-eluting
stents and CABG in patients with de novo three-vessel and/or left main disease (8).
The SYNTAX trial only randomized patients in whom both PCI and CABG would
lead to clinical equipoise and entered all patients ineligible for randomization
into nested-registries (7). There were 6.4% (198/3075) of all-comers with 3VD or
LMCAD considered ineligible to undergo surgical revascularisation mainly due to
systemic factors including frailty and comorbidities, and more than one-third, 35%
(1077/3075), were deemed poor candidates for PCI, mainly due to the extent, diffuse
nature and complexity of their coronary disease (7,10). This study provides impor-
tant long-term insight into survival after PCI and CABG by extending follow-up to
10 years for complex patients with coronary artery disease deemed appropriate for
only one revascularisation strategy.

At 10-year follow-up, the primary endpoint of all-cause death occurred in 25.9% of
patients entered in the CABG-registry, and 51.6% of patients entered in the PCI-
registry. In comparison, 10-year all-cause death in the SYNTAX trial was 23.5%
(211/897) in CABG patients and 27.0% (244/903) in PCI patients (HR 1.17 [95% CI
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0.97-1.41, p=0.09]) (8). This shows that patients who were deemed suitable for CABG
had excellent 10-year survival both in the registry as in the randomized-arm of the
SYNTAX trial. However, patients that were found unsuitable to undergo CABG and
were entered into the PCI nested-registry showed a much worse 10-year survival
prognosis compared to the PCI randomized-arm of the trial. The possible explana-
tion could be the older age, significant comorbidities, and frailty among PCI-registry
patients. It is important to note that more patients with depressed left ventricular
ejection fraction (<30%) were included in the PCI nested-registry than in the PCI
arm of the SYNTAX trial (5.7% vs 1.3%), which may be linked to worse outcomes. In
our study, the high-risk profile of patients due to extensive comorbidities dictated
treatment strategy and thereby allocated those patients to the PCI registry rather
than the CABG registry.

Patients with LMCAD had significantly higher all-cause death compared with 3VD
patients within the PCI registry (Table 2). Patients stratified by the type of coronary
artery disease within the CABG registry had similar all-cause death rates (Table 2).
The LMCAD cohort in the PCI registry had 25.3% (20/79) chronic total occlusions
and 12.7% (10/79) trifurcation lesions, which may explain the high incomplete
revascularisation rate of 63% (122/192). Moreover, 36.9% (45/122) of patients with
incomplete revascularisation in the PCI registry had left main coronary disease.

It is important to note that there have been significant improvements in PCI tech-
niques since the SYNTAX and SYNTAXES PCI registry enrollment. This was well
demonstrated in the SYNTAX II study that incorporated physiologic assessment.
Physiologic assessment was performed in 75.5% of the lesions, leading to treatment
deferral of 24.5% of the stenoses (11). Furthermore, post-implantation intravascular
ultrasound was performed in 76.4% of the lesions leading to stent optimization and
post-dilation in 30.2% of the stented lesions (12). Additionally, the advances and
improvements in techniques addressing chronic total occlusion have been associ-
ated with improved procedural outcomes (12). Intravascular ultrasound (IVUS) is
also used to optimize LM PCI in current daily practice and has been recommended
by multiple society guidelines (13).

In the CABG registry, patients with 3VD 10-year all-cause death occurred in 28.2%
(94/332) of patients compared to 20.6% (113/549) in the randomized CABG cohort.
Furthermore, CABG registry patients in the LMCAD subgroup had better long-term
outcomes compared to the trial patients, as demonstrated by an all-cause death of
22.5% (69/306) compared to 28.2% (98/348), respectively.
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Table 2. Outcomes in the PCI and CABG registry

Outcomes

PCI

CABG

Overall

10-year all-cause mortality
SYNTAX score >33

SYNTAX score 23-32

SYNTAX score <22

Chronic total occlusion
Incomplete revascularisation

Left main coronary artery disease
Overall 10-year all-cause mortality
SYNTAX score =33

SYNTAX score 23-32

SYNTAX score <22

Diabetes

Chronic total occlusion
Incomplete revascularisation
Three-vessel disease

Overall 10-year all-cause mortality
SYNTAX score >33

SYNTAX score 23-32

SYNTAX score <22

Diabetes

Chronic total occlusion
Incomplete revascularisation

51.6% (99/192)
43.4% (82/189)
33.3% (63/189)
23.3% (44/189)
36.5% (69/189)
63.5% (122/192)

62.0% (49/79)
47.3% (36/76)
26.3% (20/76)
26.3% (20/76)
30.4% (24/79)
25.3 % (20/79)
57.0% (45/79)

42.6% (46/108)
37.0% (40/108
20.4% (22/108)
40.7% (44/108)
44.4% (48[108)
68.5% (74/108)

44.4% (48[108)
)

25.9% (167/644)
63.8% (403/632)
25.5% (161/632)
10.8% (68/632)
56.4% (356/631)
25.3% (163/644)

22.5% (69/306)
68.2% (206/302)
17.5% (53/302)
14.2% (43/302)
25.2% (77/306)
44.9% (135/301)
22.9% (70/306)

28.2% (94/332)
59.9% (194/324)
33.0% (107/324)
7.1% (23/324)
33.7% (112/332)
67.6% (219/324)
27.7% (92/332)

Values are mean SD (N) or % (n/N)), unless otherwise noted. Percentages might not sum to 100% as a result of
rounding

CABG = coronary artery bypass grafting; PCI = percutaneous coronary intervention; SYNTAX = Synergy be-
tween PCI with TAXUS and Cardiac Surgery;

There was a stepwise increase in all-cause-death associated with higher SYNTAX
scores. All-cause death between the low- and high- SYNTAX score tertiles within the
PCI registry were significantly different (p =0.006), while there was no significant
difference in all-cause death within the CABG registry patients stratified by the
SYNTAX score tertile.

Study limitations: The present findings should be appraised in the light of some limita-
tions. First, only 60% of the patients in the CABG Registry were followed for 10
years. Nonetheless, the selection of those included for follow-up was random, and
there were no differences in baseline characteristics compared to those who were
not followed-up (10). Second, the PCI registry contains a relatively small number of
patients; therefore, some of the results should be interpreted with caution. Finally,
explorative subgroup analyses by lesion subsets could not be performed due to the

low patient number in separate groups.
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CONCLUSION

In the SYNTAX trial, patients who were deemed ineligible for PCI due to coronary
disease complexity and instead enrolled in the CABG-registry showed excellent
10-year survival comparable to patients who were randomized to undergo CABG.
Conversely, patients too frail to undergo CABG who were enrolled in the PCI-registry
showed poor 10-year survival. Thus, patients with extensive coronary disease should
ideally undergo CABG when at all feasible. Furthermore, this study shows that
treatment strategy decisions should be made through a case-based heart team ap-
proach during which different aspects of comorbidities and treatment options are

considered.

Abbreviations

CABG = coronary artery bypass

CI= confidence interval

HR = hazard ratio

LMCAD = left main coronary artery disease

PCI = percutaneous coronary intervention

SYNTAX = Synergy between PCI with TAXUS and Cardiac Surgery
SYNTAXES = SYNTAX Extended Survival

3VD = three-vessel disease
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ABSTRACT

Objectives

To evaluate the impact coronary artery bypass grafting (CABG) using multiple versus
single arterial grafts (MAG versus SAG) on long-term survival in the SYNTAX trial.

Methods

The present analysis included the randomized and registry as-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 endpoint was
all-cause death at maximum follow-up. Multi-variable Cox regression was used to
adjust for differences in baseline characteristics. Sensitivity analysis using propen-
sity matching with inverse probability for treatment weights (IPTW) was performed.

Results

Of the 1466 included patients, 465 (31.7%) received MAG and 1001 (68.3%) SAG. Pa-
tients receiving MAG were younger and at lower risk. At maximum 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) 0.58, 95% confidence interval (CI) [0.46-0.72], P=0.001), which was
confirmed by sensitivity analysis. MAG in patients with three-vessel disease was as-
sociated 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), whereas no significance was observed
following after risk-adjustment in patients with left main disease, with and without

diabetes, and among SYNTAX-score tertiles.

Conclusions

In the present 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, the striking long-term survival benefit of MAG over SAG in the SYNTAX trial
encourages a more extensive use of multiple arterial grafting.

Keywords

SYNTAX; coronary artery disease; revascularisation CABG; multiple arterial grafts; survival
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INTRODUCTION

Whether coronary artery bypass grafting (CABG) should be performed with multiple
arterial grafts (MAG) in patients requiring bypass surgery remains fiercely debated.
Observational studies identified the long-term advantages of multiple arterial graft-
ing compared with the use of a single arterial graft (SAG)."®> However, the random-
ized Arterial Revascularization Trial ART trial failed to show superiority of CABG
with a bilateral- versus a single internal mammary artery (BITA versus SITA) in the
intention-to-treat analysis. The as-treated analysis, however, showed that multiple
arterial grafting resulted in a significant decrease in all-cause death (18.6%) compared
with the use of a single arterial graft (23.1%; HR 0.81, 95% CI [0.68-0.95]).° Besides,
at a 10 year follow-up, the overall patency for venous bypass grafts is considerably
lower than that for arterial bypass grafts. (61% vs. 85%, respectively).” Therefore,
assessment of all-cause death after MAG versus SAG beyond 10-year follow-up is
required to adequately support the clinical utility of a multiple arterial grafting
strategy in daily CABG practice. The present pre-specified sub-analysis of the SYN-
TAX Extended Survival study ® aimed to evaluate the impact of multiple arterial
grafts versus a single arterial graft on long-term survival (>10 years) in patients with

complex coronary artery disease (CAD).

METHODS

Study design

The rationale, design and outcomes of the SYNTAX (Synergy Between Percutaneous
Coronary Intervention With Taxus and Cardiac Surgery) trial (NCT00114972) have
been reported previously.9-13 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 percutaneous coronary intervention (PCI) with paclitaxel-eluting
stents or CABG. Patients who were ineligible for randomization were included in
parallel nested registries for PCl-ineligible patients (CABG registry n=1077) and
CABG-ineligible patients (PCl-registry n=198). Out of the 1077 patients in the CABG
registry, 649 were randomly allocated for a long-term follow-up, of which 644 un-
derwent CABG (as-treated).

The present analysis is a sub-study of the SYNTAX Extended Survival study
(NCT03417050) and included patients from the randomized and registry cohorts
of the SYNTAX trial that underwent CABG.® Patients who received only venous or
synthetic grafts were excluded. Follow-up was performed in accordance with local
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law and regulations of each participating institution and complied with the Decla-
ration of Helsinki. The extended follow-up of the SYNTAXES study was funded by
the German Heart Research Foundation (GHF; Frankfurt am Main, Germany). The
sponsor had neither a role in the study design nor in the collection, analyses and
interpretation of the study data, nor in the decision to publish.

Endpoints and definitions

The primary endpoint of the current study was all-cause death in patients who
underwent CABG with multiple versus single arterial grafts (as-treated MAG versus
SAG). Furthermore, the primary endpoint was examined in pre-specified subgroups
of patients (i) with three-vessel disease, (ii) LMCAD (iii) patients with medically
treated diabetes and (iv) those without diabetes, and (v) according to SYNTAX score
tertiles (low: 0-22, intermediate 23-32, high>33).

The MAG cohort consisted of patients who received two or more arterial grafts,
irrespective of configuration or type of graft (internal thoracic arteries, radial artery
or gastroepiploic artery). The SAG cohort consisted of patients with only one single
arterial graft. LMCAD was defined as patients having any left main disease, either
isolated, or with single-vessel, two-vessel or three-vessel CAD. Three-vessel disease
was defined as patients with CAD involving all three vessels, in the absence of
LMCAD.® * Coronary disease anatomical complexity was reported according to the
SYNTAX score, with higher SYNTAX scores indicating more complex CAD." SYNTAX
score subgroups were defined according to the classical tertiles; low <22, inter-
mediate 23-32 and high >33.''® The European System for Cardiac Operative Risk
Evaluation (EuroSCORE) was used to predict operative risk. Diabetes was defined as
those patients requiring treatment with oral hypoglycemic agents and/or insulin.
Incomplete revascularisation was determined post-procedurally by correlating all
lesions requiring bypass, identified during the preoperative Heart Team meeting, to
those lesions that were revascularized during the procedure.

Coronary artery bypass grafting techniques

Bypass surgery was performed with the aim to achieve complete revascularisation
of all vessels with a diameter = 1.5 mm or larger and with an angiographic diam-
eter stenosis of > 50% as quantified on coronary angiography and discussed during
preoperative Heart Team meetings. The choice and configuration of bypass grafts,
as well as the surgical technique utilized, was left at the discretion of the individual
surgeon.
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Statistical analyses

The current analysis was performed according to the as-treated principle. Discrete
variables were expressed as percentages with frequencies, and were compared by
Chi-square tests or Fisher’s exact test when the expected frequency in any cell was
less than 5. Continuous variables were summarized as mean * standard deviation
(SD) and were compared by independent samples t-test, if normally distributed, or
the Wilcoxon rank-sum test if non-normally distributed. Unadjusted cumulative all-
cause death rates were estimated according to the Kaplan-Meier method and the dif-
ference 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.'® Exploratory analyses
were performed for bilateral versus single internal thoracic artery (BITA vs SITA) and
total arterial revascularisation (TAR) versus without TAR. Survival analyses for the
use of MAG versus SAG were adjusted using multivariable Cox regression analysis
that included the following combination of clinically and statistically relevant pre-
operative variables'’: age (as a continuous variable; per 1 year increase), sex, body
mass index > 30kg/m* , medically treated hypertension, medically treated hyperlip-
idemia, history of myocardial infarction (MI), unstable angina, history of stroke and/
or transient ischemic attack, medically treated diabetes mellitus, peripheral vascular
disease, carotid artery disease, Creatinine >200 micromole per liter, chronic obstruc-
tive pulmonary disease, left ventricular ejection fraction<50%, presence/absence of
LMCAD, and SYNTAX score (as a continuous variable). To further confirm results
obtained with the multi-variable Cox model, a sensitivity analysis was performed
using propensity score derived weighing. Hence, the same preoperative covariates
were included in a mixed model to develop a propensity score for each patient to
receive MAG rather than SAG. Volume differences between MAG vs SAG among 85
centers included in the original SYNTAX study were corrected for by including this
as a random effect term in the mixed model. From the propensity scores, truncated
Inverse Probability Treatment Weighting (IPTW) weights (limited to 1% and 99"
percentile) were calculated and included to fit a weighed Cox proportional hazards
model for all-cause mortality. More information regarding the statistical methods
and relevent results are presented in the Supplementary Materials. Finally, adjusted
survival analyses in the pre-specified subgroups between the use of MAG versus SAG
were performed by multivariable Cox regression analysis adjusting for the same
preoperative variables mentioned above. Statistical tests were reported as 2-sided,
and a P<0.05 was considered as 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, Austria).
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RESULTS

Patient-flow and characteristics

The as-treated CABG cohort consisted of 1466 patients, with 465 in the MAG and
1001 the SAG group (Figure 1). Information on vital status of patients at the 10-year
follow-up mark was available in 94% of all included patients. The mean age of pa-
tients who received MAG was 62.3 years versus 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 EuroSCORE was 2.9 versus 4.4 (P<0.001) and the mean SYNTAX
score was 32.2 versus 33.3 (P=0.14), among MAG versus SAG patient, respectively.

CABG PCI CABG Registry
Randomised Randomised cohort with
Cohort cohort follow-up
(n=897) (n=903) (n=649)
16 patients 5 5 3 patients did not E
: underwentPCI ' : undergo treatment :
1 27 patients received + + 2 received medical
+medical therapy only . v v \ therapy only
CAB(.; PCI CABG Registry
Randomised .
. Randomised cohort:
cohort:
as-treated cohort as-treated as-treated
prseeseie CABG (n=854) CABG (n=11) CABG@=e4d)| ...
. patients ' '
. underwent CABG | . 20 patients
» with venous grafts | . ... .. ___ >: underwent CABG !
. only 2 [ A ©7 7% with venous grafts
+ 1 patient received . only
+synhetic grafsonly | ' !
CABG .
Randomised CABG Registry
cohort:
cohort:
as-treated as-treated
CABG (n=831) CABG (n=624)
Y

1466 as-treated CABG patients
included in current study

|
' !

=] ]
MAG cohort SAG cohort
465 patients 1001 patients

Figure 1. Flow of as-treated CABG patients through the SYNTAX trial.
Abbreviations used: CABG; coronary artery bypass grafting, MAG; multiple arterial grafting, PCI; percutaneous
coronary intervention, SAG; single arterial grafting.
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Table 1. Baseline demographic and clinical characteristics of patients undergoing CABG in the

SYNTAX trial.
Characteristics CABG (n = 1466)"
MAG SAG P-value
(N=465) (N=1001)

Age (years) 62.3+9.7 66.5+9.2 <0.0001
Female sex — no. (%) 64 (13.8) 224 (22.4) <0.0001
Body mass index =30 (kg/m?) - no (%) 144 (31.0)  310/1000 (31.0)  0.99
Medically Treated Diabetes — no. (%)

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 - no. (%) 319/462 (69.0) 657/994 (66.1) 0.27
History of Chronic Obstructive Pulmonary Disease — no. (%) 34(7.3) 89 (8.9) 0.31
Carotid Artery disease — no. (%) 45 (9.7) 101 (10.1) 0.81
Peripheral Vascular Disease — no. (%) 49 (10.5) 128 (12.8) 0.22
Creatinine >200 micromol/L 6(1.3) 21(2.1) 0.29
History of myocardial infarction — no. (%) 128457 (28.0) 351/984 (35.7)  0.004
History of stroke or TIA- no. (%) 39/464 (8.4) 94/996 (9.4) 0.52
Medically Treated Hypertension (=130/85mmHg) — no. (%) 344/459 (74.9) 742/990 (74.9) >0.99
Medically Treated Hyperlipidemia - no. (%) 361/459 (78.6) 751/985 (76.2) 0.31
Angina — no. (%)

Stable 265 (57.0) 610 (60.9) 0.15

Unstable 119 (25.6) 256 (25.6) 0.99
Impaired Left Ventricular Ejection Fraction (<50%) - no. (%)* 74 (15.9) 265/996 (26.6) <0.0001
EuroSCORE value - mean * SD 29%29 44+49 <0.0001
SYNTAX score* — mean * SD 322+12.8 33.3+£13.0 0.14
No. of lesions* — mean + SD 4.3%1.7 44+18 0.80
Left main®, any 181 (38.9) 445 (44.5) 0.046
Three-vessel”, without left main involvement 284 (61.1) 556 (55.5) 0.046

Values are shown as mean + SD (standard deviation) or frequencies in percentages and (n), unless otherwise
noted. *Data is reported according the as-treated principle based on the randomized and registry as-treated
CABG patients. Q Impaired left ventricular ejection fraction (LVEF) was defined as < 50%. *core laboratory as-
sessment, “site reported. Abbreviations used: MAG: multiple arterial grafts, SAG: single arterial graft, CABG;
coronary artery bypass grafting, BMI: body mass index, TIA: transient ischemic attack.

Off-pump surgery was performed in 101 patients (21.7%) who underwent CABG with
MAG versus 146 patients (14.5%) who received SAG (Table 2). Both MAG and SAG pa-
tients received an average of 2.8 conduits per patients, with 3.4 distal anastomoses
per patient. BITA grafting was performed in 341 patients (73.3) who received MAG.
In the SAG cohort, 995 patients (99.4%) received a single left internal thoracic artery
(LITA), 2 patients a radial artery (0.2%) and 4 patients (0.4%) a single right internal
thoracic artery (RITA), in addition to venous grafts. The rate of complete revasculari-
sation was similar among patients receiving MAG (68.0%) versus SAG (69.4%).
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Table 2. Surgical characteristics.

Characteristic MAG SAG P-value
(N=465)  (N=1001)
Average number of conduits per patient 2.810.7 2.8+0.8 0.74
Average number of distal anastomoses per patient 34+%09 34%1.0 0.75
Off-pump CABG 101 (21.7) 146 (14.5) 0.003
Grafts used™: *
LITA 463 (99.6) 995 (99.4) 0.68
LITA/RITA 341 (73.3) 0 (0) <0.0001
Radial artery 192 (41.3) 2(0.2) <0.0001
Gastroepiploic Artery 1(0.2) 0(0) 0.14
Venous 245 (52.7) 985 (98.4) <0.0001
Arterial graft to LAD 461(99.8) 977 (98.0) 0.008
Complete revascularisation 316 (68.0) 695 (69.4) 0.57

Values are shown as mean * SD (standard deviation) or frequencies in percentages and (n), unless otherwise
noted. “*Four patients received a single right internal thoracic artery (RITA), in addition to venous graft(s) in
the “single” cohort. Abbreviations used: MAG: multiple arterial grafts, SAG: single arterial graft, CABG: coro-
nary artery bypass grafting, LAD: left anterior descending artery, LITA: left internal thoracic artery, RITA: right
internal thoracic artery.

Clinical outcomes

At 12.6 years of follow-up, all-cause death occurred in 23.6% of patients who received
MAG versus 40.0% of those undergoing CABG with SAG (unadjusted HR 0.65, 95% CI
[0.51-0.83], P<0.001, Figure 2, graphical abstract). After correcting for preselected
baseline variables, MAG remained to be associated with a significant lower all-cause
death rate as compared with those 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
pre-specified subgroups of patients with 3VD and LMCAD (unadjusted HR 0.56, 95%
CI [0.41-0.75]; and HR 0.60, 95% CI [0.43-0.85], respectively, P for interaction=0.73)
(Figure 3A, 3B, Table 3). Furthermore, the use of MAG provided an unadjusted sur-
vival benefit in subgroups of patients with diabetes, without diabetes (Figure 3C,
3D) and in those with the least and most complex CAD (as reflected by low and high
SYNTAX scores, Figure 4A-4C), compared with SAG. After multivariable adjustment
the 12.6-year survival benefit of MAG over SAG remained significant in patients with
3VD (adjusted HR 0.65, 95% CI [0.44-0.97], P=0.033, Table 3), while a numerical and
non-significant difference was found after adjustment in subgroup of patients with
LMCAD, with and without diabetes and according to CAD complexity defined by
SYNTAX score tertiles. The IPTW sensitivity analysis confirmed that MAG was as-
sociated with lower mortality [(HR 0.75, 95% CI [0.57 - 0.99], P =0.04]; Supplemental
Materials, Figure S1-S2).
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100 — Multiple Hazard ratio (unadjusted) 0.58, 95% ClI (0.46-0.72), P<0.001

s Single

20
80
70
60

50

40 40.0%

Probability of death (%)

30
23.6%
20

10

o 1 2 3 4 5 6 7 8 9 10 11 12,43

Years since Randomisation
Numbers at risk

MAG 465 453 444 437 422 408 388 375 368 358 350 296 146 46
SAG 1001 961 939 910 862 823 781 756 725 700 672 539 268 102

Figure 2. All-cause death of patients who underwent CABG with single versus multiple arte-
rial grafts. Kaplan-Meier curves describing the probability of death up to 12.6 years follow-up
in the overall cohort of patients who underwent CABG with multiple arterial grafts (MAG; red

curve) versus single (SAG; blue curve) revascularisation
Abbreviations used: HR; hazard ratio, CI; confidence interval, MAG; multiple arterial grafts, SAG; single arte-
rial graft.

Exploratory analyses showed that CABG using bilateral internal thoracic arteries
versus a single internal thoracic artery was associated with a lower rate of all-cause
death at 12.6 years (BITA: 21.8% vs SITA: 40.3%; unadjusted HR 0.54, 95%CI [0.42-0.70],
P<0.001 and adjusted HR 0.72, 95%CI [0.52-1.01], P=0.054, Supplementary Materi-
als Figure S3). Of those that received SITA, only 2 patients received an additional
radial artery graft (0.2%), whereas it was used in 73 patients (21.4%) undergoing BITA
grafting. Total arterial revascularisation (TAR), compared with no-TAR, was associ-
ated with a significant unadjusted lower all-cause death rate at 12.6 years follow-up
(unadjusted HR 0.70, 95%CI [0.55-0.93P=0.015, Supplementary Materials Figure S4).
Of note, 245 patients from the no-TAR cohort underwent CABG with multiple arte-
rial grafts. After multivariable adjustment the difference in favor of total arterial
revascularisation was no longer statistically significant (adjusted HR 0.80, 95%CI
[0.55-1.16], P=0.24).
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Long-Term Survival After Multiple versus Single Arterial Grafting

A Three-vessel disease
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Figure 3. - PANEL A 3VD

B Left Main disease
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Figure 3. - PANEL B LMCAD
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Figure 3. - PANEL D NO Diabetes

All-cause death in patients with three-vessel disease, left main disease, diabetes and no diabetes, who
received multiple versus single arterial grafts. Kaplan-Meier curves describing the probability of death up
to 12.6 years follow-up in patients with 3VD that underwent CABG and received multiple arterial grafts (MAG;
red curve) versus single (SAG; blue curve) (Panel A), those with left main disease (Panel B), medically treated
diabetes (Panel C) and those without diabetes (Panel D). The widths of 95% confidence intervals were not
adjusted for multiple comparisons, therefore these intervals should not be used for inference about between-
group differences. Abbreviations used: HR; hazard ratio, CI; confidence interval, MAG; multiple arterial grafts,

SAG; single arterial graft.
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Long-Term Survival After Multiple versus Single Arterial Grafting

A sYNTAX score (0-22)
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Figure 4. — PANEL C — SYNTAX score >33

All-cause death in patients with multiple versus single arterial grafts according to SYNTAX score tertiles.
Kaplan-Meier curves describing the probability of death up to 12.6 years follow-up in patients who underwent
CABG and received multiple arterial grafts (MAG; red curve) versus single (SAG; blue curve) according to SYN-
TAX score tertiles; low (0-22; Panel A), intermediate (23-32; Panel B), and high (=33; Panel C). The widths of 95%
confidence intervals were not adjusted for multiple comparisons, therefore these intervals should not be used
for inference about between-group differences. Abbreviations used: HR; hazard ratio, CI; confidence interval,
MAG; multiple arterial grafts, SAG; single arterial graft.
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Overall as-treated CABG cohort

100 mmmmmm  Multiple Arterial Grafts
s Single Arterial Graft
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80
S 70 Hazard ratio (unadjusted) 0.58, 95% CI (0.46-0.72), P<0.001
= Hazard ratio (adjusted) 0.74, 95% Cl (0.55-0.98), P=0.038
T 60
T
s
> 50
B 4 40.0%
K
a 30
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Years since Randomisation
Numbers at risk

MAG 465 453 444 437 422 408 388 375 368 358 350 296 146 46
SAG 1001 961 939 910 862 823 781 756 725 700 672 539 268 102

Graphical abstract.

All-cause death of patients with multiple arterial grafts versus a single arterial graft in the as-treated
CABG cohort from the SYNTAX trial. Kaplan-Meier curves describing the probability of death up to 12.6
years follow-up in the overall cohort of patients who underwent CABG with multiple arterial grafts (red curve;
n=465) versus a single arterial graft (blue curve; n=1001). *This result was confirmed with a weighted Cox
proportional hazards model [ HR : 0.75 95% CI (0.57 - 0.99) p = 0.04]. Abbreviations used: HR; hazard ratio, CI;
confidence interval, MAG; multiple arterial grafts, SAG; single arterial graft.

DISCUSSION

CABG using multiple arterial grafts, compared to using a single arterial graft, was
associated with lower all-cause death at 12.6 year follow-up in patients with de novo
three-vessel and left main coronary artery disease from the SYNTAX trial. The signifi-
cant survival benefit of using multiple arterial grafts remained after adjusting for
differences in baseline characteristics (Graphical Abstract). This result was also con-
firmed with inverse probability weighed Cox regression. In pre-specified subgroups
of patients with 3VD, LMCAD, those with diabetes and those without, CABG using
multiple arterial grafts was associated with a significant survival benefit at 12.6-year
follow-up. After adjusting for differences in baseline characteristics, MAG remained
associated with a survival benefit for patients with 3VD, while no differences in all-
cause death were found in patients with LMCAD and those with or without diabetes.
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Long-Term Survival After Multiple versus Single Arterial Grafting

Although from a pathophysiological standpoint it is reasonable to expect that arte-
rial grafts improve graft-patency and clinical outcomes compared with venous grafts,
proof remains limited to observational data.*” '*?? While the ART trial showed no
difference in survival between bilateral versus single internal thoracic artery re-
vascularisation multiple arterial grafting in the as-treated analyses demonstrated a
significant survival benefit compared with a single arterial grafting strategy.(5) Some
of the methodological limitations of the ART guided the design of the Randomized
comparison of the clinical Outcome of single versus Multiple Arterial grafts (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 **; however, the first study re-
sults are unlikely to be published before 2025. Results reported in the present study
are comparable to the as-treated MAG versus SAG 10-year all-cause death outcomes
from the randomized ART trial (adjusted HR 0.81, 95% CI [0.68-0.95]).° Moreover,
present data corresponds well with real-world data from large registries and single
center studies that showed a significant reduction in all-cause death beyond 10year

follow-up.***

Pre-specified 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 characteristics between groups. The adjusted, non-
significant, HR in favor of MAG for patients with LMCAD (HR 0.85, 95%CI [0.54-1.34])
provides reassuring long-term insights that multiple arterial grafting is safe to

perform in this specific patient population.*

The majority of patients with diabetes have diffuse and complex CAD. The pres-
ent study found that 57% of patients with diabetes that received SAG have died
during 12.6-year follow-up, versus 40% of patients who received MAG. This survival
difference was associated with a significant, unadjusted, decreased risk of all-cause
death in favor of MAG (HR 0.67, P=0.036). After adjusting for differences in baseline
characteristics, this trend remained similar, yet was no longer significant. The
propensity-matched analysis by Yamaguchi et al. 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).>” Furthermore, an increasing number
of arterial grafts have been shown to have an incremental survival benefit in both
patients with and without diabetes.*®

Both the right internal thoracic artery and the radial artery have been associ-

ated with less adverse event and show a survival benefit compared with venous
conduits.” *?" ?° In the present study, 41% of patients in the MAG cohort received

203

g 1o1deyn



radial arteries and almost three-quarters received bilateral internal thoracic arteries
(BITA). At 12.6 years, unadjusted all-cause death rates were significantly lower for
patients that received BITA versus SITA and for those that received TAR versus no-
TAR. A trend towards a survival benefit with BITA and TAR, compared with the use
of a single artery, remained after adjusting for clinically and statistically relevant
baseline differences. The use of additional arterial grafts in 245 patients (19.9%) in
the no-TAR cohort may have skewed the survival outcomes in its favor following
adjustment.

The major strength of the SYNTAX trial was that all patients were discussed in a mul-
tidisciplinary heart team, consisting of a cardiac surgeon, a clinical cardiologist and
an interventional cardiologist. Prior to receiving either PCI or CABG, all significantly
stenosed coronary vessels were assessed and those suitable for revascularisation
determined. After myocardial revascularisation completeness of revascularisation
was verified based on the number of vessels revascularized compared to those
deemed suitable for revascularisation prior to intervention. The rate of complete
revascularisation in both treatment groups in our study was lower than observed in
previous studies.’*** These differences most certainly reflect the variation in defini-
tions of completeness of revascularisation used across clinical trials, yet could also
be partly explained by the greater anatomical complexity of coronary artery disease
in patients included in the SYNTAX trial and in the nested CABG registry (higher
burden of cardiovascular risk factors and a higher SYNTAX score). Severely calcified
and diffusely diseased coronary arteries and small-sized (<2 mm) vessels distal to
the lesion were the most common rationale for incomplete revascularisation in
the CABG cohort of the SYNTAX trial. ** Inability to graft such 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 revascularisation. Additional studies with longer follow-up (= 10-year)
are warranted to determine the influence of complete revascularisation on clinical
outcomes beyond 3 years.

Strengths and limitations

The high rate of completeness of follow-up and that follow-up is extended beyond
10 years are major strengths of the current study.

Results from this study should be considered as ‘hypothesis-generating’, as patients
were not randomly allocated to undergo multiple versus single arterial grafting.
Any influence of inter-institutional variation regarding patient selection, preferred
surgical techniques and surgical experience could not be adequately corrected for.
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Moreover, apart from well-designed randomized studies, none of the statistical
methods that adjust for confounding factors are sufficient to fully account for con-
founders.** Furthermore, the modest sample size among subgroups of patients could
have influenced results after adjusting for differences in baseline characteristics.
Finally, the rate of incomplete revascularisation (approximately 28%) in combina-
tion with the suboptimal use of guideline directed medical treatment in patients
from the SYNTAX trial could have diminished overall long-term survival in both

cohorts.'®3®

CONCLUSION

In the present analysis of 1466 all-comers patients from the SYNTAX trial undergoing
bypass surgery, CABG using a multiple arterial grafting strategy, as compared with
using a single arterial graft, resulted in markedly lower incidence of all-cause death.
This survival benefit of using MAG over SAG remained significant after adjusting for
differences in important preselected patient characteristics between MAG and SAG.
MAG in patients with three-vessel disease was associated with a significantly lower
unadjusted and adjusted rate of all-cause death, while no statistically difference was
identified in subgroups of patients with LMCAD and diabetes after adjusting for
differences in important baseline variables. The markedly 12.6-year survival benefit
of CABG using MAG over SAG in the SYNTAX trial strongly encourages a more exten-
sive use of multiple arterial grafting in selected patients.
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Abbreviations

3VD #
BITA #
CABG #
CAD #
Cl#
EuroSCORE #
GHF #

HR #
IPTW #
LMCAD #
MAG #
SAG #
SITA #
SYNTAX #

SYNTAXES #
TAR #

three-vessel coronary artery disease

bilateral internal thoracic artery

coronary artery bypass grafting

coronary artery disease

confidence interval

The European System for Cardiac Operative Risk Evaluation
German Heart Research Foundation

hazard ratio

inverse probability for treatment weights

left main coronary artery disease

multiple arterial grafting

single arterial grafting

single internal thoracic artery

Synergy Between Percutaneous Coronary Intervention With Taxus and Car-
diac Surgery

SYNTAX Extended Survival study

total arterial revascularisation
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SUPPLEMENTARY MATERIALS

Statistical analysis — Propensity score method:

A propensity sore adjusted weighting was performed as a sensitivity analysis to
further confirm results obtained with the multi-variable Cox model. This study
included 1466 patients at 84 different centers. The median number of procedures
performed by each center was 16 (interquartile range 9 — 24). MAG was performed
by 62 different hospitals. From all patients operated at a specific center, a median of
6 (interquartile range 2 - 10) patients in that center underwent multi-arterial graft-
ing. In order to adjust for this large variation in grafting strategies, center volume
was included in the model developed to calculate the propensity score. Centers
were, therefore, grouped according to MAG into (1) low volume: 1 - 10 procedures
contributed (2) moderate volume: 11 - 20 procedures contributed (3) high volume:
> 20 procedures contributed (Supplement Figure 1). A generalized linear mixed
model (hierarchical model) was developed with two levels; level 1 - clinical co-
variates as fixed effects and level 2 - grouping indicator for MAG procedure volume
fit as a random intercept. The clinical covariates included in the model were: age
at surgery, sex, obesity (BMI > 30), hypertension, hyperlipidemia, prior myocardial
infarction, prior stroke, medically treated diabetes, PAD, COPD, smoking, chronic
kidney disease, low LVEF, CAD, unstable angina, left main disease, syntax score and
logistic Euroscore. Given the importance of both age and the SYNTAX score on long
term survival, both these continuous variables were fit as natural splines (with 3
degrees of freedom). The logistic Euroscore was fit as a linear term in the model. The
variables with observed missing proportion are as follows: obesity 0.06%, hyperten-
sion 1.15%, hyperlipidemia 1.5%, prior myocardial infarction 1.7%, prior stroke 0.4%,
smoking 0.6%, SYNTAX score 1.1% and low LVEF 0.3%. As seen, missing data was very
limited. Hence, the mean and mode were used to fill missing values for continuous

and categorical variables respectively.

After confirming model diagnostics, fitted values derived from the model provide
the marginal likelihood for each patient to receive MAG rather than SAG. A sig-
nificant difference in sample sizes between groups (MAG - 465 & SAG - 1001) was
observed, hence, propensity score derived weighting methods were chosen as the

preferred method'.
To obtain the adjusted association of MAG with long-term survival, the average

treatment effect (ATE)/IPTW (Inverse Probability of Treatment Weight) weights were
calculated for each patient. Briefly, the IPTW weights were calculated as:
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1. for the treated (MAG) = 1/ps

2. For the control (SAG) = 1/(1 - ps) where ps = propensity score.

When using IPTW, patients with very low ps scores in the treated group, or very
high ps scores in the control group have unusually high weights. These weights can
be considered as outliers; thus, it is recommended to use either stabilized weights
or truncated weights rather than the calculated IPTW raw weights >. We chose to use
truncated weights; hence, the range of IPTW weights were limited to their 1* and
99" percentile. Any value beyond these limits were set to the 1% or 99" percentile
as appropriate. To determine balance before and after weighting, standardized dif-
ferences for each co-variate were compared. With the derived truncated weights,
a weighted Cox proportional hazards model was fit to evaluate the marginal long-
term survival benefit of MAG compared to SAG. The model fulfills the proportional
hazards assumption. Results are presented as hazard ratio at the 95% confidence

level.

213

g 1o1deyn



Supplement Figures:
Count of MAG procedures performed
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Figure S1. Total number of MAG performed at each center enrolled in the SYNTAX study.
This dot chart presents the total number of MAG procedures performed at each of the 85 centers
that contribute data to our study. As depicted, five centers performed more than 20 procedures

each (green dots), while 8 hospitals contributed between 11 — 20 patients each (red dots).
Abbreviations used: MAG; multiple arterial grafting.
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Figure S2. The standardized differences for all the variables included as fixed covariates in
the mixed effects model to derive the propensity score. The standardized difference for all co-
variates included in our mixed model were calculated to compute the propensity score. The red
dots and blue dots depict SD pre- and post-weighting respectively. As depicted, after weighting,
all variables have an absolute post-weighting SD < 0.1. Hence, one can assume that these weights
are able to neutralize the imbalance in clinical co-variates between the MAG and SAG groups.

Abbreviations used: PMI ; periprocedural myocardial infarction, PAD; peripheral arterial disease, LVEF: left ven-
tricular ejection fraction, LMCA; left main coronary artery disease, HTN; hypertension, HLD; hyperlipidemia,
COPD; chronic obstructive pulmonary disease, CKD: chronic kidney disease, CAD: coronary artery disease.
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Bilateral versus Single-Internal-Thoracic-Arterial Grafts

100 BITA Hazard ratio (unadjusted) 0.54, 95% Cl (0.42-0.70), P<0.001
s S|TA Hazard ratio (adjusted) 0.72, 95% CI (0.52-1.01), P=0.054
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Numbers at risk
341 332 325 322 312 209 282 273 269 261 254 220 108 30
SITA 997 957 935 906 859 821 779 753 722 697 669 536 268 100
Figure S3. All-cause death in patients who received Bilateral versus Single-Internal-Thorac-
ic-Artery revascularisation Kaplan-Meier curves describing the probability of death up to 12.6
years follow-up in patients who underwent CABG and received BITA (orange curve) versus SITA
(green curve). Variables used in the full multivariable Cox regression analysis: age, sex, hyperten-
sion, hyperlipidemia, stroke or TIA, diabetes mellitus, peripheral vascular disease, carotid artery
disease, chronic obstructive pulmonary disease, creatinine >200micromol/L, left ventricular ejec-
tion fraction<50% and SYNTAX score (as a continuous variable). The widths of 95% confidence
intervals were not adjusted for multiple comparisons, therefore these intervals should not be

used for inference about between-group differences.
Abbreviations used: BITA: bilateral-internal-thoracic-arteries, SITA: single-internal-thoracic-artery, HR; hazard
ratio, CI; confidence interval.
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Total Arterial Revascularisation (TAR) verus no TAR

100 ) o TAR Hazard ratio (unadjusted) 0.70, 95% Cl (0.53-0.93), P=0.015
s no TAR Hazard ratio (adjusted) 0.80, 95% CI (0.55-1.16), P=0.24
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Years since Randomisation
Numbers at risk

TAR 234 226 221 219 210 202 192 186 180 176 170 131 73 26
noTAR 1232 1188 1162 1128 1074 1030 978 945 913 882 852 693 341 121
Figure S4. All-cause death in patients who received Total Arterial Revascularisation (TAR)
versus no TAR. Kaplan-Meier curves describing the probability of death up to 12.6 years follow-
up in patients who underwent CABG and received TAR (burgundy curve) versus no TAR (tur-
quoise curve). Variables used in the full multivariable Cox regression analysis: age, sex, hyperten-
sion, hyperlipidemia, stroke or TIA, diabetes mellitus, peripheral vascular disease, carotid artery
disease, chronic obstructive pulmonary disease, creatinine >200micromol/L, left ventricular ejec-
tion fraction<50% and SYNTAX score (as a continuous variable). The widths of 95% confidence
intervals were not adjusted for multiple comparisons, therefore these intervals should not be

used for inference about between-group differences.
Abbreviations used: BITA: bilateral-internal-thoracic-arteries, SITA: single-internal-thoracic-artery, HR; hazard
ratio, CI; confidence interval.
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ABSTRACT

Objectives

The goal of this study was to evaluate the effect of completeness of revascularisation
on 10-year all-cause death in patients with percutaneous coronary intervention (PCI)
versus those undergoing coronary artery bypass grafting (CABG).

Background

The impact of incomplete (IR) versus complete revascularisation (CR) on 10-year
all-cause death has not been fully investigated in patients with three-vessel disease
(3VD) and/or left main coronary artery disease (LMCAD).

Methods

The SYNTAX Extended Survival Study evaluated the vital status up to 10 years of
patients who were originally enrolled in the SYNTAX trial. In the present sub-study,
outcomes of the CABG CR group were compared with the CABG IR, PCI CR, and PCI
IR groups. In addition, in the PCI cohort, the residual SYNTAX score (rSS) was used
to quantify the extent of IR and its prognostic impact. The rSS of 0 suggests CR,
whereas a rSS>0 identifies IR of variable degree.

Results

IR was more frequently observed in patients with PCI vs. CABG (56.0% vs. 35.7%). IR
was more common in patients with 3VD compared with LMCAD in both PCI (58.0%
vs. 52.9%) and CABG arm (41.3% vs. 27.2%). Patients undergoing PCI with CR had a
similar risk of 10-year all-cause death compared with those undergoing CABG (22.0%
for PCI with CR vs. 23.8% for CABG with IR vs. 23.7% for CABG with CR). In contrast,
those with PCI and IR had a significantly higher risk of all-cause death at 10 years
compared with CABG and CR (33.9% vs. 23.7%; adjusted hazard ratio [aHR]:1.68; 95%
confidence interval [CI]:1.22-2.30; p<0.001). When patients with PCI were stratified
according to the 1SS, those with a rSS<8 had a comparable risk of all-cause death
at 10 years as the other terciles (22.0% for rSS=0 vs. 24.0% for rSS>0-4 vs. 28.9% for
rSS$>4-8), whereas a rSS> 8 had a significantly higher risk of 10-year all-cause death
as compared with those undergoing PCI with CR (53.0% vs. 22.0%; aHR:3.75; 95%
CI:2.33-6.05; p<0.001).

Conclusion

Incomplete revascularisation is common after PCI; the degree of incompleteness
has a major impact on 10-year mortality. Patients with a rSS <8 after PCI had a com-
parable risk of 10-year all-cause death compared with those after CABG, whereas
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patients with a rSS>8 after PCI had a marked increase in 10-year mortality. Further

studies are needed to optimize outcomes in this high-risk population.

Keywords
Coronary artery bypass grafting; Incomplete revascularisation; Left main coronary artery

disease; Percutaneous coronary intervention; residual SYNTAX score; Three-vessel disease.
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INTRODUCTION

The aim of myocardial revascularisation is to relieve ischemia of patients to improve
clinical outcomes including mortality " * The nuclear sub-study of the COURAGE
(Clinical Outcomes Utilizing Revascularization and Aggressive Drug Evaluation)
trial has shown that patients on medical therapy with >10% of reversible ischemia
had an excess of 5-year mortality. In contrast, in the revascularisation group also
treated with medical therapy, a reduction of residual ischemia from >10% of the
myocardium to < 5% by revascularisation resulted in a lower risk of mortality and
myocardial infarction (MI) % Although numerous randomized clinical trials have
tested the efficacy and safety of coronary artery bypass grafting (CABG) versus per-
cutaneous coronary intervention (PCI) with drug-eluting stent (DES) in patients with
severe coronary artery disease (CAD) %, the selection of the most appropriate mode
of revascularisation for a given patient remains a complex process *°.

The 2018 European Society of Cardiology (ESC) and the European Association of Car-
diothoracic Surgery (EACTS) guidelines on myocardial revascularisation suggest that
(i) the use of surgical mortality scores of STS score (class IB) or EuroSCORE II (class
IIb B) to estimate in-hospital mortality, (ii) calculation of the anatomical SYNTAX
score (SS) (class IB) to assess the extent and complexity of coronary artery disease
(CAD) and to predict long-term morbidities and mortality after revascularisation,
and (iii) expected completeness of revascularisation (class Ila B) are of paramount
importance for decision-making of revascularisation strategies between CABG and
PCI *”. To date, there have been several comparative studies evaluating the impact
of IR vs. CR on clinical outcomes in patients with complex CAD undergoing CABG
or PCI *'*. Among them, only the MASS II (Second Medicine, Angioplasty, or Surgery
Study) has evaluated outcomes beyond 5 years, although it was conducted in the era
of bare-metal stent (BMS) with a limited number of patients ".

More recently, the SYNTAX Extended Survival (SYNTAXES) study has assessed sur-
vival prognosis at 10 years in all-comers patients with de novo three-vessel disease
(3VD) or left main coronary artery disease (LMCAD) randomized to PCI or CABG who
were originally enrolled in the SYNTAX trial 7. The present analysis evaluates out-
comes according to completeness of revascularisation in patients who underwent
percutaneous or surgical revascularisation in the SYNTAXES study.
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METHODS

Study design and population

The study design and the primary and final 5-year results of the SYNTAX
(NCT00114972) trial have been published previously '**. In summary, the SYNTAX
trial was a prospective, international, multicenter, randomized controlled trial
conducted at 85 centers in Europe and the United States between March 2005 and
April 2007. Based on clinical judgement and consensus of heart team consisting of
a cardiothoracic surgeon and interventional cardiologist at each center, all-comers
patients with de novo 3VD or LMCAD who were anticipated to achieve a clinical
equipoise between CABG and PCI were enrolled and randomized in a 1:1 fashion
to either CABG (n= 897) or PCI (n= 903) with TAXUS Express paclitaxel-drug eluting
stents (PES) (Boston Scientific Corporation, Marlborough, MA, USA). The SYNTAX
trial (NCT00114972) completed patient follow-up up to 5 years *°, and the SYNTAXES
study (NCT03417050) has evaluated vital status up to 10 years '. These trials were
approved by the ethics committees at each investigating center, and all patients
provided their written informed consent prior to participation in the SYNTAX trial.

Completeness of revascularisation

In the SYNTAX CABG arm, due to the overall lack of protocol driven angiographic
follow-up after surgery, we used the surgical investigator-reported classification of
either CR or IR according to the anatomical SS; the surgeons had a surgical report
on the location of their bypass grafts based on the anatomical SS established by the
Heart Team and concluded to be CR or IR. The definition of CR was predefined by
the trial protocol '; investigators documented a binary outcome as to whether any
lesion with more than 50% diameter stenosis in vessels >1.5 mm as estimated on the
diagnostic angiogram during the local Heart Team conference was actually treated
by the revascularisation.

In the PCI arm, we previously quantified the extent of IR by an independent core
laboratory unaware of and blind to patient outcome (i.e. residual SS [rSS]) *!, which
was calculated as the sum of the individual scores of coronary lesions with = 50%
diameter stenosis in vessel > 1.5 mm but left untreated "**"** The rSS of 0 indicates
CR, whereas a 1SS > 0 indicates IR with a higher rSS representing more coronary
stenoses left untreated. The ASS, representing the burden of disease treated with
PCI, was calculated by subtraction of the rSS from the baseline anatomical SS * "2,
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Study endpoint

The pre-specified primary endpoint of the SYNTAXES trial was all-cause death at
10 years. Vital status was confirmed by electronic healthcare record review and
national death registry.

Statistical analyses

All the analyses are performed according to as-treated principle **. The cumulative
incidence of clinical adverse events up to 10 years is assessed using the Kaplan-
Meier method and compared using the log-rank test. Hazard ratio (HR) with 95%
confidence interval (CI) is assessed by a Cox proportional regression model. To
adjust for potential confounding factors, the following variables are entered into
a multivariable Cox regression model: age, sex, body mass index (BMI), medically
treated diabetes mellitus, hypertension, dyslipidemia, current smoking, previous
M]I, previous cerebrovascular disease, chronic kidney disease (defined as creatinine
clearance < 60 mL/min), chronic obstructive pulmonary disease (COPD), peripheral
vascular disease (PVD), left ventricular ejection fraction (LVEF), clinical presenta-
tion (stable or unstable angina), disease type (LMCAD or 3VD), and anatomical SS.
Multivariable Cox regression model is used to compare outcomes of the CABG CR
group with the CABG IR, PCI CR, and PCI IR groups. Patients with missing vital status
are included in the analysis and censored at the time of lost to follow-up or at 5 years
if centers decided not to participate in the SYNTAXES study with 10-year extended
follow-up (only 2 centers with a total of 5 patients declined participation) . Con-
tinuous variables were reported as mean * standard deviations (SD) or median and
interquartile range (IQR), and are compared using Student’s t tests or Mann-Whitney
U test, respectively. Categorical variables are reported as percentages and numbers,
and are compared using Chi-square or Fisher’s exact test as appropriate. All tests
are two-sided and a p-value of <0.05 is considered to be statistically significant. All
analyses are performed using SPSS Statistics, version 25 (IBM Corp., Armonk, 281
N.Y,, USA).

RESULTS

Study population

Among 1,800 patients enrolled in the SYNTAX trial, 34 (1.9 %) patients did not un-
dergo PCI or CABG, of whom 8 (0.4%) patients were treated medically, and the rSS
was not available in 26 (1.4%) patients who underwent PCI. As a result, 1,740 (96.7%)
patients were included in the present analysis (CABG, n= 865; PCI, n=875) (Figure 1).
Overall, 54.1% achieved CR, however, patients undergoing PCI resulted in a higher
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rate of IR compared with CABG (56.0% for PCI vs. 35.7% for CABG) (Figure 2A). In
both PCI and CABG arms, patients with 3VD were more likely to had IR, compared
with those with LMCAD (Figure 2B and 2C).

Baseline characteristics according to the completeness of revascularisation are
presented in Table 1. Patients undergoing PCI with IR had a higher prevalence of co-
morbidities (medically treated diabetes, on insulin, hypertension, and lower LVEF).

The SYNTAX trial (n=1,800)

* 34 (1.9%) patients did not undergo CABG or PCl.
8 (0.4%) patients were treated medically.
* The rSSwas not available in 26 (1.4%) patients.

CABG - CR CABG - IR PCI - CR (rSS=0) PCI - IR (rSS> 0)
n=556 (30.9%) n=309 (17.2%) n= 385 (21.4%) n= 490 (27.2%)
0<rSS<4 4<rS5<8 8<rSS
n=183 (10.2%) n=167 (9.3%) n= 140 (7.8%)

Figure 1. Patient flow diagram of the present study.
CABG: coronary artery bypass grafting; CR: complete revascularization; IR: incomplete revascularization; PCI:
percutaneous coronary intervention; rSS: residual SYNTAX score.
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Figure 2. Proportion of completeness of revascularization in the overall population (A), PCI
arm (B), and CABG arm (C).

For the PCI cohort, the completeness of revascularization was based on the Core Laboratory analysis, whereas
for the CABG cohort, it was investigator-reported.

CABG: coronary artery bypass grafting; LMCAD: left main coronary artery disease; PCI: percutaneous coronary
intervention; 3VD: three-vessel disease.
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In terms of extent and complexity of CAD, patients with IR more commonly had
3VD and a higher anatomical SS. In patients undergoing PCI, those with IR more
frequently had complex lesions (total occlusion [TO], bifurcation, diffuse or small
vessel disease, heavy calcification, severe tortuosity, and long lesions [defined as
lesions with > 20mm]), resulting in a higher rSS (2.1% 3.4 for CR vs. 7.0% 8.0 for IR)
(Table 2).

In patients undergoing CABG, those with CR received more grafts for less complex
CAD, as reflected by a lower anatomical SS (27.9+ 11.0 for CR vs. 31.2% 11.6 for IR; p<
0.001), and fewer TO (19.5% for CR vs. 27.1% for IR; p= 0.010) (Table 2).

Table 2. Procedural characteristics according to completeness of revascularization.

CABG PCI

Overall
p-value
4.8+1.7 <0.001 <0.001

CR IR p-value CR IR p-value

Number of lesions 41+1.7 49+1.7 <0.001 3.7t1.7

Any TO 19.5(108) 27.1(83) 0.010 12.3(47) 33.4(163) <0.001 <0.001
1TO 17.3(96) 24.8 (76) 12.1 (46) 29.9 (146)
2T0 22(12)  23(7) 03(1) 3.5(17)
Any bifurcation 72.2 (400) 75.2 (230) 0.348 62.7 (239) 79.9 (390) <0.001 <0.001
Diffuse or small vessel disease - - - 18.4(71) 25.3(124) 0.015

Any aorto-ostial lesion - - - 17.1(65) 13.1(64) 0.105

Any angiographically visible

thrombus 2:6(10)

25(12) 0.877

Any heavy calcification - - -

Any severe tortuosity
Any lesion length > 20 mm

42.8 (163) 54.1 (264) <0.001
55.9 (213) 74.2 (362) <0.001
46.2 (176) 64.1 (313) <0.001

Left arterial dominance - - - 16.9 (65) 19.0(93) <0.001
45t24 47+21 0.228 -
Total stent length per patient - - - 86+ 51.8 86.5144.6 0.900 -
Off pump CABG 14.9(83) 15.3(47) 0.896 - - -

Use of LIMA graft 86.3 (480) 85.4 (264) 0.716 - - -
Number of total conduits 2.8£0.7 2.610.7 <0.001 - - - -
14+0.7 1406 0.777 - - - -

1.5£0.9 1.2x0.9 <0.001 - - - -

Number of stents implanted - - -

Number of arterial conduits
Number of venous conduits

Data are presented as mean * standard deviation or percentage (number).
CABG: coronary artery bypass grafting; CAD: coronary artery disease; LIMA: left internal mammary artery; PCI:
percutaneous coronary intervention; TO: total occlusion.

In the SYNTAX trial enrolling patients from 2005 to 2007, approximately half of
patients undergoing PCI received optimal medical therapy (OMT) **, defined as the
combination of at least one antiplatelet therapy, statin, pblocker, and angiotensin-
converting enzyme inhibitor/ angiotensin receptor blocker at discharge, and the
rate of OMT was significantly higher in patients with PCI and IR vs. CR (54.1% vs.
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46.5%; p= 0.026). In contrast, only one third of patients undergoing CABG received
OMT at discharge, and a rate of OMT was similar between patients with IR and CR in
the CABG cohort (31.7% vs. 32.6%; p= 0.800) (Table 1).

Outcomes according to completeness of revascularisation in
patients undergoing PCI or CABG

The median duration of follow-up after randomization was 11.2 years (interquartile
range 8.0 to 12.1 years). All-cause death occurred in 442 (25.4%) of patients at 10
years and 549 (31.6%) at maximum follow-up of 12.7 years. The crude rates of 10-year
all-cause death was 23.7% in patients with CABG and CR, 23.8% with CABG and IR,
22.0% with PCI and CR, and 33.9% with PCI and IR (p< 0.001) (Figure 3A and Table
3). Notably, patients undergoing PCI who achieved CR had a similar risk of all-cause
death at 10 years to those undergoing CABG (Figure 3A and Table 3). After adjust-
ment for baseline characteristics, the risk of all-cause death remained significantly
higher in patients undergoing PCI with IR, compared with those undergoing CABG
with CR (adjusted HR: 1.68; 95% CI: 1.22 to 2.30; p< 0.001) (Table 3).

The stratified analysis according to disease type (3VD or LMCAD) yielded similar
results in patients with 3VD (Figure 3B and Table 3). Specifically, the crude rates of
10-year all-cause death was 20.4% in patients with CABG and CR, 20.7% with CABG
and IR, 24.3% with PCI and CR, and 33.1% with PCI and IR (p< 0.001). In contrast,
patients with LMCAD who underwent PCI with CR had a lower adjusted risk of 10-
year all-cause death as compared with CABG with CR (adjusted HR: 0.47; 95% CI: 0.26
to 0.86) (Table 3). This significant survival benefit at 10 years was no longer observed
at a maximum follow-up (Online Figure 1 and Online Table 1).

Outcomes stratified according to the rSS in patients undergoing
PCI

Baseline characteristics according to the rSS are presented in Table 4. Patients with
a higher rSS were older and more likely to be female. A higher rSS was associated
with a progressive increase in co-existing comorbidities (medically treated diabetes,
on insulin, PVD, CKD, and lower LVEF) and greater EuroSCORE or Parsonnet SCORE.
Similarly, patients with a higher rSS had a greater anatomical SS at baseline and
a higher prevalence of complex lesions (TO, diffuse or small vessel disease, heavy
calcification, severe tortuosity, and lesion length). Although the number of lesions
was greater in patients with a rSS of >8, the number of stents implanted and total
stent length per patient were similar among the four rSS groups. Of note, a higher
1SS was associated with a more frequent use of OMT at discharge (Table 4).
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Table 4. Baseline and procedural characteristics according to the residual SYNTAX score in pa-
tients treated with PCI.

r1SS=0 0<r1rSS<4 4<rSS<8 8<rSS

(n=385) (n=183) (n=167) (n=140) PV3ue

Age (year) 64.7£9.8 64.8+8.8 66.0£9.8 67.3t9.9 0.029

Sex 0.025
Male 72.7 (280) 81.4(149) 82.0 (137) 72.9(102)

Female 27.3(105) 18.6(34) 18.0(30)  27.1(38)

Body mass index (kg/m?) 28.1t4.7 284%52 27.6t46 28.6t4.7 0.272

Diabetes 20.5(79) 26.8(49)  26.3(44) 37.9(53) 0.001
Insulin 7.0 (27) 10.9 (20) 7.2 (12) 20.0 (28) <0.001

Metabolic syndrome 43.1(137) 50.7 (74) 42.0 (58) 52.7(59) 0.153

Hypertension 68.1(262) 71.0(130) 73.7(123) 67.1(94) 0.510

Dyslipidemia 77.9(299) 75.7(137)  80.7 (134) 83.3(115) 0.345

Current smokers 20.3 (78) 15.3 (28) 16.2 (27) 19.3(27) 0.442

Previous myocardial infarction 29.9 (114) 32.0(58) 28.8 (47) 39.3(55) 0.179

Previous cerebrovascular disease 12.3 (47) 16.9 (31) 10.8 (18) 15.0 (21) 0.296

Previous stroke 3.9(15) 2.7 (5) 3.6 (6) 5.8(8) 0.580

Previous transient ischemic attack 3.4 (13) 6.6 (12) 5.4 (9) 3.6 (5) 0.311

Prior carotid artery disease 7.3 (28) 10.4 (19) 7.2 (12) 9.3(13)  0.565

Peripheral vascular disease 8.3(32) 6.0 (11) 9.6 (16) 15.0(21) 0.040

Chronic obstructive pulmonary disease 8.8 (34) 6.0 (11) 8.4 (14) 8.6 (12) 0.704

Chronic kidney disease 20.3 (75) 14.5 (25) 17.2 (27) 29.3(39) 0.010

Creatinine clearance 87.2£32.0 92.5%483 83.61282 79.6x324 0.011

Left ventricular ejection fraction 60.4t12.1 59.8£129 57.3t139 56.4+13.8 0.041

Congestive heart failure 4.2 (16) 2.2 (4) 4.2 (7) 5.0(7) 0.586

Clinical presentation 0.547

Silent ischemia 13.8(53) 12.6(23)  15.0(25) 14.3(20)

Stable angina 60.0 (231) 52.5(96)  55.7(93) 56.4(79)

Unstable angina 26.2 (101)  35.0 (64) 29.3(49)  29.3(41)

EuroSCORE 3.61£2.7 3.6£24 3.8£2.5 4.4+ 2.6 0.020

Parsonnet SCORE 8.2+7.1 7.8£5.9 8.6t6.8 10.8+7.6 0.001

Disease extent 0.359
3VD 57.7(222) 65.0 (119) 59.9(100)  62.9 (88)

LMCAD 42.3(163) 35.0 (64) 40.1(67)  37.1(52)

Disease extent <0.001
LMCAD 8.1(31) 2.2 (4) 3.0 (5) 0(0)
LMCAD+1VD 10.6 (41) 4.4 (8) 7.8 (13) 2.9(4)
LMCAD+2VD 14.0(54) 10.9(20)  10.8(18)  12.1(17)
LMCAD+3VD 96(37) 175(32) 186(31) 22.1(31)
2VD 2.9 (11) 2.2 (4) 0(0) 0.7 (1)
3VD 54.8 (211) 62.8 (115) 59.9(100) 62.1(87)

Number of lesions 3.7+ 1.7 4.7t1.7 4.8t1.7 5.0+1.7 <0.001

SYNTAX score 23.6£10.0 29.1+x10 31.7£9.8 36.9t11.9 <0.001
Low 50.4(193) 27.9(51) 17.5(29) 10.8(15) <0.001
Intermediate 33.7(129)  39.9(73) 37.3(62) 28.1(39) 0.135
High 15.9(61) 32.2(59)  45.2(75) 61.2(85) <0.001

Residual SYNTAX score 00 3.0+ 1.0 6.2+ 1.1 15.0£9.0 <0.001
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Table 4. Baseline and procedural characteristics according to the residual SYNTAX score in pa-
tients treated with PCI. (continued)

1SS=0 0<rSS<4 4<r1SS<8 8<1SS

(n=385) (n=183) (n=167) (n=140) P3¢
A SYNTAX score 1.5+ 0.7 1.8+0.8 2.0+ 0.9 1.9+ 0.9 <0.001
Number of stents 4.5t 2.4 4.9+ 2.2 4.6x 2.0 4.6 2.1 0.305
Total stent length per patient 86+ 51.8 91.6£47.8 83.9t423 82.6t42.4 0.289
Any TO 12.3(47) 224 (41)  28.3(47) 54.0(75) <0.001
1TO 12.1(46)  22.4(41)  25.3(42)  45.3(63)
2TO 0.3 (1) 0(0) 3.0 (5) 8.6(12) <0.001
Any bifurcation 62.7(239) 77.6(142) 77.7(129) 85.6 (119) <0.001
Diffuse or small vessel disease 18.4 (71) 26.2 (48) 20.4 (34) 30.0 (42) 0.018
Any aorto-ostial lesion 17.1 (65) 13.1 (24) 11.4 (19) 15.1(21) 0.329
Any angiographically visible thrombus 2.6 (10) 2.2 (4) 2.4 (4) 2.9 (4) 0.981
Any heavy calcification 42.8 (163) 47.5(87) 53 (88) 64 (89) <0.001
Any severe tortuosity 55.9(213) 74.9(137) 74.7(124) 72.7(101) <0.001
Left arterial dominance 16.9 (65) 19.7 (36) 19.8 (33) 17.1(24) 0.780
Any lesion length > 20 mm 46.2 (176) 57.9(106) 62.0 (103) 74.8 (104) <0.001
Optimal medical therapy at discharge 46.5(179) 50.3(92) 52.1(87) 61.4(86) 0.025
Any antiplatelet therapy 99.2(382) 100 (183) 98.8(165) 96.4(135) 0.020
Aspirin 96.1 (370) 98.4(180) 95.8(160) 95.7(134) 0.473
Thienopyridine 98.7(380) 100 (183)  97.6(163) 91.4(128) <0.001
Statin 85.2(328) 86.9(159) 89.8(150) 86.4 (121 ) 0.538
Beta blocker 81.3(313) 82.0(150) 79.6(133) 80.7(113) 0.952
ACEi or ARB 63.4 (244) 67.8(124) 67.7(113) 76.4 (107) 0.046

Data are presented as mean * standard deviation or percentage (number).

CABG: coronary artery bypass grafting; CAD: coronary artery disease; LIMA: left internal mammary artery;
LMCAD: left main coronary artery disease; LVEF: left ventricular ejection fraction; MI: myocardial infarction;
PCIL: percutaneous coronary intervention; 3VD: three-vessel disease.

Ten-year all-cause death stratified according to the gradient of rSS are presented
in Figure 4 and Table 5. Compared with patients who achieved CR (i.e. rSS of 0),
patients with a rSS of < 8 had a comparable risk of all-cause death at 10 years (22.0%
for rSS of 0 vs. 24.0% for 0< rSS< 4 vs. 28.9% for 4< rSS< 8), whereas patients with
1SS of >8 had a more than 3.5-fold higher risk of 10-year all-cause death, compared
with those with 1SS of 0 (adjusted HR: 3.75; 95% CI: 2.33 to 6.05; p< 0.001) (Figure
4A and Table 5). These findings were largely consistent with subgroups of 3VD or
LMCAD (Figure 4B, 4C and Table 5) and at maximum follow-up (Online Figure 2
and Online Table 2).
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DISCUSSION

The main findings of the present study can be summarized as follows.

1. IR was more frequently observed in patients with PCI when compared with
CABG. Irrespective of the revascularisation strategy, patients with 3VD were
more prone to have IR than those with LMCAD.

2. Patients undergoing PCI with CR had a similar risk of all-cause death at 10 years
compared with those undergoing CABG. In contrast, PCI with IR resulted in a
significantly higher risk of all-cause death at 10 years.

3. Although a rSS was associated with a progressive increase in clinical comorbidi-
ties and complex lesions among patients undergoing PCI, patients with a rSS of
< 8 had a similar risk of all-cause death compared with those with rSS of 0.
However, patients with a rSS of >8 had a more than 3.5-fold higher risk of all-
cause death at 10 years despite a higher rate of OMT at discharge.

Early studies in 1980s demonstrated a survival benefit of CR over IR in stable pa-
tients with multivessel disease who underwent CABG ***°. This clinical benefit of CR
was somewhat mitigated when the internal mammary artery was grafted to the left
anterior descending artery '"*” *, Nevertheless, a recent study-level meta-analysis
from 28 studies between 2000 and 2013 including 83,695 patients with a median
follow-up period of 4.7 years showed that CR resulted in a greater survival benefit
over IR in patients with CABG (RR: 0.76; 95% CI: 0.63-0.90) **. Consistently, a previous
analysis in the SYNTAX trial demonstrated that, CR with CABG had a lower risk of
all-cause death at 4 years compared with IR (HR: 0.70; 95% CI: 0.49-0.98; p= 0.039)
in all-comers 3VD or LMCAD patients consisting of randomized patients and nested
registry . Conversely, the present analysis confined to the randomized SYNTAX
patients found that CR had a similar risk of 10-year all-cause death compared with
IR. This discrepancy in the 4-year SYNTAX data '* was likely attributable to the fact
that the nested CABG registry included patients with a more complex anatomy
(anatomical SS: nested CABG registry 37.8+ 13.3 vs. randomized CABG 29.1+11.4, p<
0.001) and more clinical comorbidities, accounting for a significantly higher risk of
all-cause death in patients undergoing CABG with IR vs. CR.

The similar advantage of CR vs. IR among PCI population has been reported during
the past two decades ****. A more recent study-level meta-analysis with 156,240 pa-
tients from 38 studies has shown that CR with PCI was associated with a significantly
lower risk of all-cause death (OR: 0.69; 95% CI: 0.61-0.78; p< 0.001) compared with
IR *. The present study supports those previous findings and further extended this
timeframe up to 10 years, demonstrating that, IR, in contrast to CR, was associated
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with a significantly increased risk of 10-year all-cause death in patients undergoing
PCI (Table 3).

Among those studies, the completeness of revascularisation was classified as binary
(i.e. complete vs. incomplete). As a result, the IR group pools together patients
with any lesions left untreated regardless of its location, extent, and complexity,
representing a vast heterogeneity of patients with IR. For a more accurate risk
stratification, quantification of residual burden of coronary atherosclerosis after
PCI, namely the 1SS, was introduced in the context of moderate to high-risk acute
coronary syndromes *, showing a poorer 30-day and 1-year mortality in patients
with a rSS> 8. Subsequently, the rSS was externally validated in the SYNTAX trial *'.
The present study further supports a graded spectrum of IR and identified patients
with a rSS> 8 being a more than 3.5-fold higher risk of all-cause death at 10 years
(Table 5). Incomplete revascularisation is a multifactorial phenomenon related to
small vessel disease, highly calcified lesion, extreme tortuosity, extremely angulated
bifurcation lesions among others, although the main identifiable reason for IR re-
mained the presence of a TO not successfully recanalized . Thus, a high residual SS
post procedure is difficult to predict prior to the attempted treatment. The Japanese
and European CTO score are the only established predictor of anticipated treatment
failure that could be a strong and reliable deterrent for a percutaneous treatment
and favor a surgical approach. Nevertheless, it remains difficult to predict a high
1SS prior to the procedure prospectively, and only post procedure, is it feasible and
realistic to quantify the rSS. However, if operators are unable to reduce the score be-
low the threshold of 8, then they should be aware that their patients will be at high
risk of a fatal late outcome. These patients with IR need definitely more intensive
pharmacotherapy ** and aggressive risk factor modification (e.g. smoking cessation
%) for secondary prevention. Interestingly, the present analysis has found a progres-
sively greater use of OMT according to the 1SS, suggesting that investigators might
perceive a higher risk of adverse events in patients with a higher rSS, although the
rate of OMT was suboptimal with approximately two thirds of patients receiving
OMT at discharge. In this regard, the recently proposed “aspirin-free strategy” may
be helpful since it has shown to be associated with a significantly lower risk of
bleeding events without a trade-off in ischemic risks, potentially resulting in a lower

risk of mortality especially in high-risk patients ***.

The 1SS is purely an angiographic (anatomic) index quantifying the residual burden
of anatomic lesions left untreated, whereas Bech et al. first demonstrated in 1999
that “residual ischemia”, defined as FFR< 0.89 after PCI, was associated with a higher

risk of adverse events at two years *°. Subsequently, several studies have confirmed
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that observation. Nevertheless, functional assessment of 1SS is rarely performed in
daily practice. Recently, the ERIS (Evolving Routine Standards of FFR Use) study dem-
onstrated that physiology-guided PCI was performed in 7% of the total PCI volume
4, Interestingly, even if FFR value after coronary stent implantation was suboptimal
(defined as post PCI FFR< 0.88), in 89% of these cases, no further intervention was
performed. Reasons for a low prevalence of FFR use after PCI are multifactorial; (i)
physiology optimization with FER is performed only in cases in which FFR has been
used for decision making prior to the PCI; (ii) the need to administer adenosine post
procedure increases the procedure time and cost and exposes the patient a second
time to the side effects of the drug; (iii) a standardized threshold to perform addi-
tional procedure based on randomized trials is lacking; (iv) the difficulty to interpret
the manual FFR pullback and identify the underlying causes in case of suboptimal
post-PCI FFR results with the possible need for intravascular imaging in order to
identify the remediable mechanistic cause.

Against this background, another index integrating anatomical and physiological
information after PCI, termed the residual functional SS (rFSS), which is calculated
by the sum of the 1SS in vessels with FFR< 0.80, has been recently introduced **;
specifically, in a pre-specified sub-study of the 3V FFR-FRIENDS (3-Vessel Fractional
Flow Reserve for the Assessment of Total Stenosis Burden and Its Clinical Impact
in Patients With Coronary Artery Disease) registry (n= 1,136), which performed
FFR measurement in all major coronary arteries post-procedure *, patients with
functional IR, defined as a rFSS> 1, was associated with a significantly higher risk
of MACE at two years as compared to those with functional CR (i.e. rFSS of 0) *.
However, the results should be interpreted cautiously, because the study included a
lower-risk population without TO with a relatively small sample size (n=385), result-
ing in only 24 MACE events, most of which were ischemia-driven revascularisation
“, a less objective endpoint with respect to death or MI *. Nevertheless, these find-
ings with functional assessment at post-procedure are of great interest, and further
investigations are warranted including cost-effectiveness of the prediction models.

Limitation

Our findings should be interpreted in light of the following limitations. First, as dis-
cussed previously, physiological assessment pre- and post-procedure was not manda-
tory in the SYNTAX trial. Nevertheless, the present study provided unique informa-
tion after angiographically guided PCI regarding 10-year all-cause death, which is
the most robust endpoint that is clinically relevant for both patients and physicians.
In addition, it has to be emphasized that the use of FFR varies significantly across
countries, centres, and operators ranging from 3% to 30% of the total volume of PCI
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due to equipment, reimbursement, and operator choice. Even resting indices such as
instantaneous wave-free ratio have not increased the usage of physiology-guided PCI
significantly *"*>*. Second, although the SYNTAX trial collected baseline informa-
tion that are related to mortality and the present analysis accounted for imbalances
in multivariable models, the role of unmeasured confounders cannot be excluded.
Third, the SYNTAX trial was conducted between 2005 and 2007 with a default use of
the first-generation DES for treatment with PCI, as well as less concerted attention
to multidrug OMT, which may limit generalizability of our findings to our current
practice ¥. Nevertheless, the SYNTAXES study is the first randomized data that was
meticulously conducted and achieved a high follow-up rate of 93.8% for 10-year vital
status (1,689 out of 1,800 enrolled patients) .

CONCLUSION

CR was less frequently achieved in patients undergoing PCI when compared to CABG,
especially in cases with 3VD. Patients undergoing PCI with CR had a comparable risk
of all-cause death at 10 years compared with those undergoing CABG. In contrast,
patients undergoing PCI with IR had a significantly higher risk of all-cause death
at 10 years. Patients undergoing PCI with IR represented a population with great
heterogeneity of clinical and anatomic comorbidities. Patients with a rSS of < 8 had
a similar risk of all-cause death compared with those with CR, whereas patients with
arSS of > 8 had a more than 3.5-fold higher risk of all-cause death at 10 years despite
a higher rate of OMT at discharge.

Abbreviations List

CABG: coronary artery bypass grafting
CAD: coronary artery disease

LMCAD: left main coronary artery disease

MI: myocardial infarction
PCI: percutaneous coronary intervention
3VD: three-vessel disease
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ABSTRACT

Background

Randomised controlled trials are considered the gold standard for testing the ef-
ficacy of novel therapeutic interventions, and typically report the average treatment
effect as a summary result. As the result of treatment can vary between patients,
basing treatment decisions for individual patients on the overall average treatment
effect could be suboptimal. We aimed to develop an individualised decision mak-
ing tool to select an optimal revascularisation strategy in patients with complex
coronary artery disease.

Methods

The SYNTAX Extended Survival (SYNTAXES) study is an investigator-driven extension
follow-up of a multicentre, randomised controlled trial done in 85 hospitals across
18 North American and European countries between March, 2005, and April, 2007.
Patients with de-novo three-vessel and left main coronary artery disease were ran-
domly assigned (1:1) to either the percutaneous coronary intervention (PCI) group
or coronary artery bypass grafting (CABG) group. The SYNTAXES study ascertained
10-year all-cause deaths. We used Cox regression to develop a clinical prognostic
index for predicting death over a 10-year period, which was combined, in a second
stage, with assigned treatment (PCI or CABG) and two prespecified effect-modifiers,
which were selected on the basis of previous evidence: disease type (three-vessel
disease or left main coronary artery disease) and anatomical SYNTAX score. We used
similar techniques to develop a model to predict the 5-year risk of major adverse
cardiovascular events (defined as a composite of all-cause death, non-fatal stroke,
or non-fatal myocardial infarction) in patients receiving PCI or CABG. We then as-
sessed the ability of these models to predict the risk of death or a major adverse
cardiovascular event, and their differences (ie, the estimated benefit of CABG versus
PCI by calculating the absolute risk difference between the two strategies) by cross-
validation with the SYNTAX trial (n=1800 participants) and external validation in the
pooled population (n=3380 participants) of the FREEDOM, BEST, and PRECOMBAT
trials. The concordance (C)-index was used to measure discriminative ability, and
calibration plots were used to assess the degree of agreement between predictions
and observations.

Findings
At cross-validation, the newly developed SYNTAX score II, termed SYNTAX score II

2020, showed a helpful discriminative ability in both treatment groups for predicting
10-year all-cause deaths (C-index=0.73 [95% CI 0.69-0.76] for PCI and 0.73 [0.69-0.76]
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for CABG) and 5-year major adverse cardiovascular events (C-index=0.65 [0.61-0.69]
for PCI and C-index=0.71 [0.67-0.75] for CABG). At external validation, the SYNTAX
score II 2020 showed helpful discrimination (C-index=0.67 [0.63-0.70] for PCI and
C-index=0.62 [0.58-0.66] for CABG) and good calibration for predicting 5-year major
adverse cardiovascular events. The estimated treatment benefit of CABG over PCI
varied substantially among patients in the trial population, and the benefit predic-

tions were well calibrated.

Interpretation

The SYNTAX score II 2020 for predicting 10-year deaths and 5-year major adverse
cardiovascular events can help to identify individuals who will benefit from either
CABG or PCI, thereby supporting heart teams, patients, and their families to select
optimal revascularisation strategies.

Funding The German Heart Research Foundation and the Patient-Centered Out-
comes Research Institute.
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INTRODUCTION

Myocardial revascularisation is one of the most studied fields in medicine, with
more than 20 randomised controlled trials testing the efficacy and safety of coro-
nary artery bypass grafting (CABG) versus percutaneous coronary intervention (PCI)
in approximately 15 000 patients to date.' Nevertheless, the optimal revascularisa-
tion strategy for individual patients with complex coronary artery disease is still
debated. By contrast with previous randomised controlled trials, which enrolled
highly selected populations, the Synergy Between PCI with TAXUS and Cardiac
Surgery (SYNTAX) trial was a landmark study comparing CABG with PCI (using
first-generation drug-eluting stents) in all-comer patients with de-novo three-vessel
disease or left main coronary artery disease, or both.>” Following the publication
of the primary results of the SYNTAX trial and subgroup analyses in 2009,3 the
2010 European Society of Cardiology and European Association for Cardio-Thoracic
Surgery guidelines on myocardial revascularisation introduced an algorithm based
on the type (three-vessel disease or left main coronary artery disease), extent, and
severity of coronary artery disease, as assessed by the anatomical SYNTAX score.®®
This stratification has been maintained in the 2018 version of the guidelines.' How-
ever, as noted in the guidelines, these subgroup analyses merely provide the heart
team with an anatomical stratification of treatment recommendations, and do not

consider major clinical characteristics and comorbidities.*"!

Conventional subgroup analyses evaluate the heterogeneity of a treatment effect
by comparing groups of patients who differ in only one single variable (eg, male vs
female or age <70 years vs 270 years) and do not account for multiple variables that
might simultaneously influence outcomes (eg, young male vs old male vs young
female vs old female). As such, conventional subgroup analyses do not represent
the broader heterogeneity of patients who clinicians treat in daily practice.”*™ In
addition, conventional subgroup analyses usually divide the overall population into
smaller groups, resulting in reduced statistical power for detecting a differential
treatment effect (ie, false-negative findings) and an increased risk for false-positive
findings due to multiple comparisons."®*' Finally, clinical interpretation of sub-
group analyses is hampered by the fact that the average treatment effect is usually
presented on a relative scale (eg, as odds ratios or hazard ratios [HRs]), whereas the

absolute risk difference is the most important scale for clinical decision making.'>"

To move beyond conventional subgroup analyses, multivariable risk predictive

models have been proposed to simultaneously account for multiple patient char-
acteristics that influence treatment effects. Such an approach can readily estimate
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treatment benefits on the basis of multiple individual patient characteristics, en-
abling personalised decision making for each patient.”*™"® We previously developed
the SYNTAX score II to predict 4-year mortality in individual patients given CABG or
PCI, to support more evidence-based decision making by the heart team."" The SYN-
TAX score II included eight prognostic factors and their interactions with treatment
assignment. However, simulations have shown that data-driven inclusion of interac-
tions overestimated the heterogeneity of the treatment effect.” In 2019, the SYNTAX
Extended Survival (SYNTAXES) study reported 10-year all-cause death in patients
with de-novo three-vessel disease or left main coronary artery disease, or both, who
were randomly assigned to receive either CABG or PCI in the original SYNTAX trial.”®
Therefore, the aims of the present study were to redevelop the SYNTAX score II for
predicting the benefit of CABG versus PCI over a 10-year period, and to externally
validate the updated score (termed the SYNTAX score II 2020) for its ability to predict

treatment benefit, further supporting its potential usefulness in clinical care.

Research in context

Evidence before this study

We searched PubMed on Feb 20, 2020, using the search terms “percutaneous
coronary intervention”, “coronary artery bypass grafting”, and “score”. We searched
for studies on multivariable risk predictive models that had been developed for
individualised decision making between percutaneous coronary intervention (PCI)
and coronary artery bypass (CABG) in patients with complex coronary artery disease,
published in English from database inception up to Feb 20, 2020. We identified 936
potential studies, which were checked manually. Several randomised controlled tri-
als have been done to identify an optimal revascularisation strategy in patients with
complex coronary artery disease. However, these trials report an average treatment
effect as a summary result of a trial, and treatment effect has been shown to vary
among individual patients. Therefore, basing treatment decisions for individual
patients on the overall average treatment effect could be suboptimal. Among the
936 studies identified through the literature search, we identified only two studies
that had developed a score, based on the predicted risk of long-term adverse events
from CABG or PCI as a decision-making tool to guide the selection of an optimal re-
vascularisation strategy for individual patients. One study was on the development
of the original SYNTAX score II, which aimed to improve the individualised decision
making process by estimating the risk difference in 4-year death between CABG
and PCI in patients with three-vessel disease or left main coronary artery disease,
or both. The other study developed the FREEDOM score, which estimated the 5-year
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risk of having a major adverse cardiovascular event and the 1-year risk of angina in
patients with diabetes and multivessel coronary artery disease.

Added value of this study

Using the SYNTAX Extended Survival (SYNTAXES) study, which reported 10-year
all-cause death in patients with de-novo three-vessel disease or left main coronary
artery disease, or both, who were randomly assigned to receive either CABG or PCI
in the original SYNTAX trial, we redeveloped the SYNTAX score II (termed SYNTAX
score II 2020), with two prespecified effect-modifiers selected on the basis of previ-
ous evidence for predicting the 10-year death risk and 5-year risk of having a major
adverse cardiovascular event. The primary results of the SYNTAXES study showed
that there was no significant difference in 10-year all-cause death between the PCI
group and the CABG group. However, the SYNTAX score II 2020 disentangled the
results of this pivotal study and identified patients who gained the most benefit
from CABG over PCI, or vice versa, in terms of 10-year all-cause mortality.

Implications of all the available evidence

The SYNTAX score II 2020 provides individuals with a predicted treatment benefit of
CABG over PCI, in terms of the 10-year death risk and 5-year risk of having a major
adverse cardiovascular event, based on key angiographic and clinical variables ob-
tained at the time of decision making. This model enables more individualised and
patient-centred care to be delivered during multidisciplinary heart team discussions
for patients and their families.

METHODS

Study design and participants

The study design, and the primary and final 5-year results of the SYNTAX trial
(NCT00114972), have been reported previously.”” In brief, the SYNTAX trial is an
international, multicentre, randomised controlled trial done in 85 centres across
18 North American and European countries between March, 2005, and April, 2007.
Based on clinical judgment and consensus of a heart team (consisting of a cardio-
thoracic surgeon and interventional cardiologist) at each centre, all patients with
three-vessel disease or left main coronary artery disease who were considered to
achieve a clinical equipoise between CABG and PCI were randomly assigned (1:1)
to either the CABG group (n=897) or the PCI group (n=903), with paclitaxel-eluting
stents. The SYNTAX trial completed patient follow-up at 5 years,’ and the SYNTAXES
study (NCT03417050) ascertained all-cause deaths at 10 years.*
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No randomised trials with 10-year follow-up data in patients with three-vessel dis-
ease or left main coronary artery disease, or both (ie, a SYNTAX-like population), are
available, thus precluding external validation of the SYNTAX score II 2020 model.
However, we extracted patient-level data from three trials involving patients with
multivessel disease or left main coronary artery disease treated with PCI and CABG
to externally validate the SYNTAX score II 2020 model for predicting 5-year all-cause
deaths and 5-year major adverse cardiovascular events, defined as a composite of all-
cause death, non-fatal stroke, or non-fatal myocardial infarction. These trials included
the Future Revascularisation Evaluation in Patients with Diabetes Mellites: Optimal
Management of Multivessel Disease trial (FREEDOM; NCT00086450),** the Coronary
Artery Bypass Surgery and Everolimus-Eluting Stent Implantation in the Treatment
of Patients with Multivessel Coronary Artery Disease trial (BEST; NCT00997828), and
the BYPASS Surgery Versus Angioplasty Using Sirolimus-Eluting Stent in Patients
With Left Main Coronary Artery Disease trial (PRECOMBAT; NCT00422968).

The study design, and the primary and final 5-year follow-up results of the FREEDOM
trial have been published previously.* Briefly, the FREEDOM trial, which was done
at 140 international centres between 2005 and 2010, randomly assigned (1:1) 1900
patients with diabetes and multivessel disease to either the CABG group (n=947)
or the PCI group (n=953), in which patients received first-generation drug-eluting
stents.”* The FREEDOM trial has reported the primary results at 5 years of follow-
up.** In 2019, an extended follow-up report of the trial was published, which pres-
ents all-cause mortality at 8 years in approximately half of the original trial cohort.”®

The BEST trial is a multicentre randomised trial done at 27 centres in Asia (South
Korea, China, Malaysia, and Thailand) between July, 2008, and September, 2013, that
randomly assigned (1:1) 880 patients with multivessel disease to either the CABG
group (n=442) or the PCI group (n=438), in which patients received everolimus-
eluting stents.”® The BEST trial has completed patient follow-up for up to 5 years,
with 10-year follow-up ongoing.

The PRECOMBAT trial is a multicentre randomised trial, done at 13 centres in Korea
between April, 2004, and August, 2009, which randomly assigned (1:1) 600 patients
with left main coronary artery disease to either the CABG group (n=300) or the PCI
group (n=300), in which patients received a sirolimus-eluting stent.>”*® The 10-year
follow-up results from the PRECOMBAT trial were published in 2020.%

257

01 13deyd



All randomised trials included in this study were approved by the ethics committees
at each investigating centre, and all patients provided written informed consent
before participating in the trial.

Procedures

We contacted the principal investigators of the included trials to request the
patient-level data for the external validation of the SYNTAX score II 2020. Data on
three randomised trials (FREEDOM, BEST, and PRECOMBAT) were already available,
and two investigators (KT and DvK) independently checked the data and compared
them with the original publications for completeness and consistency. The principal
investigators of these trials were contacted if queries arose during the data checks.
A clinical event committee masked to randomisation adjudicated all clinical adverse
events of each study. Unless specified, previously reported definitions in each study
were used for variables.

We extracted data on age, sex, body-mass index, smoking status (ie, whether they
smoked at the time of enrolment), creatinine clearance (according to the Chronic
Kidney Disease-Epidemiology Collaboration [CKD-EPI| formula), and left ventricular
ejection fraction, whether they had chronic obstructive pulmonary disease (COPD),
peripheral vascular disease, medically treated diabetes, or had received insulin
therapy, and whether they had a history of myocardial infarction or stroke.

We developed a predictive model for the prespecified primary endpoint of the SYN-
TAXES study, 10-year all-cause death, which is the most robust endpoint for both
patients and physicians. In addition, we developed a predictive model for 5-year
major adverse cardiovascular events, because patients valued stroke or myocardial
infarction as an equally or even more important endpoint than death, and they
valued other endpoints (eg, repeat revascularisation or readmission to hospital) as
substantially less important.*

Statistical analysis

In the original SYNTAX trial, results for most of the baseline variables were available
for more than 98% of the trial population, whereas data on left ventricular ejec-
tion fraction was 98.4% complete as a categorical variable (defined as good [>50%],
moderate [30-49%], and poor [<30%]), and 62.6% complete as continuous variable.
Data on serum creatinine was 91% complete. During the development of the original
SYNTAX score II, the Cockcroft-Gault formula was used to calculate creatinine clear-
ance."" This formula is no longer recommended for clinical use, as it does not adjust
for body surface area and overestimates creatinine clearance.’® We therefore used
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the CKD-EPI formula to estimate creatinine clearance, as endorsed by consensus
guidelines.*** Similar to the development of the original SYNTAX score II, multiple
imputation (20 times) of missing values was done, based on the correlation between
all potential predictors, to make efficient use of the available data without introduc-

ing bias under the missing at random assumption.®*

Following the recommendations of the Predictive Approaches to Treatment effect
Heterogeneity statement,'®"® published in 2019, we first used Cox regression for the
SYNTAXES study data (n=1800 participants) to develop a clinical prognostic index
for predicting 10-year all-cause deaths, while masked to treatment assignment.”’
Since the ultimate goal of model development was to inform the choice of a revas-
cularisation strategy, only variables available at the time of decision making were
included. Candidate variables were selected a priori on the basis of published data
and clinical experience. We then fitted a Cox model, which included treatment as-
signment, the prognostic index, and two prespecified effect-modifiers: disease type
(three-vessel disease or left main coronary artery disease) and anatomical SYNTAX
score. We used an analogous approach to develop a model to predict the 5-year risk
of major adverse cardiovascular events by use of data from the SYNTAX trial.

The predictive performance of the SYNTAX score II 2020 was internally validated in
the development cohort of the SYNTAXES trial by use of a 10-fold cross-validation
approach, fitting regression models to 90% of the patients, and calculating predic-
tions for the remaining 10% of patients. The SYNTAX score II 2020 was then exter-
nally validated in the combined FREEDOM, BEST, and PRECOMBAT trial cohorts. In
addition, we compared the external predictive performance of the SYNTAX score II
2020 with the original SYNTAX score II, calibrated to 5-year deaths, in the FREEDOM,
BEST, and PRECOMBAT trial cohort. This calibrated original SYNTAX score II was
derived by fitting calibration slopes for patients in the CABG and PCI groups of the
SYNTAXES study separately, to update the association between the SYNTAX score II
and 5-year deaths.

For each of these validation analyses, the discriminative ability of the SYNTAX score
IT 2020 for outcome risk was assessed in the separate treatment groups by use of
Harrell’s C statistic.*® Calibration for outcome risk in separate treatment groups was
also assessed visually by use of calibration plots (ie, agreement between observed
vs predicted risk). We added a smooth calibration curve to each calibration plot
on the basis of a Cox model that fitted outcomes to a restricted cubic spline of the

predictions. Calibration is optimal when the smooth calibration curve is close to the
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identity line (ie, diagonal), also reflected by a calibration intercept close to 0 and a
calibration slope close to 1.

For models intended to predict treatment benefit, it is important to validate pre-
dicted benefits, not just predicted outcomes.’" Thus, we assessed the agreement
between predicted and observed benefit of treatment with CABG over PCI by use of a
benefit calibration plot, which displays observed versus predicted treatment benefit
in quarters of predicted treatment benefit.*> We estimated the observed benefit of
treatment with CABG over PCI by calculating the difference in Kaplan-Meier esti-
mates between the CABG group and the PCI group.* We added a smooth calibration
curve to each benefit calibration plot on the basis of local polynomial regression
between observed and predicted treatment benefit in small groups of 40 patients
with increasing predicted benefit.

Continuous variables were reported as the mean (SD), compared by use of Student’s
t tests, or median (IQR), compared by use of Mann-Whitney U tests. Categorical
variables were reported as percentages and numbers, and were compared by use of
y2 or Fisher’s exact test, as appropriate. Clinical outcomes are analysed by use of the
Kaplan-Meier estimates and compared with the log-rank test. HRs with 95% CIs were
estimated by use of a Cox proportional hazards model.

All tests were two-sided, and a p value of less than 0.05 was considered to indicate
a significant difference. The analyses were done in accordance with the transparent
reporting of a multivariable prediction model for individual prognosis or diagnosis
statement.* All statistical analyses were done in R, version 3.5.3.

Role of the funding source

All randomised trials included in our study were investigator-initiated, and the
funders of each trial and of this report had no role in the study design, data collec-
tion, data analysis, data interpretation, or writing of this report. The corresponding
author (PWS), first author (KT), and last author (DvK) had full access to the data and
had final responsibility for the decision to submit for publication.

RESULTS

In the SYNTAX trial,’ 1800 patients at 85 European and US hospitals were enrolled
between March, 2005, and April, 2007, and randomly assigned to either the CABG
group (n=897) or the PCI group (n=903), in which they received paclitaxel-eluting
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stents. At 10 years’ follow-up, 460 deaths had occurred among all 1800 patients.
212 (24%) patients in the CABG group had died compared with 248 (28%) patients in
the PCI group, with no significant difference in deaths observed between the two
groups (HR 1.19 [95% CI 0.99-1.43], log-rank p value=0.066). By contrast, at 5 years
follow-up (IQR 4.7-5.0), 185 (21%) of 903 patients in the PCI group had had a major
adverse cardiovascular event compared with 140 (17%) of 897 patients in the CABG
group, with a significant difference observed between the two groups (HR 1.27 [95%
CI 1.02-1.59], log-rank p value=0.030).>

Baseline characteristics of patients grouped by 10-year all-cause deaths and 5-year
incidence of major adverse cardiovascular events are summarised (table 1). Com-
pared with those who were still alive at 10 years’ follow-up, patients who had died
were older (ie, those who were still alive had a mean age of 63.5 years compared
with 69.9 years in those who had died), and were more likely to be female, to have
comorbidities (ie, medically treated diabetes, dyslipidaemia, COPD, peripheral vas-
cular disease, lower left ventricular ejection fraction, lower creatinine clearance,
and receiving insulin), and more complex coronary artery disease, as indicated by
the anatomical SYNTAX score (30.7 [SD 11.7] in those who had died vs 28.1 [11.2] in
those who had not, p<0.0001). Compared with patients who had not had a major
adverse cardiovascular event at 5 years’ follow-up, those who had were older and
were more likely to have comorbidities (ie, COPD, peripheral vascular disease, a
previous myocardial infarction, lower left ventricular ejection fraction, lower creati-
nine clearance, and receiving insulin), and a higher anatomical SYNTAX score (30.9
[11.7] in those who had a major adverse cardiovascular event vs 28.3 [11.3] in those
who had not, p<0.0001; table 1).

For predicting the risk of 10-year all-cause death, the prognostic index consisted of
eight clinical predictors of death (age, creatinine clearance, left ventricular ejection
fraction, smoking status, and whether they have medically treated diabetes, are
receiving insulin, have COPD, and have peripheral vascular disease; table 2). The
predictive model for this outcome included the prognostic index, initial revascu-
larisation strategy, and two treatment interactions (three-vessel disease or left main
coronary artery disease and anatomical SYNTAX score). CABG was, on average, found
to be beneficial in patients with three-vessel disease (HR 0.67 [95% CI 0.53-0.86]),
but not in patients with left main coronary artery disease (1.02 [0.77-1.36], Pinterac-
ion=0.028), and anatomical SYNTAX score was only associated with increased risk
of death in patients who received PCI (HR per 10 points 1.17 [1.06-1.30]), but not
CABG (1.00 [0.89-1.12], Pinteraction=0.039). The SYNTAX score II 2020 showed helpful
discriminative ability for both treatment groups for predicting 10-year all-cause
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mortality (concordance [Cl-index=0.73 [95% CI 0.69-0.76] for PCI and 0.73 [0.69-0.76]
for CABG), with excellent calibration between deaths predicted by the SYNTAX
score II 2020 and the observed 10-year deaths in the SYNTAXES trial (figure 1A, B).
The predicted treatment benefit of CABG over PCI was also well calibrated in cross-
validation of the model in the SYNTAXES study (figure 1C).

The SYNTAX score II 2020, developed for predicting 10-year all-cause death, showed
similar cross-validated performance in predicting 5-year all-cause death for both PCI
and CABG groups in the SYNTAX trial (C-index 0.74 [95% CI 0.69-0.78] for the PCI
group and 0.72 [0.67-0.77] for the CABG group), and good agreement between ob-
served and predicted 5-year deaths (appendix p 2). Calibration of the observed versus
predicted 5-year treatment benefit of CABG over PCI was excellent (appendix p 2).

Table 2: Model for predicting risk of all-cause death at 10 years

Coefficient HR (95% CI) P value
Prognostic index
Age, per 10 years 0.72 2.05(1.81-2.33)  <0.0001
Creatinine clearance, per 10 mL/min per 1.73 m?* -0.07 0.93 (0.88-0.99)  0.0279
Left ventricular ejection fraction, per 10%¥ -0.31 0.73 (0.63-0.84)  <0.0001
Chronic obstructive pulmonary disease 0.48 1.62 (1.24-2.12)  0.0004
Peripheral vascular disease 0.73 2.08 (1.63-2.62)  <0.0001
Medically treated diabetes 0.20 1.22(0.95-1.57)  0.1251
Receiving insulin 0.46 1.58 (1.14-2.19)  0.0055
Current smoker 0.66 1.93(1.52-2.45)  <0.0001
Predictive model
Prognostic index 0.99 2.69 (2.42-3.01)  <0.0001
CABG x three-vessel disease -0.40 0.67 (0.53-0.86)  0.0014
CABG x left main coronary artery disease -0.08 0.92 (0.72-1.19)  0.5466
PCI x left main coronary artery disease -0.10 0.90 (0.70-1.17)  0.4418
PCI x (SYNTAX score - 29)/10 0.16 1.17 (1.06-1.30)  0.0024

Table shows the estimated Cox regression coefficients for the prognostic index with seven variables, and for
the predictive model with the predictive index and two predefined treatment interactions (three-vessel disease
or left main coronary artery disease and anatomical SYNTAX score) entered into the SYNTAX II 2020 for predict-
ing 10-year all-cause death. The formula used to predict this outcome is as follows: predicted probability of all-
cause death at 10 years=1 — exp(—0.243 x exp[0.99 x {0.72 x age - 0.07 x creatinine clearance - 0.31 x left ejection
fraction + 0.48 x chronic obstructive pulmonary disease + 0.73 x peripheral vascular disease + 0.20 x medically
treated diabetes + 0.46 x on insulin + 0.66 x current smoker} - 0.40 x CABG x three-vessel disease - 0.08 x CABG
x left main coronary artery disease - 0.10 x PCI x left main coronary artery disease + 0.16 x PCI x {SYNTAX
score - 29}/10 - 2.80]), where age is expressed in years per 10 years, the creatinine clearance is expressed per
10 mL/min per 1.73 m?2 (capped at 90 per 10 mL/min per 1.73 m?), and the left ventricular ejection fraction is
expressed per 10% (capped at 50 per 10%). CABG=coronary artery bypass grafting. PCI=percutaneous coronary
intervention. *Capped at 90 per 10 mL/min per 1.73 m2. -Capped at 50 per 10%. HR=hazard ratio.
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Figure 1: Cross-validation of the SYNTAX score II 2020 for predicting 10-year death in patients with
three-vessel disease or left main coronary artery disease in the SYNTAX trial (n=1800)

Calibration plots showing the observed versus predicted 10-year death according to the SYNTAX score II 2020
in the PCI group (A) and in the CABG group (B). (C) Kaplan-Meier plots showing the observed versus predicted
treatment benefit of CABG over PCI according to the SYNTAX score II 2020 in predicted benefit quarters (i-iv),

and a calibration plot showing the observed versus predicted treatment benefit of CABG over PCI, in terms of

10-year death (v). A positive ARD represents an increase in treatment benefit of CABG over PCI. Vertical dashed
lines in the calibration plots represent the quartiles of 10-year death. In the Kaplan-Meier plots, blue circles
represent predicted risk of death at 10 years for CABG and red circles represent the predicted risk of death at
10 years for PCI. PCI=percutaneous coronary intervention. C-index=concordance index. CABG=coronary artery
bypass grafting. ARD=absolute risk difference.
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By use of data from the FREEDOM, BEST, and PRECOMBAT trials, external valida-
tion of the SYNTAX score II 2020 model showed helpful discriminative ability for
5-year all-cause death in the PCI and CABG groups (C-index=0.70 [95% CI 0.67-0.74]
in the PCI group and 0.70 [0.66-0.74] in the CABG group), with excellent calibration
(figure 2A, B). The SYNTAX score II 2020 model also showed good calibration for the
predicted treatment benefit of CABG over PCI in this population, in terms of 5-year
all-cause death (figure 2C).

The SYNTAX score II 2020 model for predicting the 5-year risk of major adverse
cardiovascular events included the same prognostic index and the same two treat-
ment effect-modifiers (ie, disease type [three-vessel disease or left main coronary
artery disease| and anatomical SYNTAX score) as the 10-year death model (table 3).
Cross-validation of this model with the SYNTAX trial provided a C-index of 0.65
(95% CI 0.61-0.69) in the PCI group and 0.71 (0.67-0.75) in the CABG group, with
good agreement between the observed and predicted 5-year risk of major adverse
cardiovascular events (appendix p 3). The model also showed excellent calibration
for treatment benefit of CABG over PCI (appendix p 3). In the pooled patient cohort
from the FREEDOM, BEST, and PRECOMBAT trials, the SYNTAX score II 2020 model
for predicting 5-year risk of major adverse cardiovascular events showed helpful
discrimination in both treatment groups (C-index=0.67 [95% CI 0.63-0.70] for PCI
and 0.62 [0.58-0.66] for CABG) and good calibration (figure 3A, B). The model also
showed good calibration for the observed versus predicted treatment benefit of
CABG over PCI in the FREEDOM, BEST, and PRECOMBAT trials (figure 3C).

A PCigroup B CABG group C 5-year difference in deaths
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Figure 2: External validation of the 10-year death model of the SYNTAX score II 2020 for predicting
5-year all-cause death in patients with multivessel disease or left main coronary artery disease in the
FREEDOM, BEST, and PRECOMBAT trials (n=3380)

Calibration plots showing the observed versus predicted 5-year deaths according to the SYNTAX score II
2020 in the PCI group (A) and CABG group (B). Vertical dashed lines represent quartiles of predicted 5-year
deaths. (C) Calibration plot showing the observed versus predicted treatment benefit of CABG, according to
the SYNTAX score II 2020. Vertical dashed lines represent quartiles of predicted treatment benefit of CABG.
PCI=percutaneous coronary intervention. C-index=concordance index. CABG=coronary artery bypass grafting.
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Table 3: Model for predicting the risk of a major adverse cardiovascular event at 5 years

Coefficient HR (95% CI) P value
Prognostic index 0.74 2.10 (1.84-2.39) <0.0001
CABG x three-vessel disease -0.48 0.62 (0.46-0.83) 0.0012
CABG x left main coronary artery disease -0.10 0.91 (0.67-1.22) 0.5117
PCI x left main coronary artery disease -0.23 0.80 (0.59-1.08) 0.1397
PCI x (SYNTAX score - 29)/10 0.19 1.21(1.07-1.37) 0.0021

Table shows the coefficients for the prognostic index, with the same seven variables as used for the 10-year
all-cause death model, and two predefined treatment interactions (three-vessel disease or left main coronary
artery disease and anatomical SYNTAX score), derived from a Cox multivariable model for predicting the risk
of a major adverse cardiovascular event at 5 years. The predicted risk of this outcome can be calculated by use
of the following formula: predicted probability of major adverse cardiovascular event at 5 years=1 — exp(-0.175
x exp[0.74 x {0.72 x age - 0.07 x creatinine clearance - 0.31 x left ejection fraction + 0.48 x chronic obstructive
pulmonary disease + 0.73 x peripheral vascular disease + 0.20 x medically treated diabetes + 0.46 x on insulin
+ 0.66 x current smoker} - 0.48 x CABG x three-vessel disease - 0.10 x CABG x left main coronary artery dis-
ease - 0.23 x PCI x left main coronary artery disease + 0.19 x PCI x {SYNTAX score - 29} | 10 - 2.00]), where age
is expressed in years per 10 years, the creatinine clearance is expressed per 10 mL/min per 1.73 m? (capped
at 90 per 10 mL/min per 1.73 m?), and the left ventricular ejection fraction is expressed per 10% (capped at 50
per 10%). HR=hazard ratio. CABG=coronary artery bypass grafting. PCI=percutaneous coronary intervention.

The SYNTAX score II 2020 was better able to discriminate 5-year all-cause deaths
than the calibrated original SYNTAX score II in patients randomly assigned to
CABG and PCI groups in the external validation cohort of the FREEDOM, BEST, and
PRECOMBAT trials (figure 2, appendix p 4). Of note, the SYNTAX score II 2020 was
superior to the calibrated original SYNTAX score II for predicting treatment benefit
of CABG over PCI in terms of 5-year all-cause death (figure 2, appendix p 4).

DISCUSSION

In this study, we used data from the original SYNTAX trial® and the SYNTAXES trial*®
to develop two risk models; one to predict all-cause death at 10 years and the second
to predict the risk of major adverse cardiovascular events at 5 years. The SYNTAX
score II 2020 contains eight prognostic factors and two prespecified effect-modifiers
(disease type and anatomical SYNTAX score). A significant treatment interaction
with disease type was observed, and the anatomical SYNTAX score was only associ-
ated with death in patients who received PCI, but not in those who received CABG.
We found that being female was not an independent predictor of all-cause death
over the 10-year follow-up period of the SYNTAXES study. The SYNTAX score II 2020
was internally validated for its ability to predict 10-year death. In addition, we found
that the SYNTAX score II 2020 was able to predict 5-year all-cause death and benefit
of CABG over PCI in both internal and external validation cohorts. Using the same
variables as the 10-year all-cause death model, we developed a model to predict the
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Figure 3: External validation of the SYNTAX score II 2020 for predicting major adverse cardiovascular
events at 5 years in patients with multivessel or left main coronary artery disease in the FREEDOM, BEST,
and PRECOMBAT trials (n=3380)

Calibration plots showing the observed versus predicted 5-year incidence of major adverse cardiovascular
events in the PCI group (A), and the CABG group (B). (C) Kaplan-Meier plots showing the observed versus
predicted treatment benefit of CABG over PCI according to the SYNTAX score II 2020 in quarters of predicted
treatment benefit (i-iv), and a calibration plot showing the observed versus predicted treatment benefit of
CABG over PCI, in terms of the incidence of major cardiovascular adverse events at 5 years (v). A positive
ARD represents treatment benefit of CABG over PCIL. In the calibration plots, vertical dashed lines represent
quartiles of predicted major adverse cardiovascular events at 5 years. In the Kaplan-Meier plots, blue circles
represent predicted 5-year major adverse cardiovascular events for CABG, and red circles represent predicted
5-year major cardiovascular events for PCI. PCI=percutaneous coronary intervention. C-index=concordance
index. CABG=coronary artery bypass grafting. ARD=absolute risk difference.
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Casel Case2 Case3
Age, years 74 59 69
Diabetes No Yes Yes
Receiving insulin No No Yes
Creatinine clearance, mL/min per 1.73 m* 386 676 725
Left ventricular ejection fraction 40% 67% 55%
Chronic obstructive pulmonary disease No No No
Peripheral vascular disease No No No
Current smoker Yes No No

Three-vessel disease or

Left main coronary

Three-vessel

Three-vessel

left main coronary artery disease artery disease disease disease
Anatomical SYNTAX score 11 10 50
apa
[ CABG
I Treatment benefit
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Figure 4: Use of the SYNTAX score II 2020 for individualised decision making

The bar graphs show three representative case scenarios in which the SYNTAX score II 2020 model, for predict-
ing 10-year death and the risk of a major cardiovascular event at 5 years, can provide individualised predictions
for these outcomes in different patients depending on the treatment given (PCI or CABG). In the first scenario,
a male aged 74 years with left main coronary artery disease, a low left ventricular ejection fraction, and a low
creatinine clearance, the model predicts a 10-year all-cause death risk of 68.3% with CABG versus 57.0% with
PCI, and 5-year risk of having a major adverse cardiovascular event of 44.5% with CABG versus 30.7% with PCL
As a result, the predicted absolute treatment benefit of PCI over CABG is 11.3% for 10-year death and 13.8% for
the 5-year risk of a major adverse cardiovascular event. The second scenario involves a women aged 59 years
with three-vessel disease and who had medically treated diabetes, but had a low anatomical SYNTAX score.
For this patient, the model predicts a 10-year all-cause death risk of 10.3% with CABG versus 11.3% with PCI,
and a 5-year risk of having a major adverse cardiovascular event of 8.4% with CABG versus 9.5% with PCI. The
predicted absolute treatment benefit of CABG over PCI is 1.0% for 10-year death and 1.1% for the 5-year risk of a
major adverse cardiovascular event. The third scenario involves a male aged 69 years with three-vessel disease,
who was given insulin and had a high anatomical SYNTAX score. For this patient, the model predicts a 10-year
all-cause death risk of 28.8% with CABG versus 50.8% with PCI, and a 5-year risk of having a major adverse
cardiovascular event of 18.6% with CABG versus 39.1% with PCIL The predicted absolute treatment benefit of
CABG over PCI is 22.0% for 10-year death and 20.5% for the 5-year risk of having a major adverse cardiovascular
event. CABG=coronary artery bypass grafting. PCI=percutaneous coronary intervention.
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5-year risk of major adverse cardiovascular events. This model was also internally
and externally validated for its ability to predict major adverse cardiovascular events
at 5 years, and showed a good calibration for treatment benefit of CABG over PCIL
Finally, the SYNTAX score II 2020 showed better discrimination and calibration for
outcome risk and treatment benefit of CABG over PCI compared with the original
SYNTAX score II (even with recalibration).

In medicine, randomised controlled trials have been considered the gold standard
for comparing the efficacy and safety of alternative therapies. When interpreting
and applying the trial results to individual patients, it has generally been assumed
that the average treatment effect shown by the trial applies equally to all patients
involved in the trial, and among similar future patients who meet the inclusion and
exclusion criteria of the trials. However, several reports have suggested that these
average treatment effects might obscure considerable variation in individual treat-
ment effects, and individual patients enrolled in clinical trials are heterogeneous
with respect to baseline characteristics and consequently to the absolute risk of an
outcome of interest. Thus, the application of an average relative risk to individual

patients is challenging.'*"°

To provide individual patients with the best treatment, and to make effective use
of limited medical resources, there has been an increasing interest in so-called
personalised medicine. To achieve a more personalised approach in patients with
complex coronary artery disease, we used data from landmark clinical trials5,23 to
develop a predictive model that explicitly considers baseline outcome risk, such that
we can distinguish between patients who benefit from CABG and those who could
benefit from PCL'**' Indeed, the SYNTAXES study showed no significant difference
in 10-year all-cause death between patients in the PCI group compared with those
in the CABG group.” By contrast, our predictive model provides a more nuanced
interpretation of the results of this pivotal study, as it identifies patients who derive
substantial survival benefit from CABG over PCI, and those in whom there is little
expected difference between the two strategies in terms of 10-year death.

During the development of the original SYNTAX score II, diabetes was not identi-
fied as an independent predictor of 4-year all-cause death in the SYNTAX trial, nor
an important effect-modifier for 4-year death.'" Conversely, multivariable analyses
done in our study showed that medically treated diabetes, especially among patients
taking insulin, was an independent predictor of 10-year all-cause death in both CABG
and PCI groups. One possible explanation for these contradictory results could be
related to the modest size of the population of patients with diabetes enrolled in
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the SYNTAX trial (n=452), which provided only modest statistical power to examine
this association. Indeed, a recent large-scale, nationwide, population-based study*'
involving 39 235 participants showed that Kaplan-Meier curves for all-cause death in
patients with type II diabetes versus those without undergoing CABG only started to
diverge a few years after the surgical procedure and that this divergence increased
over time.

Regarding the female sex as a variable of the SYNTAX score II, the results of the SYN-
TAX trial® suggested that women who underwent PCI had a higher adjusted risk of
all-cause death at 4 years compared with men (HR 1.70 [95% CI 1.11-2.60]), whereas
the risk in those who underwent CABG was similar between the two sexes (0.59
[0.32-1.10], Pinteraction=0.0059). This favourable treatment benefit from CABG over PCI
in women led to the inclusion of female sex as a variable in the original SYNTAX
score IL."" However, similar findings with respect to the sex-treatment interaction
for all-cause death were not observed in other randomised trials.** The absence
of a sex-treatment interaction in a diverse spectrum of patients with multivessel
disease or with left main coronary artery disease again underscores a difficulty in
applying the results of an underpowered subgroup analysis (ie, male vs female), and
underlines the need for a more sophisticated statistical approach in the choice of

revascularisation strategies in patients with complex coronary artery disease.'>!

More recently, investigators in the FREEDOM trial developed a model for predicting
the 5-year risk of major adverse cardiovascular events and the 1-year angina status to
support individualised treatment decisions between CABG and PCI in patients with
diabetes and multivessel disease.* The investigators showed that the discriminative
ability of the 5-year risk of major adverse cardiovascular events model and the 1-year
angina status model was the same (C-statistic 0.67) in both PCI and CABG groups in
the derivation cohort.”” To interpret the performance of a newly developed multi-
variable predictive model, Alba and colleagues* rightly classified a C-index range of
0.60-0.75 as possibly helpful, because a C-index in this range is only helpful when
the model is able to separate substantial groups of patients across meaningful risk
thresholds and when the model is calibrated. As our SYNTAX score II 2020 model
is adequately calibrated over the range of predictions encompassed by the study
population, and is helpful for discriminating between patients with high and low
treatment benefit, we considered our model to be helpful.

Nevertheless, one might be concerned about the applicability of our new model

to daily clinical practice, given that the SYNTAX trial was done using an outdated
technology and strategy for treatment with PCI or CABG. The paclitaxel-eluting
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stent used to treat patients in the PCI group (TAXUS Express) is no longer com-
mercially available, and the SYNTAX II trial showed that contemporary, best practice
PCI, including the use of current-generation drug-eluting stents, physiology-guided
treatment, and intravascular ultrasound-mediated optimisation of stent deploy-
ment, definitely improved clinical outcomes.***® Similarly, contemporary CABG, as
executed in the EXCEL trial, offered superior outcomes when compared with CABG
in the SYNTAX trial in a propensity-matched analysis.”” However, contemporary
randomised data are not currently available for the construction of a multivariable
predictive model. In addition, physiology-guided PCI and intracoronary imaging
devices are not routinely used in our daily clinical practice. When the SYNTAX score
IT 2020 was externally validated to compare CABG with PCI (with the everolimus-
eluting durable polymer stent [Xience|) in patients with multivessel disease from
the BEST trial, the predicted treatment benefit of CABG over PCI was well calibrated
(appendix p 5). Therefore, we consider that our new model is worthy of testing in
clinical practice.

In our study, the treatment benefit of CABG over PCI was defined as the absolute risk
difference between CABG and PCI. One might conclude that patients in the fourth
quarter had a significant treatment benefit of CABG over PCI in terms of 10-year all-
cause death. Similar grouped outcomes can be visually illustrated by Kaplan-Meier
curves. However, we consider that one treatment (CABG) is not globally superior,
inferior, or equal to another treatment (PCI), but that a specific treatment is supe-
rior, inferior, or equal for a specific patient. For this individualised decision making,
the SYNTAX score II 2020 generates a prediction of treatment benefit for individual
patients based on their own angiographic and clinical variables. To visualise the
ability of our model to predict a treatment benefit, it is crucial to use calibration
plots. Lastly, the benefit threshold of 7.9% between the third and fourth quarter is
highly dependent on how the cohort is grouped to display the calibration plot (ie, by
tertiles, quartiles, or quintiles), and physicians rarely agree on a specific threshold
at which one treatment over the other should be initiated*® because thresholds are
influenced by many factors, such as the potential risks and benefits of a particular
treatment, physician or patient preferences, and economic considerations."”

Physician preference has traditionally played a major role in selecting a revasculari-
sation strategy for individual patients.*” Surgeons and interventional cardiologists
provide their patients with vastly different information on myocardial revascularisa-
tion treatment options, with a bias toward a specific strategy,”® which is exemplified
by varying ratios of PCI versus CABG, not only across various European countries
with a similar economic status, but also among the same geographical regions within
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a country.” Many physicians in these regions might guide revascularisation strate-
gies on the basis of subjective assessments according to their experience, specialty,

53,54 and

or background, which do not always represent guideline recommendations,
could potentially result in an inaccurate risk assessment®*® and the patient receiv-
ing inappropriate treatments with suboptimal outcomes.*® To avoid this physician-
related bias, the multidisciplinary heart team should use the SYNTAX score II 2020
in the decision making process to choose the best revascularisation strategy for
each patient, thus enabling more individualised and patient-centred care in those
with complex coronary artery disease. Figure 4 shows three example case scenarios
in which the SYNTAX score II 2020 was applied. Using the evidence-based predicted
treatment benefits of CABG over PCI that this model provides, in terms of 10-year
all-cause death and 5-year risk of major adverse cardiovascular events, patients and

957 since most

their families can make a final decision based on their preference,
patients prefer PCI over CABG,”® even if the subsequent risk of ischaemic events

after PCI is much greater when compared with CABG.>>*

This study has several limitations. First, the SYNTAX trial5 collected baseline infor-
mation on death, and the present analysis accounted for such baseline information
in Cox multivariable models; however, relevant but unmeasured variables (eg, B-
type natriuretic peptide) could not be included in the model. Second, the SYNTAXES
study?®® evaluated vital status up to 10 years and did not assess other outcomes; thus
a predictive model for estimating the risk of major adverse cardiovascular events
beyond 5 years could not be constructed. Given that mean age of patients in the SYN-
TAX trial was 65 years at the time of randomisation, and the overall life expectancy
of patients has been increasing worldwide, a predictive model for the 10-year risk
of major adverse cardiovascular events could be informative to further guide the
optimal revascularisation strategy in patients with complex coronary artery disease.

Using data from the SYNTAX trial® and the extended follow-up SYNTAXES study,*
we have updated, and externally validated the SYNTAX score II 2020, a personalised
predictive model based on eight prognostic factors and two prespecified effect-
modifiers, to predict 10-year all-cause death and the 5-year risk of major adverse
cardiovascular events for patients treated with either PCI or CABG. By providing the
expected probabilities of 5-year and 10-year outcomes, this model could improve
the ability of the heart team to inform patients and their families about the risks
and benefits of these treatments for complex coronary artery disease and support a
more transparent and shared decision making process. Further adequately powered,
randomised trials of PCI versus CABG, with 5-10 years’ follow-up, which employ
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contemporary revascularisation techniques, devices, and adjunctive medical
therapy, should be done to prospectively validate the SYNTAX score II 2020 model.
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ABSTRACT

Despite there being numerous studies of intraoperative graft flow assessment by
transit-time flow measurement (TTFM) on outcomes after coronary artery bypass
grafting (CABG), the adoption of contemporary TTFM is low. Therefore, on 31
January 2018, a systematic literature search was performed to identify articles that
reported (i) the amount of grafts classified as abnormal or which were revised or
(ii) an association between TTFM and outcomes during follow-up. Random-effects
models were used to create pooled estimates with 95% confidence intervals (CI) of
(i) the rate of graft revision per patient, (ii) the rate of graft revision per graft and
(iii) the rate of graft revision among grafts deemed abnormal based on TTFM param-
eters. The search yielded 242 articles, and 66 original articles were included in the
systematic review. Of those articles, 35 studies reported on abnormal grafts or graft
revisions (8943 patients, 15 673 grafts) and were included in the meta-analysis. In
4.3% of patients (95% CI 3.3-5.7%, I* = 73.9) a revision was required and 2.0% of grafts
(95% CI 1.5-2.5%; I> = 66.0) were revised. The pooled rate of graft revisions among
abnormal grafts was 25.1% (95% CI 15.5-37.9%; I* = 80.2). Studies reported sensitivity
ranging from 0.250 to 0.457 and the specificity from 0.939 to 0.984. Reported nega-
tive predictive values ranged from 0.719 to 0.980 and reported positive predictive
values ranged from 0.100 to 0.840. This systematic review and meta-analysis showed
that TTFM could improve CABG procedures. However, due to heterogeneous data,
drawing uniform conclusions appeared challenging. Future studies should focus on
determining the optimal use of TTFM and assessing its diagnostic accuracy.

Key Words

Coronary artery bypass, Intraoperative quality control, Transit time, Transit-time
flow measurement, Intraoperative graft flow assessment, Coronary artery bypass
grafting
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INTRODUCTION

Outcomes of coronary artery bypass grafting (CABG) have significantly improved
over the first 50years since the introduction of the modern CABG procedure.' De-
spite increasing use of percutaneous coronary intervention (PCI), CABG remains the
treatment of choice for patients with complex multivessel disease.” While outcomes
of PCI are continuously improving with new advancements, many new techniques
to optimize short- and long-term outcomes of CABG have not been adopted widely.?

One of such techniques to improve CABG outcomes and graft patency is intraopera-
tive graft flow assessment. Early graft failure can occur due to limited outflow, graft
kinking upon chest closure, thrombosis, yet also due to anastomotic problems. A
metaanalysis reported a graft failure rate of ~5% and 25% at 3 and 12 months, re-
spectively.? Fabricius et al. ® reported that 23 of 2052 patients (1.1%) who underwent
CABG had severely compromised haemodynamics due to postoperative myocardial
infarction (MI). In 21.7% of patients, the cause of this adverse event was found to be
an incorrect anastomosis. Intraoperative graft assessment has therefore been intro-
duced to identify anastomotic problems and limited outflow before chest closure.

Multiple techniques for intraoperative graft assessment have been proposed: coro-
nary angiography (CAG), transit-time flow measurement (TTFM), high-resolution-
epicardial ultrasonography (HR-ECUS) and intraoperative fluorescence imaging
(IFI).° Although angiography is thought to be the best and most reliable method for
assessing flow, the infrastructure required for CAG is rarely available in standard
operating theatres. Therefore, the most adopted strategy to assess graft function-
ing is TTFM. Several studies reported associations between TTFM parameters and
the necessity for graft revisions as well as with short- and medium-term outcomes
after CABG; however, results vary considerably.”® A summary of the evidence could
provide more incentive to adopt TTFM, especially as TTFM has been criticized.’

We performed a systematic review and meta-analysis to evaluate the value of TTFM
during CABG by determining (i) the rate of abnormal grafts and graft revisions
required when using TTFM and (ii) the impact of TTFM parameters on angiographic
and clinical outcomes.
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METHODS

Search strategy

On 31 January 2018, a systematic literature search in the PubMed database was
performed according to the Preferred Reporting Items for Systematic reviews and
Meta-Analyses (PRISMA) guideline (Supplementary Materials) to identify full-
length, English-language articles with the following search term: ‘(transit time OR
transit-time) AND coronary artery bypass’. Studies with the following criteria were
included: (i) graft assessment was performed using TTFM; (ii) subjects were adult
patients undergoing CABG; and (iii) it was reported how many grafts had abnormal
TTFM parameters or were revised, or an association between TTFM parameters and
outcomes during follow-up was investigated.

Titles and abstracts were then screened for inclusion. When eligible, full-text articles
were reviewed (D.J.F.M.T. and S.J.H.). Only original articles, articles in English, study-
ing humans and studying TTFM in CABG procedures were considered for inclusion.
If multiple articles described the same patient population, only the article with the
largest number of patients or the most relevant information was included.

Data extraction

The following study characteristics were extracted: prospective versus retrospective
study, the year of publication, the authors and the number of patients. Furthermore,
the following data on surgical characteristics and TTFM parameters were obtained
from each study: surgical procedure (on-pump or off-pump), which grafts were used
(e.g. internal thoracic artery, great saphenous vein, radial artery and gastroepiploic
artery), the number of grafts assessed with TTFM, the number of grafts deemed
abnormal based on intraoperative TTFM parameters, the number of grafts that were
revised based on intraoperative TTFM parameters, the reasons why grafts were
deemed ‘abnormal’ or ‘required revision’ based on intraoperative TTFM parameters
[mean graft flow (MGF), pulsatility index (PI), diastolic filling % (DF%) and percentage
of backflow (%BF) (e.g. insufficiency percentage)] and fast Fourier transformation
(FFT). Sensitivity, specificity, negative predictive values (NPV) and positive predictive
values (PPV) were extracted to assess the diagnostic accuracy of TTEM. Postoperative
short-term outcomes (e.g. till 30days) and outcomes during follow-up (e.g. beyond
30days) that were extracted consisted of major adverse cardiac and cerebrovascular
events (MACCE), mortality, MI, postoperative cardiac enzyme release, stroke, re-
quirement for intraaortic balloon pump placement, angina and graft failure.
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Statistical analyses

The quality of the included studies used in the meta-analysis was assessed according
to the Newcastle-Ottawa-Scale (NOS)."® Random-effects models were generated to
estimate pooled study outcomes with 95% confidence intervals (95% CI) of (i) the
proportion of revised grafts compared to the total number of patients studied by
TTFM, (ii) the proportion of revised grafts compared to the total number of grafts
on which TTEM was applied and (iii) the proportion of revised grafts compared to
the total number of abnormal grafts found by TTEM. For studies that reported zero
events (e.g. no abnormal or revised grafts), 0.1 events were used to calculate an
estimated event rate with 95% CI. The I’ statistic was used to describe the propor-
tion of variation across studies based on heterogeneity, where low values relate to
homogeneity (range 0-100). Statistical analyses were executed with Comprehensive
Meta-Analysis software Version 3.3 (Biostat, Englewood, NJ, USA).

RESULTS

Study selection

This systematic review included 66 studies (Fig. 1). In total, 35 unique studies re-
ported on abnormal grafts or graft revisions with 8943 CABG patients and 15 673
grafts (Table 1) and were included in the meta-analysis. An overview of the NOS
quality assessment is presented in the Supplementary Material, Table S1. Eight
studies reported on the diagnostic accuracy of TTFM (Supplementary Material,
Table S2). Forty-two studies reported graft patency and clinical outcomes related to
TTFM assessments (Supplementary Material, Tables S3 and S4).

Meta-analysis: abnormal grafts and graft revisions

Individual studies classified grafts as abnormal based either on low MGF (arterial
grafts: <15ml/min and venous grafts: <20 ml/ min), an increased PI > 5 for both
venous and arterial grafts, or decreased diastolic filling % (<50%). Overall reasons to
revise abnormal grafts were due to kinking or twisting of a graft, graft or coronary
dissection or anastomotic stenosis/thrombosis.
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Identified papers in the

online PubMed database
(n=242)
r -
Title/Abstract screening —mF —— Kxcnded hased on
(“ =242) Title/Abstract
(n=119)
A J
Excluded based on
Full text papers screened full text
on eligibility > (n=S7)
(n=l 23) Nor English, ot stuclyivng fimans, case-
repovts, not studying CABG procedures
A J . .
Included papers for — — — — Systens::;g;ewew
systematic review and
meta-analysis Meta-analysis
(n=66) N (n=35)

Figure 1. Flow chart of the systematic review process. Studies not written in English, not study-
ing humans, reporting on the same patient population, reporting on transit-time flow measure-
ment in other procedures besides CABG and case reports or reviews were excluded. In total,
66 studies were included, of which 35 studies were incorporated in the meta-analysis. CABG:
coronary artery bypass grafting.

In 25 studies (n = 6488), the pooled rate of graft revisions was 4.3% when estimated
per patient (95% CI 3.3-5.7%; I’=73.9), and 2.0% (95% CI 1.5-2.5%; [’=66.0) in 23 studies
with 12 662 grafts when estimated per graft (Fig. 2). The pooled rate of graft revision
among abnormal classified grafts was 25.1% (95% CI 15.5-37.9%; ’=80.2) among 10
studies that reported both the number of abnormal grafts and graft revisions. Main
reasons for not revising abnormal classified grafts were (i) no suspicion on graft
failure after careful surgical inspection or (ii) no better alternative due to bad quality
of the native coronary arteries.

Diagnostic accuracy

Sensitivity rates, describing the accuracy of TTFM, ranged from 0.250 to 0.457 (Sup-
plementary Material, Table S2). Specificity varied between 0.941 and 0.984.'* ' *
The probability of having adequate TTEM values with an open graft (e.g. NPV) ranged
from 0.719 to 0.980. The probability of having abnormal TTFEM values with failing
graft (e.g. PPV) varied from 0.100 to 0.840."* ' *° These NPV and PPV values were
based on the outcomes of angiography performed intraoperatively or on the 4th

postoperative day.
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A Graft revisions per total amount of patients studied by TTFM

Event Lower Upper
Study name Total Rate Timit timit  Event rate and 95%Cl
Balacumaraswami, 2005 ®/100 0.080 0.041 0.152 —o——
Becit, 2007 9100 0.090 0.047 0.164 Cmi
Bergsland, 2004 5i46. 0.109 0.046 0.236 —_—
1) Ancona, 2000 417409 0.100 0.075 0.113 —
Desai, 2006 2/106 0.019 0.005 0.072 ot
Di Giammarco, 2014 27333 0.006 0.002 0.024 -
Groom, 2001 9125 0.072 0.038 0.133 ——
Guden, 2003 4/300 0.013 0.005 0.035 0
Gwozdzicwicz, 2004 0.1/50 0.002 0.0001 0.498
Handa, 2009 239 0.051 0.013 0.138
Handa, 2016 6/68 0.088 0.040 0.183 T
Harahsheh, 2012 14/436 0.032 0.001 0.138 o
Hashim, 2017 3060 0.050 0.016 0144 | —p—1
Kieser, 2010 20/336 0.060 0.039 0.090 lo—
Kuroyanagi, 2012 9/159 0.057 0.030 0.105 —o—
Leon, 2017 5177 0.028 0.012 0.066 o
Leong, 2005 7166 0.042 2.020 0.086 -m—
Mujanovic, 2007 64/1000 0.064 0.050 0.081 ng
‘Nordgaard, 2009 5/581 0.009 0.004 0.021 i3
Poston, 2006 2/410 0.005 0.001 0.019 =3
Quin, 2014 541067 0,051 0.039 0.066 u g
Sanisoglu, 2003 1720 0.050 0.007 0.282
Santarpino, 2009 3/238 0.013 0.004 0.038 o
Walpoth, 1998 3/46 0.065 0.021 0.184 e
Waseda, 2009 6116 0.052 0.023 0110 -
Random (I' = 73.9) 0.043 0.033 0.057 o

0.00 0.13 0.25
B Grajt revisions per total amarnt of grafis studied by TTFM

Event Lower Upper
Study name Total Rate limit timit  Eventraic and 95%C1
Balacumaraswami, 2005 8266 0.030 0.059 0152 {r—
Becit, 2007 9/303 0.030 0.016 0.056 =
Bergsland, 2004 5113 0.044 0.019 0.102 =
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Figure 2. Random-effects models on pooled TTFM study outcomes. (A) Graft revision per total
amount of patients studied by TTFM, (B) graft revisions per total amount of grafts studied by
TTFM and (C) graft revisions per total amount of grafts qualified as abnormal by TTFM. I* indi-
cates heterogeneity (range 0-100; 0 being entirely homogenous). CI: confidence intervals; TTEM:
transit-time flow measurement.
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Graft patency outcomes

Thirty-two studies evaluated graft patency according to TTFM values, summarized in
Supplementary Material, Table S3.7 1> '+17-30- 3% 4468 Cyrrently, only one small, ran-
domized clinical trial assigned patients to undergo isolated CABG with or without
TTFM and/or IFL.*’ The Graft Imaging to Improve Patency (GRIIP) study randomized
156 patients and performed a follow-up CAG at 1 year. No differences were found in
the rate of graft occlusion on CAG (30.9% vs 28.9%, imaging vs control, respectively,
P = 0.82).% Several observational studies reported that abnormal TTFM parameters
predicted graft failure at 6months to 1 year [7, 54, 70]. One study reported no predic-
tive correlation between TTFM parameters and angiographic graft stenosis at 3 and
12months [65].

Studies reporting on TTFM cut-off values which predict graft patency found that
predictors of early graft failure were a PI >5.85 and MGF <20 ml/min for venous
grafts, and an MGF of <11.5 ml/min for arterial grafts [15, 46]. Lehnert et al. [45]
found internal thoracic artery graft patency at 1 year to be significantly worse when
MGF <20 ml/min and worsening with 4% failure with every 1 ml/min decrease in
MGF [odds ratio (OR) 0.96, 95% CI 0.93-0.99; P= 0.005]. Une et al. [71] reported that a
higher MGF was an independent predictor of great saphenous vein failure at 1-year
follow-up (OR 0.95, 95% CI 0.91-0.99), with an optimal cut-off value of 31 ml/min. The
NPV on intermediate-term graft patency (156 days) in relation to abnormal TTFM
values was 0.890 (Supplementary Material, Table S2) [59]. Follow-up on venous
graft patency at 3 years showed that MGF was significantly higher among patent
grafts versus failing grafts (41.3 £ 22.9ml/ min vs 29.6 * 18.7 ml/min, respectively; P
=0.01) [55].

Short-term clinical outcomes

Twelve studies evaluated short-term outcomes in relation with TTFM parameters
(Supplementary Material, Table S4) [8, 13, 25, 27, 54, 62, 69, 71-75|. Bauer et
al. [75] compared CABG with TTFM versus without TTFM and found an increased
rate of intraoperative redo-anastomoses, which coincided with significantly lower
incidences of ventricular fibrillation, perioperative MI and postoperative mortality
when TTFM was performed. Furthermore, another study found that CABG with
TTFM resulted in lower rates of postoperative mortality (0% vs 4%), MI (0% vs 5%),
intra-aortic balloon pump placement (1% vs 7%) and overall morbidity (6% vs 16%, all
P < 0.05) [27]. Jokinen et al. [54] did not confirm the predictive capability of TTFM
for these outcomes.
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Studies that assessed TTFM cut-off values demonstrated that a PI >5, in arterial and
venous grafts, was an independent predictor of early (30 days) major adverse cardiac
events with an OR ranging from 1.8 (95% CI 1.1-2.7, P = 0.0097) [25] to 4.23 (95% CI
1.69-10.59, P = 0.002) [8]. Yet, these abnormal TTFM values did not predict mid-term
mortality or hospital readmission [25].

A study which evaluated off-pump versus on-pump CABG found lower overall TTFM
values to be associated with an increased incidence of low cardiac output syndrome
(P = 0.049). Off-pump surgery was not associated with higher PI or lower diastolic
filling %, and no differences were found in 30-day mortality and MI between patients
who underwent off-pump versus on- pump CABG [72]. One study reported higher
MGF and lower PI in off-pump procedures [62], while another study showed no dif-
ferences in TTFM parameters between on-pump and off-pump [52].

Clinical outcomes during follow-up

The GRIPP trial found no differences in the composite of death, MI and repeat
revascularisation at 1 year in patients who underwent CABG with intraoperative
graft flow assessment versus those without intraoperative graft flow assessment
(7.7% vs 7.7%, respectively) [69]. However, observational studies showed the posi-
tive predictive capability of TTFM on intermediate-term clinical outcomes, such as
major adverse cardiac events, mortality, intra-aortic balloon pump placement or
cardiac enzyme release [8, 75|. Other studies reported data that showed no correla-
tion between TTFM parameters and mid-term hospital readmission (during 1.8-year
follow-up) [25], survival after 3.8years [74] or even long-term survival (7.8+0.2 years,
Supplementary Material, Table S4) [13].

DISCUSSION

This systematic review and meta-analysis provides an overview of the literature
on intraoperative graft flow assessment by TTFM. We found that 4.3% of patients
undergoing CABG required graft revisions based on TTFM parameters. However,
of all grafts that were classified as abnormal, only 25% of grafts were revised. The
surgeons’ clinical interpretation of the graft and the quality of the anastomosis in
respect to the quality of the native coronary system was the main reason for not
revising all these grafts. Indeed, the reported sensitivity of TTFM was fairly low,
ranging from 0.250 to 0.457 with TTEM reported specificity varying from 0.941 to
0.984. Nevertheless, abnormal TTFM parameters were associated with postoperative
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mortality and MI, and showed to be of particular importance in predicting graft

patency during follow-up.

Intraoperative graft flow assessment is currently most frequently performed by
TTEM, as it performs well compared to other methods of intraoperative graft quality
assessment, such as thermal CAG, IFI or CAG. Although IFI is associated with higher
sensitivity and specificity compared to TTFM [30], major limitations of IFI consist of
not being able to visualize the entire graft at once and the need to reposition the
heart for the laser camera to capture the immunofluorescent flow, possibly compro-
mising natural blood flow. While intraoperative CAG would be ideal to assess graft
patency and anastomotic quality, this strategy requires a ‘hybrid’ operating theatre
that is not common in all institutions.

In this meta-analysis, we found that graft revisions were required in 2.0% of grafts
and in 4.3% of patients undergoing CABG. Compared to other intraoperative compli-
cation rates, such as stroke at 1.1%, this provides the ability to significantly improve
short-term outcomes, considering that TTFM usage led to graft revision and may
have prevented a perioperative MI or increased cardiac enzyme release which is
associated with impaired long-term outcomes [76].

So far, no randomized controlled trial focusing exclusively on CABG with TTFM
versus without TTFM has been published. Only one small randomized controlled
trial primarily studied IFI in combination with TTFM (n = 78) versus without intraop-
erative graft assessment (n = 78) [69]. No differences existed in intraoperative graft
revisions, perioperative adverse events, 1-year graft patency or clinical outcomes.
However, only 1.7% of the grafts were studied with TTFM exclusively, and thus,
the study provides limited information on the actual impact of TTFM. Larger tri-
als evaluating the benefit of routinely performing TTFM on early and late clinical
outcomes are warranted.

Observational study data on the impact of TTFM are essential before randomized
data will be available. So far, numerous studies reported improved outcomes in
patients undergoing CABG with TTFM and only a few reporting no association
between TTEM and postoperative outcomes. However, a great diversity in different
TTFM cut-off values and methods exists. Studies used in our meta-analysis applied
different methods of performing TTEM, including varying surgical and clinical sce-
narios, such as on-pump or off-pump procedures, varying haemodynamics, venous
versus arterial grafts, different locations and number of coronary stenosis or using
single versus sequential anastomoses. All of these factors have a major influence on
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coronary flow and thereby on TTFM parameters. Furthermore, reasons for surgeons
not to revise a graft despite abnormal TTFM parameters were that after inspecting
the anastomosis, no suspicion of an anastomotic problem or graft failure was raised,
or that there was no better surgical alternative due to poor native coronary arteries.
Lacking standardized methods of performing and interpreting TTFM parameters, in
combination with non-existent standardized TTFM cut-off values, still introduces a
subjective aspect to TTFM and whether a graft should be revised. The heterogeneity
of study methods and study outcomes could have contributed to the varying results
on the diagnostic accuracy of TTFM (Supplementary Material, Table S2). This may
also have contributed to the statistical heterogeneity (I*>_66).

The strength of TTFM is that it is able to detect truly failing and truly patent grafts
(true positives and true negatives, respectively). False positives (e.g. patent graft with
high PI) rarely occur; however, difficulties exist in detecting poor grafts with a low
PI or high MGF (false negatives), which could lead to unnecessary graft revisions
[14]. Therefore, it remains challenging to interpret TTFM results and translate it into
decision-making during each CABG procedure. Di Giammarco et al. [77] showed that
the diagnostic accuracy of TTFM increased to 100% NPV and 100% PPV when it was
combined with HR-ECUS. Adding HR-ECUS to TTFM thereby overcomes the relatively
modest diagnostic accuracy of TTEM alone. By including HR-ECUS to the surgeon’s
appraisal of graft and anastomotic quality, in relation to native coronary targets and
run-off, the best surgical and clinical outcomes for patients undergoing CABG could
be ensured. Besides, HR-ECUS with TTFM could provide beneficial insights for young
surgeons to further improve their surgical techniques.

Standardization on how to perform TTFM, what TTEM values to expect for specific
grafts and anastomoses and which cut-offs to use for graft revision are essential to
increase the use of TTFM amongst surgeons. Moreover, the studies included in cur-
rent meta-analysis are of moderate quality, according to the NOS criteria. Surgeons
may not be therefore convinced to use TTFM. The prospective, multicentre REQUEST
registry collected information on standardized TTFM and ultrasound assessments in
patients undergoing CABG (n = 1046, ClincalTrials.gov: NCT02385344). This registry
could provide crucial information on how to incorporate TTFM in daily clinical prac-
tice by providing insights into whether TTFM is effective and improves outcomes
in patients undergoing CABG. Furthermore, it could quantify potential benefits of
combining HR-ECUS with TTFM on graft and anastomosis quality assessment.

Finally, a clinical issue that remains is that long-term graft failure may still occur as
a result of other mechanisms than those controlled by TTFM. This could be one of
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the reasons why surgeons doubt its clinical impact and consequently why routine
use of TTFM has been limited. Other factors that potentially influence the adoption
rate of intraoperative quality assessment are (i) adequately interpreting and acting
upon TTFM determinants come with a learning curve, (ii) the time of the procedure
might increase (e.g. depending on the need to revise a graft) and (iii) concerns might
remain of needlessly revising a patent graft (e.g. due to limited diagnostic accuracy
of TTFM alone) [17, 78]. Furthermore, no high-quality data on the impact of TTFM
on surgical and clinical outcomes after CABG exist that could influence the adoption
rate of TTEM by individual surgeons. Nevertheless, this systematic review does show
that TTFEM provides valuable intraoperative data on graft and anastomotic quality,
which could contribute to improved surgical and clinical outcomes. Despite poten-
tial shortcomings, the 2018 ESC/EACTS Guidelines on myocardial revascularisation
gave TTFM for intraoperative graft assessment a class-Ila recommendation [79].

LIMITATIONS

As with any meta-analysis of observational studies, limitations related to the ob-
servational nature of studies cannot be overcome. One important challenge is that,
currently, no consensus exists on uniform TTFM cut-off values to classify grafts as
‘abnormal’ or requiring revision. This could have caused the relatively increased
heterogeneity of the results. To allow a conservative estimate, we have analysed the
data using random-effects models, as recommended for meta-analyses on observa-
tional studies [80]. However, considering the heterogeneity of study definitions and
end points in papers reporting the association between TTFM and graft patency and
clinical outcomes, no metaanalysis was performed on these outcomes, as it was
considered to be inappropriate to pool heterogeneous results.

CONCLUSION

TTFM has potential to further improve the quality of CABG procedures and could
improve clinical outcomes for patients. In 4.3% of patients undergoing CABG, there
was a need to revise grafts after TTFM assessment. However, only 25% of grafts,
classified as abnormal based on TTFM values, were revised, suggesting that the use
of TTFM can be further optimized. Indeed, reaching consensus on TTFM remains
difficult due to the substantial heterogeneity in published TTFM data, which could
be related to varying haemodynamics during assessment, the location of the TTFM
probe (e.g. proximal or distal on the graft), varying cut-off values for revision and

298



Improving coronary artery bypass grafting: the impact of transit-time flow measurement

the use of different graft types (e.g. internal thoracic artery, saphenous vein or radial
artery) on unique coronary arteries with varying degrees of stenosis. Future studies
should focus on determining the optimal use of TTEM and thereby further guiding
surgeons to improve outcomes after CABG. A multicentre study with standardized
TTFM use and definitions on graft revision may provide more insights into the opti-

mal use of this technique.
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SUPPLEMENTARY MATERIAL

Supplementary material is also available at EJCTS online.
NEWCASTLE-OTTAWA-SCALE (NOS)

TABLE S1. Newcastle-Ottawa-Scale (NOS) on studies included in the meta-analysis.

Study Year Selection Comparability Exposure/ Total score
(max=4 stars)  (max=2 stars) Outcome (amount of
(max=3 stars) stars)
1. Hashim [1] 2017 * - . 4
2. Hiraoka [2] 2017 o - ox 6
3. Leon [3] 2017 o * oex 8
4. Handa [4] 2016 orx - b 6
5.  Oshima [5] 2016 o o had 8
6. Honda[6] 2015 o - x 6
7. Di Giammarco [7] 2014 o - oex 6
8. Quin [8] 2014 N e 6
9. Harahsheh [9] 2012 o - ok 6
10. Kuroyanagi [10] 2012 o - ox 6
11. Kieser [11] 2010 o * ox 8
12. Handa [12] 2009 - v 6
13. Nordgaard [13] 2009 o e ek 8
14. Santarpino [14] 2009 o - o 6
15. Waseda [15] 2009 o - x 6
16. Herman [16] 2008 o * oex 8
17. Onorati [17] 2008 o - oex 6
18. Becit [18] 2007 o - o 6
19. Mujanovic [19] 2007 o - ok 6
20. Onorati [20] 2007 o * ox 7
21. Desai [21] 2006 o - o 6
22. Poston [22] 2006 ** - oex 5
23. Balacumaraswami [23] 2005 * - o 5
24. Kim [24] 2005 " N 5
25. Leong [25] 2005 i - ok 6
26. Onorati [26] 2005 o - e 6
27. Bergsland [27] 2004 o R o 6
28. Gwozdziewicz 28] 2004 > - ok 5
29. Giiden [29] 2003 * - o 4
30. Sanisoglu [30] 2003 > - ox 5
31. Groom [31] 2001 * R ok 5
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TABLE S1. Newcastle-Ottawa-Scale (NOS) on studies included in the meta-analysis. (contin-

ued)
Study Year Selection Comparability Exposure/ Total score
(max=4 stars) (max=2 stars) Outcome (amount of
(max=3 stars) stars)
32. D’Ancona [32] 2000 b - i 6
33. Jakobsen [33] 1999 * - - 5
34. Walpoth [34] 1998 o - o 6
35. Canver [35] 1994 e - hidd 5

TABLE S1. Herewith an overview of the quality of all included studies used in the meta-analysis, according to
the Newcastle-Ottawa-Scale (NOS), is presented. [36] Good quality: a total of 7-9 stars, Fair quality: a total of 4-6

stars, Poor quality: a total of 0-3 stars.
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ABSTRACT

Objectives
We evaluated the influence of transit-time flow measurement with epicardial and
epiaortic high-frequency ultrasound in patients undergoing coronary artery bypass

grafting procedure.

Methods

The Registry for Quality Assessment with Ultrasound Imaging and Transit-time Flow
Measurement in Cardiac Bypass Surgery study is a multicenter, prospective study
among 7 international centers performing coronary artery bypass grafting proce-
dures. The primary end point was any change in the planned surgical procedure.
Major secondary end points consisted of the rate and reason for surgical changes
related to the aorta, in situ conduits, coronary targets, and completed grafts, and the
rate of in-hospital mortality and major morbidity.

Results

Between April 2015 and December 2017, 1046 patients were enrolled. Of those, 1016
were included in the final analyses. Mean age was 65.9 years, 14.0% were women,
and diabetes was present in 39.6%. Off-pump procedures were performed in 39.6%
and bilateral internal thoracic arteries in 30.5%. The primary end point occurred in
25.2% of patients (n = 256) and in 77% (197 out of 256) this was based on transit-time
flow measurement and/or high-frequency ultrasound. Surgical changes were related
to the aorta in 9.9%, to in situ conduits in 2.7%, and the coronary targets in 22.4%.
Graft revision occurred in 7.8%, including revisions of the proximal and/or distal
anastomosis in 6.6%. In-hospital adverse event rates were 0.6% for mortality, 1.0% for
cerebrovascular events, and 0.3% for myocardial infarction.

Conclusions

Surgical changes related to the aorta, conduits, coronary targets, and anastomosis
were made in 25% of patients. This was associated with low operative mortality
and low major morbidity. Transit-time flow measurement and high-frequency ul-
trasound may improve the quality, safety, and efficacy of coronary artery bypass
grafting procedures and should be considered as a routine procedural aspect.

Key Words

coronary artery bypass grafting, transit time, high frequency ultrasound, intraoperative qual-
ity control, REQUEST

324



Intraoperative transit-time flow measurement and high-frequency ultrasound assessment in coronary artery bypass grafting

INTRODUCTION

Since the introduction of coronary artery bypass grafting (CABG) more than 5 de-
cades ago, surgeons have consistently focused on reducing perioperative adverse
events and improving graft patency. Additionally, measures to improve long-term
outcomes through superior conduit selection (more arterial grafts), implementa-
tion of less-invasive techniques and secondary preventive measures are constantly

advocated.",” Although overall outcomes have significantly improved over time,
the end points of mortality, stroke, and graft patency remain key targets for further

optimization.®-®

Various intraoperative techniques continue to be recommended for contemporary
state-of-the-art CABG.,"! In terms of intraoperative quality assessment, efforts to
improve surgical results have focused both on graft assessment by transit-time
flow measurement (TTFM) and identification of disease-free areas of the aorta, us-
ing epiaortic high-frequency ultrasound (HFUS), to allow safe manipulation, and
thereby reduce the risk of stroke. TTFM itself assesses graft flow and, by inference,
the quality of the anastomosis and/or conduit and allows immediate graft revision

in situations where the surgical result is not optimal.

A systematic review and meta-analysis of 6488 patients undergoing CABG reported
that 4.3% of patients had graft revisions and that TTFM measurements correlated
with graft patency during short- to midterm follow-up.” In addition, HFUS is used
for epiaortic scanning to identify diseased areas before any aortic manipulation,
epicardial coronary artery scanning to identify potential target-vessel anastomosis
sites that are free of plaque (especially on the posterior wall), ultrasound of the
conduits when dissection is suspected, and postanastomosis scanning to identify
potential anastomotic characteristics that limit graft flow.

The combination of these techniques, to avoid diseased areas of aorta and to identify
and correct adverse technical issues affecting bypass grafts, could, intuitively, pro-
vide an important reduction in perioperative adverse events and improvement in

graft patency. Indeed, Di Giammarco and colleagues!

reported that the diagnostic
accuracy of combining TTFM with HFUS on detecting truly patent or failing grafts

increased significantly, reducing the proportion of unnecessary graft revisions.
The 2018 European Society of Cardiology/European Association for Cardio-Thoracic

Surgery Guidelines on myocardial revascularisation provide a Ila recommendation,
Evidence Level B, for intraoperative graft flow assessment and Evidence Level C for
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epiaortic scanning during CABG.""” Nonetheless, published data on these techniques
are limited to single-center studies and therefore its wider applicability to a broader
cohort of patients in several centers is not immediately apparent. Consequently, the
Registry for Quality Assessment with Ultrasound Imaging and Transit-Time Flow
Measurement in Cardiac Bypass Surgery (REQUEST) study aims to determine the
number and type of surgical procedure changes that are made based on intraopera-
tive guidance information using the combination of TTFM and HFUS.

METHODS

Study Design

The REQUEST study is an international, multicenter, prospective registry that en-
rolled 1046 patients in 7 centers routinely performing CABG in Europe (n = 4) and
North America (n = 3) between April 2015 and December 2017. This registry was
designed to capture information on any changes in the proposed surgical procedure
based on TTFM and HFUS parameters performed with the MiraQ or VeriQ C devices
(Medistim ASA, Oslo, Norway).

All patients enrolled in the REQUEST study signed written informed consent before
the surgical procedure. Each participating site received approval from their institu-
tional review board or ethics committee before screening or enrollment of eligible

patients.

The REQUEST study was funded by Medistim ASA (Oslo, Norway). The principal
investigators and authors had complete scientific freedom.

The study is registered at ClinicalTrials.gov (NCT02385344).

Study Protocol

Participating surgeons and study coordinators at each site were trained to use and to
interpret intraoperative TTFM and HFUS results according to a structured REQUEST
study protocol. This protocol ensured that participating surgeons (n = 36) and per-
sonnel were trained in in the use of intraoperative TTFM and HFUS and possessed
Good Clinical Practice certification. All participating surgeons had previous experi-
ence with using TTFM and HFUS and it was strongly recommended that surgeons
had performed more than 20 cases with TTEM and HFUS before “participating in”
the REQUEST study.
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The recommended surgical steps for quality assessment included HFUS assessment
of the ascending aorta to the presence or absence of any plaques (soft and hard) or
vessel wall abnormalities (eg, atheromatous ulcers and dissection) to establish the
safest sites for cannulation, crossclamping, and side-biting for the proximal anasto-
mosis; HFUS assessment of in situ conduits; HFUS assessment of target coronary ves-
sels; and checking the conduit flow with TTEM and the anatomy of the constructed
anastomosis with HFUS.

During intraoperative quality assessment, a steady mean arterial pressure of
80 mm Hg was recommended and the HFUS probe frequency was set at 15 MHz.
Furthermore, the REQUEST protocol advised, to standardize and optimize TTFM
assessment, that the acoustic coupling index should be green or yellow (indicating
the accuracy of ultrasound conductivity); the mean flow, indicated by the red line,
should be steady and horizontal; the pulsatility index should be <5; the diastolic fill-
ing percent should be >70% for left-sided and >50% for right-sided coronary vessels.

It was at the discretion of the operating surgeon if and when a graft should be
revised. If a graft was revised, it was recommended to reassess the conduit flow with
TTFM and the anatomy of the reconstructed anastomosis with HFUS.

Although adherence to the study protocol was highly recommended it was not
mandatory.

Patient Population

Patients diagnosed with multivessel coronary artery disease and scheduled for
isolated CABG were eligible to be included. Patients were excluded from enrolment
when undergoing emergency surgery, when concomitant surgical procedures were
planned (eg, valve repair or replacement or rhythm surgery), when the medical
history included the presence of a muscle disorder (eg, myopathy, myalgia, or my-
asthenia), or when the patient was known to be experiencing any psychological,
developmental, or emotional disorder.

End Points

The primary end point was the overall frequency of any change in the planned
surgical procedure as a consequence of TTFM, HFUS, and/or manual/visual assess-
ment. Major secondary end points consisted of the rate and reason for any surgical
change (eg, changes related to HFUS findings in the aorta, coronary targets, or in-situ
conduits; and changes to completed grafts and/or anastomotic revision as a result
of TTFM, HFUS, and/or manualfvisual assessment). Additional end points consisted
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of the in-hospital rate of major adverse cardiac and cerebrovascular events (MACCE)
defined as the composite of all-cause death, stroke or transient ischemic attack
(TIA), myocardial infarction (MI), or repeat revascularisation as well as the rates of
the individual MACCE components and new hemodialysis and surgical exploration
due to bleeding.

Definitions

A surgical change was defined by any change that was made intraoperatively by the
operating surgeon based on TTFM, HFUS, and/or manual/visual assessment. Surgical
changes related to the aorta due to the presence of calcification, plaques (soft or hard),
and/or vessel wall abnormalities (ie, dissection) were divided into 3 groups: change in
the proposed location of the cannulation site, the crossclamp site, and the site(s) for
the proximal anastomosis (in a few cases this actually led to conversion of a planned
on-pump procedure to an off-pump procedure with or without a no-touch aortic tech-
nique). Surgical changes associated with a coronary target were defined as changing
the initially proposed location of the anastomosis due to severe calcification or plaque
not identified by palpation (ie, usually on the posterior wall) or the detection of an
intramural coronary artery that could not otherwise be found by visual assessment
or manual palpation. Detailed definitions of surgical changes related to grafts and/
or constructed anastomoses are shown in Table 1, along with relevant examples. In
brief, surgical changes were categorized as a primary anastomotic revision, a second-
ary anastomotic revision, primary conduit revision, or an additional graft was used.
Adding an extra suture for visual anastomotic bleeding was not classified as a surgical
change. Any individual patient could have =1 surgical change(s).

Stroke was defined as a sudden onset of focal neurological deficit of central origin
that persisted for more than 24 hours with or without verification of the event on
neuroimaging. TIA was defined as transient focal neurological signs or symptoms
that lasted fewer than 24 hours."! The diagnosis of perioperative MI was made based
on clinical symptoms and additional cardiac biomarkers with or without abnormal
electrocardiogram. New hemodialysis was defined as initiating renal replacement
therapy in a patient with no prior history of renal replacement therapy, irrespective
of the presence or absence of renal insufficiency at baseline. All clinical events were
adjudicated by an otherwise blinded independent adjudicator. If consensus could
not be reached, a second blinded adjudicator was consulted.

Statistical Analyses

Results are reported according to descriptive statistical methods. Categorical data
are presented as proportions. Continuous data are reported as mean *+ standard
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deviation unless otherwise noted. Normality assumptions of the estimated propor-
tions are based on a binomial distribution, funded on the central limit theorem

Table 1. Detailed definitions of surgical changes related to grafts with examples of surgical sce-

narios

Surgical
changes Definition Surgical examples
Primary Revision of the proximal or i. Twisted anastomosis
anastomotic distal anastomosis due to a ii. Removal of a stitch
revision primary technical problem iii. Redo of an anastomosis due to leaking, plaque,
with the anastomosis itself and tapering, bulging, a flap or narrowing
not due to a problem with the  iv. Change from proximal anastomosis on the aorta
conduit to a Y- or T-graft configuration
v. No other reason than poor flow
Secondary Revision of the proximal i. Kinked graft
anastomotic or distal anastomosis as a ii. Inadequate length of the graft after the
revision consequence of needing to redo anastomosis was completed (graft is shortened, ITA
graft, but not due to a problem  is used as free graft, graft extended with additional
with the anastomosis graft)
iii. Dissected graft after the anastomosis was
completed
iv. Change in graft configuration
v. Poor distal coronary bed
Primary Revision of the conduit without i. Obstruction removed before completion of the
conduit requiring revision of the anastomosis (fibrin sealant removed)
revision proximal or distal anastomosis  ii. Inadequate conduit length before the
anastomosis was made
iii. Conduit extension based on visual assessment
before completion of the anastomosis
iv. Surgical clip is removed
Additional ~ Need for an additional graft due Persistent inadequate surgical results, despite
graft(s) to a problem with the original ~ primary anastomotic revision, a secondary

anastomosis/conduit

anastomotic revision, or primary graft revision

Detailed definitions of surgical changes used in the Registry for Quality Assessment study to classify surgical
changes related to either the grafts or completed anastomoses. Illustrative surgical examples are provided to
ensure better understanding of a situation during a coronary artery bypass procedure where a surgeon would
use high frequency ultrasound or transit-time flow measurement to optimize patient and surgical outcomes.
ITA, Internal thoracic artery.

and tested with the Kolmogorov-Smirnov test. Analyses were performed using SPSS
software, version 24 (IBM-SPSS Inc, Armonk, NY).
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RESULTS

Baseline Characteristics

The REQUEST study enrolled 1046 patients between April 2015 and December 2017.
Of those, 30 patients were excluded due to screening failure (n = 8), members of the

surgical team were not trained according to the REQUEST study protocol (n = 11), or

Table 2. Baseline characteristics of participants in the Registry for Quality Assessment with Ul-
trasound Imaging and Transit-Time Flow Measurement in Cardiac Bypass Surgery study

Characteristic Result
Age (y) 659+95y
=70 37.3(379/1016)
Female sex 14.0 (143/1016)

Body mass index, median (range)
Diabetes mellitus

Insulin treated

History of stroke

History of myocardial infarction
History of revascularisation
CABG

PCI

History of intervention for peripheral vascular disease
Carotid

Peripheral

LVEF (%), median (range)

<30

NYHA class

I

II

111

v

CCS angina classification

I

-V

Unstable angina

Left main involvement

(
28.1 (19-45) (1011/1015)
39.6 (402/1016)

17.4 (177/1016)

6.1 (62/1016)

32.6 (331/1016)

23.4 (238/1016)

0.3 (3/1016)

23.1 (235/1016)

4.5 (46/1016)

2.6 (26/1016)

1.7 (17/1016)

51 (17-82) (978/1016)
2.5 (24/978)

37.3 (349/935)
42.4 (396/935)
17.0 (159/935)
3.3 (31/935)

46.2 (449/972)
41.5 (403/972)
30.7 (312/1016)
54.8 (437/797)

Values are presented as mean * standard deviation, median (range), or % (n/N). CABG , Coronary artery bypass
grafting; PCI, percutaneous coronary intervention; LVEF, left ventricular ejection fraction; NYHA, New York

Heart Association; CCS, Canadian Cardiovascular Society.
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TTFM or HFUS images were unavailable for analysis (n = 11). The final analysis was

performed on 1016 patients.

The mean age was 65.9 years and 14.0% (143 out of 1016) were women (Table 2).
Diabetes mellitus was present in 39.6% of patients (402 out of 1016). A history of
previous MI was recorded in 32.6% of patients (331 out of 1016) and 6.1% of patients
(62 out of 1016) had a history of previous stroke. Multivessel disease was present in
981 patients (96.6%) and 35 patients (3.4%) had single vessel disease, which was a

Table 3. Surgical characteristics of participants in the Registry for Quality Assessment with Ul-
trasound Imaging and Transit-Time Flow Measurement in Cardiac Bypass Surgery study

Surgical characteristic Result

Procedure time* (min)
Off-pump surgery

LITA use

BITA use

Radial artery use
Multiarterial

Complete arterial

Yor T configuration-per graft
Sequential grafts—per graft
No. of conduits

All

Per patient

Arterial-per conduit
Venous-per conduit
Arteriovenous f-per conduit
No. of distal anastomoses

All

Per patient

Arterial-per patient

Venous-per patient

257 + 87
39.6 (402/1016)
97.5 (991/1016)
30.5 (310/1016)
22.6 (230/1016)
43.2 (439/1016)
26.1 (265/1016)
14.9 (398/2675)
8.2 (219/2675)

2675 (1015)
2.6+ 0.8 (1015)
58.3 (1559/2675)
41.3 (1105/2675)
0.4 (11/2675)

2959 (1015)

2.9+ 1.0 (1015)
1.7 £1.9 (1015)
1.2 £1.0 (1015)

Values are presented as mean * standard deviation, median (range), or % (n/N). LITA, Left internal thoracic
artery; BITA, bilateral internal thoracic arteries. *First incision to gloves off. fIn cases where the arterial graft
was too short to reach the coronary target, a venous graft was added.

protocol violation.

Surgical Characteristics

The mean procedure time was 257 minutes (Table 3). Off-pump surgery was per-
formed in 39.6% of cases (402 out of 1016). The mean number of conduits used per
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patient was 2.6 with a mean of 2.9 distal anastomoses per patient. Bilateral internal
thoracic arteries were used in 30.5% (310 out of 1016), and 14.9% of grafts (398 out
of 2675) were used in a Y or T configuration. Multiple arterial grafts were used in
43.2% of patients (439 out of 1016), with complete arterial revascularisation being
performed in 26.1% of cases (265 out of 1016).

Intraoperative quality assessment was performed in all 1016 patients. HFUS was
used to assess the ascending aorta in 79.3% (806 out of 1016), the in situ conduits
in 65.1% (661 out of 1016), the coronary targets in 47.5% (483 out of 1016) and com-
pleted grafts in 59.3% (602 out of 1016). Moreover, patients who underwent off-pump
surgery more frequently underwent HFUS of the ascending aorta (88.3%; 355 out of
402) compared with patients who underwent on-pump surgery (73.5%;451 out of
614). TTFM on grafts, with completed anastomoses, was performed in 99.2% (1008
out of 1016).

Primary and Secondary End Points: Surgical Changes

The primary end point of any surgical change was met in 25.2% of patients (256 out
0f1016) (Table 4). In 77.0% (197 out of 256) this was the result of abnormal TTFM and/
or HFUS findings, where on initial visual inspection there had been no suspicion of
a diseased aorta, in situ conduit, coronary target, and/or completed graft. In 12.5%
(32 out of 256) this was due to visual and/or manual assessment; for example, due
to an obviously diseased aorta or a completed graft appeared unsatisfactory to the
surgeon (eg, kinked or twisted graft). In 10.5% of patients (27 out of 256) it was
undefined.

Surgical changes related to the aorta were made in 9.9% of patients (80 out of 806),
and in 74 patients (92.5%) this was based on abnormal HFUS findings. This included
changes related to the proposed locations of the cannulation site (2.9%; 23 out of
806), the crossclamp site (2.2%;18 out of 806), and the site for the proximal anas-
tomosis (6.8%; 55 out of 806). HFUS detected the presence of soft plaques in the
aorta in 9.1% of patients (73 out of 806) and calcification in 1.1% of patients (9 out
of 806). The surgical strategy was changed from an on-pump to off-pump proce-
dure in 0.2% of patients (2 out of 1016) due to plaques at the proposed cannulation
or crossclamp site, and in 0.5% (5 out of 1016) proximal aortic anastomoses were
avoided and patients received bilateral internal thoracic artery grafts or left internal
thoracic artery-radial T-graft. On the contrary, the proposed procedure was changed
from off-pump to on-pump in 0.7% (7 out of 1016) due to the extent of coronary
artery disease and the concern that manipulation of the beating heart would cause
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Table 4. Surgical changes in participants in the Registry for Quality Assessment with Ultrasound
Imaging and Transit-Time Flow Measurement in Cardiac Bypass Surgery study

Surgical change Result
Any surgical change
All changes in overall cohort 25.2 (256/1016)
No. changes per patient (range) 1(0-6)
Change as a result of TTFM and/or HFUS 77.0 (197/256)
Change as a result of visual/manual assessment 12.5 (32/256)
Undefined 10.5 (27/256)
Changes related to the aorta
All changes 9.9 (80/806)
As a result of HFUS 92.5 (74/80)
As a result of visual/manual assessment 5.0 (4/80)
Undefined 2.5 (2/80)
Cannulation site 2.9 (23/806)
Crossclamp site 2.2 (18/806)
Proximal anastomosis site 6.8 (55/806)
Changes related to in situ conduits
All changes 2.7 (18/661)
As a result of TTFM and/or HFUS 55.6 (10/18)
As a result of visual/manual assessment 33.3 (6/18)
Undefined 11.1 (2/18)
Dissection 0.6 (4/661)
Insufficient caliber 0.8 (5/661)
Changes related to coronary target
All changes 22.4 (108/483)
As a result of HFUS 67.6 (73/108)
As a result of visual/manual assessment 9.3 (10/108)
Undefined 25.0 (27/108)
Diseased|calcified 10.6 (51/483)
Detection of intramural vessel 3.7 (18/483)
Insufficient caliber 3.1 (15/483)
Endarterectomies 1.2 (6/483)
Changes related to grafts
All changes 7.8 (79/1016)
As a result of TTFM and/or HFUS 64.5 (51/79)
As a result of visual/manual assessment 34.2 (27[79)
Undefined 7.6 (6/79)
Primary anastomotic revisions 4.1 (42/1016)
Secondary anastomotic revisions 2.8 (28/1016)
Primary and secondary anastomotic revisions combined 6.6 (67/1016)
Primary graft revision 1.5 (15/1016)
Additional graft(s) 0.5 (5/1016)

One individual patient could have > 1 surgical change or could have a surgical change as a result of both TTFM
and HFUS with manual/visual assessment. Values are shown as mean * standard deviation, median (range), or
% (n/N). TTFM, Transit-time flow measurement; HFUS, high frequency ultrasound.
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hemodynamic instability. Among 80 patients with a surgical change related to the
aorta, 59 underwent off-pump surgery (73.8%).

Surgical changes related to in situ conduits occurred in 2.7% of patients (18 out
of 661), and in 10 patients (55.6%) this was based on abnormal HFUS and/or TTFM
findings. In 0.6% (4 out of 661) this was due to dissection of the conduit and 0.8% (5
out of 661) of patients had conduits of insufficient caliber. In 1.4% (9 out of 661) the
reason was unspecified.

In 22.4% (108 out of 483), a surgical change was made related to the proposed coro-
nary target, and in 73 patients (67.6%) this was the result of abnormal HFUS findings.
This was due to a heavily diseased (ie, calcified) target in 10.6% of patients (51 out of
483), an intramural located coronary vessel in 3.7% (18 out 0f 483) and an insufficient
caliber of the coronary target in 3.1% of patients (15 out of 483). Endarterectomies
were performed in 1.2% of patients (6 out of 483). In 5.2% (25 out of 483) the reason
for a surgical change related to the coronary target was unspecified.

Surgical changes related to grafts were performed in 7.8% of patients (79 out of
1016), including revisions to the proximal and/or distal anastomosis in 6.6% (67 out
0f1016). In 4.1% of patients (42 out of 1016) this was based on a primary anastomotic
revision. Surgical changes related to secondary anastomotic revisions occurred in
2.8% (28 out 0of 1016). In 64.5% of patients (51 out of 79) a surgical change related to a
completed graft was the result of solely abnormal TTFM and/or HFUS findings (with-
out visual and/or manual assessment), and of those 98.0% (50 out of 51) underwent
repeat TTFM measurement after graft revision. In 90.0% (45 out of 50) the graft flow
improved after graft revision.

Primary conduit revisions occurred in 1.5% (15 out of 1016) and in 0.5% of patients
(5 out of 1016) an additional graft was needed. This resulted in any surgical revision
for 3.4% of the anastomoses (100 out of 2959) Table E1.

In-Hospital Clinical Outcomes

The rate of in-hospital MACCE was 2.0% (20 out of 1016) (Figure 1). In-hospital mor-
tality was 0.6% (6 out of 1016). A stroke or TIA occurred in 1.0% (10 out of 1016) and
the rate of perioperative MI was 0.3% (3 out of 1016). One patient (0.1%) underwent
repeat revascularisation by percutaneous coronary intervention. New hemodialysis
occurred in 0.3% (3 out of 1016) and 0.2% (2 out of 1016) underwent surgical reex-
ploration due to bleeding.
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Proportion of patients with adverse in-hospital events (%)
]

2.0%
20/1016
1.0%
0.6% 10/1016
6/1016 0.1% 0.3%
1/1016 3/1016
O |

MACCE All-cause Stroke/TIA Ml Repeat New

death revasc. hemodialysis

In-hospital clinical outcomes

Figure 1. In-hospital clinical outcomes in the Registry for Quality Assessment with Ultrasound
Imaging and Transit-Time Flow Measurement in Cardiac Bypass Surgery study. Proportion (%) of-
patients with in-hospital major adverse events (clinical events/number of observations). MACCE,
Major adverse cardiac and cerebrovascular event; TIA, transient ischemic attack; MI, myocardial
infarction.

DISCUSSION

The REQUEST study is the first prospective, multicenter study that assessed the
effects of routine use of TTFM with HFUS according to a prespecified protocol in
patients with multivessel coronary artery disease undergoing CABG. As evidenced
by the high proportion of off-pump operations and high use of multiple arterial
grafts these procedures were performed by experienced CABG surgeons from 7 well-
established institutions in Europe and North America. Overall, any surgical change
to the initially proposed surgical strategy was made in 25.2% of patients, and in
77.0% this was solely based on otherwise unsuspected abnormal TTFM and/or HFUS
findings. The present study showed that surgical changes related to the proposed
site of aortic manipulation were made in 9.9% of patients and revisions to a com-
pleted graft in 7.8% of patients. Low rates of major adverse in-hospital events, and
in particular mortality (0.6%), indicate that intraoperative quality assessment of the
aorta, the conduits, the coronary targets and completed grafts was safe (Figure 2).
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REQUEST - Registry in 1016 CABG patients at 7 sites

Patients with changes in planned
304 surgical strategy

HFUS of 25.2%
* Aorta

* Coronary targets
* In-situ conduits

* Grafts

22.4%

In-hospital MACCE 2%
* Death 0.6%
« Stroke/TIA 1.0%
*MI 0.3%
* Repeat revasc. 0.1%

Percentages (%)

mi/min 35mi/min Any Aorta In-situ  Coronary Grafts

gg PI15 surgical conduits  targets
70 TTFM of change
50 * Grafts Types of surgical changes
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® oF 7%
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Figure 2. Changes to the planned surgical strategy were made in 25.2% of cases with few compli-
cations. CABG, Coronary artery by pass grafting; HFUS, High-frequency ultrasound; TTFM, transit-
time flow measurement; MACCE, major adverse cardiac and cerebrovascular event; TIA, transient
ischemic attack; MI, myocardial infarction.

Although intraoperative quality assessment of the aorta and grafts are both rec-
ommended by the 2018 European Society of Cardiology/European Association for
Cardio-Thoracic Surgery Guidelines on myocardial revascularisation” potential
limitations of the TTFM technique, including uncertainty over its diagnostic accu-
racy, have been discussed.? Furthermore, in the absence of clinical follow-up data,
no clear consensus on the routine applicability of TTFM alone has been reached.
Indeed, numerous single-center retrospective studies reported on the impact
of adopting intraoperative quality assessment with TTFM, but this resulted in a
substantial heterogeneity in definitions and outcomes. The overall proportion of
revised grafts in relation to the number of patients studied ranged from 3.3% to
5.7% when TTFM alone was used.” In the REQUEST study, surgical changes related
to grafts occurred in 7.8% of patients. An important initiative in the REQUEST study
was the routine use of HFUS in combination with TTFM during CABG. Di Giammarco
and colleagues[9] reported that the diagnostic accuracy of the combined use of TTFM
and HFUS, reflected by the ability to detect a truly patent versus a truly failing graft
(ie, positive predictive value vs negative predictive value), rose to 100% with this
approach. The combination of TTFM with HFUS is therefore a potentially precise
diagnostic tool for intraoperative quality assessment.

An additional important aspect of REQUEST is its contrast to previous retrospective
studies reporting outcomes of intraoperative quality assessment that did not take
into account the extent of surgeons’ experience in using, interpreting and acting
upon TTFM and HFUS findings. To address this specific issue, the REQUEST study
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was conducted in centers where the participating surgical team was trained accord-
ing to the structured REQUEST protocol thereby minimizing bias in interoperator
experience and interpretation of TTFM and HFUS findings.

To further enhance patient outcomes and optimize graft patency, intraoperative
quality assessment of the surgical conduits and coronary targets was also performed
in the REQUEST study. Changes made related to the conduits themselves were un-
common (2.7%). Detection of an otherwise unrecognized dissected internal thoracic
artery in some cases is likely to have prevented potential perioperative complica-
tions. In 10.6% of patients, a surgical change related to a heavily diseased and/or
calcified coronary target was made. This may result in avoiding unnecessarily dif-
ficult anastomoses and/or endarterectomy. In only 1.2% of cases, an endarterectomy
was performed, compared with the 4% endarterectomy rate in the Drug-Eluting
Stent versus Coronary Artery Bypass Surgery for the Treatment of Narrowed Arter-
ies study,"” and this could possibly be attributed to the use of epicardial HFUS to
detect and avoid unsuitable targets for an anastomoses (typically a heavily diseased
posterior wall). However, in patients with extensive coronary artery disease end-
arterectomy has shown to be an acceptable strategy to maximize completeness of

revascularisation during CABG.!"*, [1%

Because stroke is among the most devastating complications of CABG, avoiding
any aortic manipulation is an important technique to reduce the rate of stroke.
eI previous studies report that during application and removal of the aortic cross-
clamp, particulate emboli are frequently detected."”-*" Aortic manipulation is often
required for on-pump or off-pump surgery where a proximal anastomosis is made,
although more than half of patients undergoing CABG have atherosclerosis in the
ascending aorta with its inherent risk of embolism to the cerebral arteries.” In the
REQUEST study, off-pump CABG procedures were performed in 39.6%. Despite the
high rate of off-pump surgery, surgical changes related to the aorta were made in
9.9% of all patients to choose a safe place to cannulate, crossclamp, and/or construct
the proximal anastomosis.

In the REQUEST study, although there was a very high use of TTFM (99%) the use of
HFUS was lower than expected. Although surgeons were advised to follow the RE-
QUEST study protocol it was not deemed mandatory. The discrepancy in actual HFUS
use most likely reflects real-world clinical decision making during coronary bypass
surgery based on surgeon experience, preference, and discretion. For example, some
situations in which some surgeons may decide that HFUS is not necessary might

include:
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e A proposed anastomotic site that looks and feels (eg, soft spot) completely nor-
mal,

e A conduit that looks completely normal after harvest, and

e A graft with excellent flow (eg, >50 mL/min with low pulsatility index) as indi-
cated by TTFM.

Moreover, HFUS of the ascending was more frequently performed during off-pump
surgery (88%; 355 out of 402) compared with on-pump surgery (73%; 451 out of 614).
Additionally, patients with a surgical change related to the aorta (n = 80) were more
often patients who underwent off-pump surgery (74%; n = 59) compared with on-
pump surgery (26%; n = 21). The surgical changes to the aorta in the off-pump cohort
were mainly related to determining the optimal (ie, disease free) location for the
proximal anastomosis to diminish the detrimental effects of aortic manipulation in
patients with an increased atherosclerotic burden.

Finally, while HFUS is relatively easy to use for grafts to the anterior wall, it is tech-
nically more challenging to use and to interpret for grafts on the lateral and inferior
wall, especially in off-pump procedures. Therefore, the actual result of HFUS on
surgical decision making and clinical outcomes might have been even greater if it
had been used in all patients. However, compared with other contemporary studies
there was no significant reduction in cerebrovascular events (eg, 1.0% stroke/TIA in
the current study), which could have been the result of the high rate of patients with
severe atherosclerotic disease (eg, diabetes was present in almost 40%) and the fact
that epiaortic scanning was performed in 79% of patients.

LIMITATIONS

Although REQUEST is currently the largest prospective study to evaluate the influ-
ence of routine intraoperative quality assessment in contemporary CABG, its most
obvious limitation is that it was not a randomized trial and therefore did not com-
pare CABG with versus without use of TTFM and HFUS. The reality is that the design
of such a randomized controlled trial would need an extraordinarily large patient
sample size (eg, to demonstrate a reduction in operative mortality from 1%-0.5%)
and extensive long-term follow-up to assess the influence of improved long-term
graft patency. Furthermore, interpretation of such a trial would be complicated by
a myriad of other factors that influence short- and long-term outcomes of CABG.
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The focus of the REQUEST study was to prospectively evaluate the impact of TTFM
with HFUS on patients who underwent CABG procedure, when performed rou-
tinely by experienced CABG surgeons. Although, as explained above, conducting
an randomized controlled trial would be extremely challenging for several reasons.
A further limitation is that no conclusions can be drawn on the influence of intra-
operative quality assessment on long-term outcomes because clinical results were
limited to in-hospital outcomes. Similarly, in the absence of long-term angiographic
follow-up, no inference can be drawn on whether routine graft assessment actually
improves long-term graft patency. Finally, use of TTFM and HFUS technology re-
quires dedicated training to use the technology appropriately and to both correctly
interpret data and avoid the pitfalls of misinterpretation.

CONCLUSIONS

The REQUEST study is a multicenter, prospective study designed to evaluate the
effect of implementing intraoperative quality assessment by TTFM and HFUS in
1016 patients undergoing CABG. In 25.2% of patients, any change in the planned
surgical strategy was made. Furthermore, rates of in-hospital mortality and major
morbidity were low, showing the feasibility and safety of performing intraoperative
quality assessment. To conclude, intraoperative quality assessment with TTFM and
HFUS may improve the quality, safety, and efficacy of CABG procedures and should
therefore be considered as a routine procedural aspect during CABG.
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Abbreviations and Acronyms

CABG = coronary artery bypass grafting

HFUS = high frequency ultrasound

MACCE = major adverse cardiac and cerebrovascular event
MI = myocardial infarction

REQUEST =  Registry for Quality Assessment with Ultrasound Imaging and Transit-Time
Flow Measurement in Cardiac Bypass Surgery
TIA = transient ischemic attack

TTFM = transit-time flow measurements
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SUPPLEMENTARY MATERIAL

TABLE E1. Proportion of surgical changes related to grafts, per distal anastomosis, as a result
of abnormal transit-time flow measurement (TTFM) and/or high-frequency ultrasound (HFUS)
findings in the Registry for Quality Assessment with Ultrasound Imaging and Transit-Time Flow
Measurement in Cardiac Bypass Surgery study

Surgical change Result

Changes related to grafts

All changes 3.4 (100/2959)
Primary anastomotic revisions 1.6 (48/2959)
Secondary anastomotic revisions 1.0 (31/2959)
Primary graft revision 0.5 (16/2959)
Additional graft(s) 0.2 (5/2959)

Values are presented as % (n/N).
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Chapter 13

Thesis summary - English
Thesis samenvatting - Nederlands



Chapter 1 is a general introduction to the subject of matter of this thesis. It described
the history of surgical and percutaneous myocardial revascularisation strategies and
elaborated on the advancements made in medical, surgical and stenting treatment
strategies. Chapter 1 furthermore defined the aims and outline of current thesis.

Chapter 2 focused on the short-term outcomes (30-day follow-up) after CABG or PCI
with second-generation everolimus-eluting stents in patients with left main coro-
nary artery disease (LMCAD) from the randomized EXCEL trial. The study described
the predictive performance of Society of Thoracic Surgeons (STS) risk models for
perioperative mortality, stroke and renal failure for their discriminative ability (ac-
cording to the C statistic) and calibration (Hosmer-Lemeshow goodness of fit test)
among patients with LMCAD that underwent PCI with drug-eluting stents or CABG.
Among the selected patients with LMCAD, the STS risk models showed to possess
good discrimination for 30-day predicted risk of mortality (PROM) and renal failure
for CABG, however lacked accurate predictive ability for PCI. The predictive ability
for stroke was reasonably well for both PCI and CABG.

The mid-term outcomes (1 — 3 year) after myocardial revascularisation by PCI or
CABG, in patients LMCAD were evaluated in chapter 3 and 4. Chapter 3 investi-
gated the impact of left ventricular ejection fraction (LVEF) on clinical outcomes in
patients with LMCAD that underwent CABG or PCI in the EXCEL trial. LVEF was clas-
sified according to the definitions of the European Society of Cardiology (LVEF<40%;
Heart Failure with reduced Ejection Fraction (HFrEF), LVEF 40-49%; Heart Failure
with mid-range Ejection Fraction (HFmrEF) and LVEF>50%; preserved ejection frac-
tion). Overall, patients with HFrEF compared to those with HFmrEF or preserved
LVEF experienced an increased risk of all-cause death, stroke or MI, driven by an
increased rate of all-cause death at 3-year follow-up. No significant differences in
outcomes were identified after PCI and CABG among patients with HFrEF, HFmrEF
and preserved LVEF. In chapter 4 the influence of CABG using single versus bilateral
internal thoracic arteries (SITA versus BITA) in patients from the EXCEL trial with
LMCAD was determined. No significant differences in short-term (30 day) adverse
event rates were identified, including an absence of difference in sternal wound
complications between the SITA cohort (2.2%) and BITA cohort (1.8%). At 3 year
follow-up, no clinical differences related to death, stroke or myocardial infarction
were identified between CABG using SITA versus BITA in patients with LMCAD from
the EXCEL trial.

The study in Chapter 5 set out to review the plethora of published meta-analyses
reporting on clinical outcomes after left main revascularisation with PCI versus
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CABG. Over the recent decade, fifty-one meta-analyses reporting on the optimal
revascularisation strategy in left main disease have been published. Of those, 33
were published in the recent period after the EXCEL and NOBLE publications. Out-
comes varied among meta-analyses, related to a (i) randomized versus observational
design, or a combination of both, (ii) the methodology and effect-measures used to
report treatment-differences, (iii) a variation of sample sizes used, and (iv) the year
in which the meta-analysis was published. The study concluded that the number of
meta-analyses on PCI versus CABG in patients with LMCAD is disproportionate and
urges the need for “quality over quantity”. In order to ensure future high-quality
publications, multi-disciplinary collaborations are warranted and individual patient
data pooled analyses may determine true treatment-differences with more statisti-
cal certainty.

Chapter 6 to chapter 10 described the long-term outcomes, up to 10 years and
beyond, after PCI with first-generation paclitaxel-eluting stents versus CABG in pa-
tients with de novo three-vessel (3VD) and/or LMCAD that were originally randomized
in the SYNTAX trial. In chapter 6 10-year survival data of the randomized cohort
(N=1800; PCI n=903 and CABG n=897) was reported. The rate of completeness of
follow-up was over 94%, which was equally distributed among the PCI and CABG co-
horts. In the overall cohort (N=1800), no statically significant difference in all-cause
death was found between PCI versus CABG at 10-year follow-up. Nonetheless, CABG
provided a significant survival benefit over PCI in patients with 3VD and those with
more complex CAD, defined by SYNTAX scores >33. While in patients with LMCAD,
no difference in all-cause death at 10-year follow-up existed between PCI and CABG.
Chapter 7 aimed to determine the overall survival in patients that deemed unsuit-
able to be randomized for PCI or CABG in the SYNTAX trail and were followed-
up in a PCI nested-registry (CABG-ineligible patients) and a CABG nested-registry
(PCl-ineligible patients). Patients included in the CABG-registry were considered
non-treatable by PCI due to extensive coronary complexity, the patients included in
the PCI registry were considered as non-operable due to increased operative risk.
Patients in the SYNTAX CABG-registry showed excellent 10-year survival (all-cause
death 25.9%); comparable to all-cause death rates in the randomized CABG cohort.
However, patients in the PCI-registry showed poor 10-year survival with an all-cause
death rate of approximately 51.6%; almost twice as high as the all-cause death rates
in the randomized PCI cohort. Chapter 8, estimated the impact of performing CABG
using multiple arterials grafs (MAG) versus a single arterial graft (SAG) in patients
that underwent CABG SYNTAX trial. MAG resulted in significantly lower all-cause
death rates at 12.6-year follow-up (both unadjusted and adjusted rates), compared
to a SAG CABG strategy. This striking long-term survival benefit of MAG over SAG
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in the SYNTAX trial encourages a more extensive use of multiple arterial grafting
in current daily practice. In chapter 9, the influence of complete versus incomplete
revascularisation and the association with any residual coronary lesions (residual
SYNTAX score; 1SS), on all-cause death at 10-year follow-up was assessed. The study
showed that incomplete revascularisation is common after PCI and the extent
of incompleteness, defined by rSS, has a significant impact on 10-year all-cause
death. Patients with a rSS <8 after PCI had a comparable risk of 10-year all-cause
death compared with those after CABG, whereas patients with a rSS>8 after PCI
experienced a substantially increased risk of 10-year all-cause death. Additionally,
the predictive performance of the SYNTAX score II in accurately predicting the risk
of all-cause death at 10-years was ascertained in chapter 10. The SYNTAX score II
incorporates the presence or absence of LMCAD with the anatomical SYNTAX score
and important baseline characteristics, such as: age, sex, creatinine clearance, LVEF,
chronic obstructive pulmonary disease and peripheral vascular disease, in order to
predict the risk of 4-year all-cause death. The study showed that the SYNTAX score
II could discriminate for outcome risk beyond 4 years, although all-cause death was
similar between PCI and CABG beyond 4-year follow-up.

Finally, in chapter 11 and chapter 12 the impact of performing intraoperative
quality assessment by using transit-time flow measurement (TTFM) and/or high
frequency ultrasound during coronary bypass surgery was appraised. The systematic
review and meta-analysis in chapter 11 evaluated the value of TTFM during CABG
by determining (i) the rate of abnormal grafts and graft revisions required when
using TTFM and (ii) the impact of TTFM parameters on angiographic and clinical
outcomes. In 4.3% of patients undergoing CABG, there was a need to revise grafts
after TTFM assessment; however, only 25% of grafts, classified as abnormal based on
TTEFM values, were revised, suggesting that the use and interpretation of TTFM can
be further optimized. The outcomes of the international, multicentre prospective
REQUEST study that aimed to determine the number and type of coronary surgical
procedure changes that are made based on intraoperative guidance information
using the combination of TTEM and HFUS were reported in chapter 12. In seven par-
ticipating REQUEST centers that routinely perform bypass surgery, 25.2% of patients
(256/1016) required a surgical change, which was accompanied by low in-hospital
mortality and morbidity. Based on the results from the REQUEST study, TTFM and
HFUS may improve the quality, safety and efficacy of coronary artery bypass graft-
ing, and could therefore be considered as a routine intraoperative quality control
measures during CABG.
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Hoofdstuk 1 bevat de algemene introductie van het onderwerp van deze thesis.
Het beschrijft de historie en ontstaansgeschiedenis van de coronaire bypass chi-
rurgie (CABG) en de percutane coronaire interventies (PCI) ten behoeve van het
revasculariseren van het myocard, waarbij aandacht voor besteed aan de medische,
chirurgische en percutane mijlpalen en technologische vooruitgang die geboekt is
over de recente decennia. Het doel en de onderzoeksvragen van de huidige thesis
worden tevens benoemd in hoofdstuk 1.

Hoofdstuk 2 richt zich op de korte-termijn uitkomsten (30 dagen follow-up) na
CABG of PCI met 2° generatie “drug-eluting stents” in patiénten met een linker co-
ronair hoofdstam stenose (HSS) welke gerandomiseerd zijn in de EXCEL studie. Het
manuscript in hoofdstuk 2 beschrijft het voorspellende vermogen van de “Society of
Thoracic Surgeons (STS)” risico modellen met betrekking tot perioperatieve 30-da-
gen mortaliteit, cerebrovasculair accident (CVA) en nierfalen, middels het toepassen
van de “C statistic” (discriminerend vermogen) en de “Hosmer-Lemeshow goodness
of fit” test (kalibrerend vermogen). De STS risico modellen werden toegepast bij ge-
selecteerde patiénten met HSS welke gerandomiseerd waren voor PCI versus CABG
in de EXCEL studie. Binnen de patiénten die CABG onderging bleken de STS risico
modellen een goed discriminerend vermogen te bezitten om 30-dagen mortaliteit
en nierfalen accuraat in te schatten, desalniettemin was dit discriminerend vermo-
gen voor de patiénten die PCI onderging niet accuraat te zijn met betrekking tot
30-dagen mortaliteit en nierfalen. De accuraatheid om een CVA te voorspellen bleek
redelijk te zijn binnen zowel de PCI als de CABG populatie.

De midden-termijn (1 — 3 jaar) na myocard revascularisatie middels PCI or CABG
in geselecteerde patiénten met HSS worden gerapporteerd in hoofdstuk 3 en 4.
Hoofdstuk 3 onderzocht de impact van linker ventrikel ejectie fractie (LVEF) op de
klinische uitkomsten in patiénten met HSS die PCI of CABG ondergingen in de EXCEL
studie. LVEF werd geclassificeerd volgens de definities van de Europese Vereniging
voor Cardiologie (LVEF<40% Hart Falen met gereduceerde Ejectie Fractie (HFrEF),
LVEF 40-49%; Hart Falen met mid-range Ejectie Fractie (HFmrEF) en LVEF>50%;
behouden ejectie fractie). Patiénten met HFrEF vergeleken met die met HFmrEF of
behouden LVEF ervaarde een verhoogd risico op het samengesteld eindpunt van
overlijden, CVA en/of myocard infarct (MI), gedreven door een verhoogd risico op
het individueel eindpunt van 3-jaars mortaliteit. Er werden geen verschillen in klini-
sche uitkomsten gevonden tussen patiénten die PCI of CABG onderging in relatie tot
HFrEF, HFmrEF en behouden LVEF. In hoofdstuk 4 is de invloed van CABG, gebruik
makend van één (“SITA/SIMA”) versus bilateraal interna mammaria arterién (“BITA/
BIMA”), in de chirurgische studie populatie met HSS in de EXCEL studie geanalyseerd.
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Er werden geen significante verschillen geidentificeerd in korte-termijn (30-dagen)
complicaties waarbij er geen verschil was in sternumwond problematiek tussen het
SITA (prevalentie 2.2%) en BITA cohort (prevalentie 1.8%). Na 3 jaar follow-up was er
geen verschil in het samengestelde eindpunt van mortaliteit, CVA en/of MI tussen
patiénten met HSS die SITA versus BITA coronaire bypass chirurgie ondergingen.

De studie in hoofdstuk 5 had als doel om de enorme hoeveelheid aan gepubli-
ceerde meta-analyses welke allen over het zelfde onderwerp rapporteren: klinische
uitkomsten na PCI versus CABG in patiénten met HSS. Over de afgelopen decennia
zijn er 51 meta-analyses gepubliceerd over dit onderwerp. Van deze studies zijn
er 33 gepubliceerd in de recente periode na de publicatie van de EXCEL en NOBLE
wetenschappelijke studies. Opvallend was dat de uitkomsten die gerapporteerd
werden door de 51 meta-analyses verschillen van elkaar, gedreven door (i) een
gerandomiseerd versus observationeel studie design, (ii) de methodologie en de
effect-maten welke gebruikt werden om behandeling verschillen te objectiveren,
(iii) verschillen in steekproefomvang, en (iv) het jaar waarin een meta-analyse werd
gepubliceerd. Deze studie concludeerde dat het aantal meta-analyses met een en
het zelfde onderwerp, klinische uitkomsten na PCI versus CABG bij patiénten met
HSS, disproportioneel is en dat dit vraagt om “kwaliteit over kwantiteit”. Om toe-
komstige hoge kwaliteit publicaties te kunnen waarborgen kunnen gestructureerde
multidisciplinaire samenwerkingen soelaas bieden. Daarnaast kunnen individueel
gepoolde patiént data analyses mogelijk een statistisch nauwkeuriger verschil tus-
sen PCI versus CABG aantonen.

Hoofdstuk 6 tot en met hoofdstuk 10 beschrijven de lange-termijn uitkomsten (=
10 jaar), na PCI met eerste generatie paclitaxel “drug-eluting stents” versus CABG
in patiént met 3-vast coronair lijden (3VD) en/of HSS welke zijn geincludeerd en
gerandomiseerd in de SYNTAX studie. Hoofdstuk 6 rapporteert 10-jaar mortaliteit
in het gerandomiseerde SYNTAX cohort (N=1800, PCI n=903 en CABG n=897). De
volledigheid van follow-up was ruim 94%, welke gelijk verdeeld was over het PCI en
CABG cohort. Er bleek geen verschil in overleving op 10 jaar te bestaan tussen PCI en
CABG in het cohort van alle 1800 patiénten. Echter, CABG verzorgde een significant
overlevingsvoordeel na 10 jaar follow-up in patiénten met 3VD en diegene met een
meer complex coronair lijden, gedefinieerd door SYNTAX scores >33. Daarentegen
werd er geen verschil in overleving op 10 jaar geidentificeerd in patiénten met HSS
die gerandomiseerd waren voor PCI of CABG. Hoofdstuk 7 streeft naar het bepalen
van de overlevingscijfers van patiénten die ongeschikt bleken te zijn om gerando-
miseerd te worden voor PCI of CABG in de SYNTAX studie. Deze patiénten werden
geincludeerd in een “PCI nested-registry”; waarin patiénten werden opgenomen
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waarbij het operatief risico van het ondergaan van een CABG disproportioneel hoog
werden geacht, en een “CABG-nested registry”; voor patiénten waarbij de complexi-
teit en uitgebreidheid van het coronair lijden te groot was om adequaat middels
PCI te behandelen. Patiénten in het CABG-registry toonde een uitstekende 10-jaars
overleving (mortaliteit van 25.9%), te vergelijken met het gerandomiseerde CABG
cohort. De 10-jaars mortaliteit van de patiénten in het PCl-registry daarentegen was
hoog, waarbij de helft van dit cohort was overleden na 10 jaar follow-up (morta-
liteit vaan 51.6%); bijna twee keer zo hoog in het gerandomiseerde PCI cohort. In
hoofdstuk 8 werd onderzocht wat de impact was van CABG gebruikmakend van
meerdere arteriele bypass grafts (MAG) versus het gebruik van een enkele arterie
(SAG), in patiénten die CABG ondergingen in de SYNTAX studie. MAG resulteerde in
een significant lager mortaliteit cijfer na ruim 12 jaar follow-up (zowel de statisch
ongecorrigeerde als gecorrigeerde cijfers), vergeleken met de SAG CABG strategie
(gecorrigeerd hazard ratio (HR) 0.58, 95% betrouwbaarheidsinterval (BI) [0.46-0.72],
P=0.001). Deze opvallende overlevingswinst van MAG versus SAG op lange termijn
stimuleert operateurs om vaker en meer gebruik te maken van meerdere arteriele
bypass grafts. Hoofdstuk 9 rapporteert de invloed van complete versus incomplete
revascularisatie en beschrijft de associatie van post procedurele aanwezigheid van
onbehandelde stenoses (“residual SYNTAX score - rSS”) op 10-mortaliteit. Deze studie
toont aan dat incomplete revascularisatie vaker voorkomt na PCI en dat de uitge-
breidheid van incomplete revascularisatie een significant negatief invloed heeft op
10-jaars mortaliteit. Patiénten met een rSS <8 na PCI vertoonde een vergelijkbaar
risico op 10-jaars mortaliteit vergeleken met patiénten die CABG ondergingen. Daar-
entegen, patiénten met een rSS>8 na PCI hadden een substantieel verhoogd risico
om te overlijden na 10-jaar follow-up vergeleken met het CABG cohort. Vervolgens is
in hoofdstuk 10 de voorspellende nauwkeurigheid van de SYNTAX score II bepaalt
met betrekking tot het accuraat berekenen van het risico op overlijden na 10-jaar
follow-up. De SYNTAX score II is een samenstelling van de aan- of afwezigheid van
HSS samen met de anatomische SYNTAX score en belangrijke patiént kenmerken
zoals: leeftijd, sex, creatinine klaring, linker ventrikel ejectie fractie (LVEF), chro-
nisch obstructief pulmonaal lijden (COPD) en perifeer vaatlijden, ten behoeve van
het bepalen van het risico op 4-jaars mortaliteit. Dit onderzoek toont aan dat de
SYNTAX score II kan discrimineren in mortaliteit na 4-jaar follow-up, ondanks dat
er geen verschil in overleving was tussen PCI en CABG in de SYNTAX studie na deze
4-jaar follow-up.

Ten slotte, in hoofdstuk 11 en hoofdstuk 12 is gekeken naar de impact die intra-

operatieve diagnostiek, naar de kwaliteit van de gemaakte bypass grafts, middels
“transit-time flow measurement (TTFM)” en/of “high frequency ultrasound (HFUS)”
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heeft op de klinische uitkomsten na chirurgische bypass chirurgie. Het systemati-
sche review onderzoek in hoofdstuk 11 evalueerde de waarde van TTFM tijdens
CABG door verschillende eindpunten te definiéren; (i) het percentage insufficiénte
grafts en de mate van revisie van deze grafts wanneer TTFM werd gebruikt tijdens
CABG, en (ii) de impact die TTFM heeft op angiografische en klinische uitkomsten
na CABG. Bij 4.3% van de patiénten die CABG ondergingen was er een noodzaak
tot revisie van de gemaakte grafts op basis van afwijkende TTFM waarden, echter
slechts bij een kwart van al deze insufficiénte grafts werd er een chirurgische revisie
verricht. Dit suggereert dan het gebruik en de interpretatie, met daarbij de klini-
sche consequenties, van TTFM nog verder geoptimaliseerd zou kunnen worden. De
uitkomsten van de internationale, multicenter prospectieve REQUEST studie, welke
als doel had om de frequentie en type van operatieve veranderingen gebaseerd op
afwijkende TTFM en/of HFUS uitkomsten vast te stellen, worden beschreven in
hoofdstuk 12. Bij 256 van de 1016 patiénten (25.2%) die CABG ondergingen in zeven
participerende REQUEST ziekenhuizen, welke allen dagelijks chirurgische bypass
chirurgie verrichten, was het noodzakelijk om een chirurgische verandering door te
voeren op basis van afwijkende TTFM/HFUS uitkomsten. Dit ging gepaard met een
lage incidentie van 30-dagen morbiditeit en mortaliteit. Op basis van de uitkomsten
van de REQUEST studie kan worden gesuggereerd dat TTFM en HFUS de kwaliteit,
veiligheid en effectiviteit van chirurgische bypass chirurgie verbeterd, en daarom
zouden deze technieken overwogen moeten worden om gestructureerd te gebrui-
ken tijdens CABG.
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Chapter 14

General discussion



The current thesis aimed to determine procedural and clinical outcomes after
contemporaneous revascularisation treatment strategies for patients with coronary
artery disease, and sought to distinguish treatment benefits and risk-predictors in
patients that underwent percutaneous (PCI) versus surgical myocardial revasculari-
sation (CABG) at short-(<1 year), mid-(1-3 year) and long-term follow-up (= 10 year).

Since the introduction of surgical and percutaneous coronary interventions over
four decades ago, the field of coronary artery revascularisation has progressed
significantly."* Continuous developments in surgical and percutaneous techniques
together with optimization of guideline directed medical treatment ensured the
possibility of treating more complex patients with CAD. Numerous randomized and
observational studies have reported outcomes after PCI versus CABG and herewith
contributed to the continuous developments and improvements of both revascu-
larisation strategies.>® The great majority of these studies, however, only reported
outcomes at short to mid-term follow-up (e.g. 30 days - 5 years). Since the overall
life-expectancy of patients with coronary artery disease is steadily increasing world-
wide, the presence of various cardiovascular comorbidities in these patients will
affect perioperative, short-, mid- and long-term outcomes. Understanding how, and
to which extent, these patients characteristics will influence clinical outcomes will
offer a major advantage in determining the optimal myocardial revascularisation
strategy in an individual patient with coronary artery disease requiring revasculari-
sation PCI versus CABG.

Short-term outcomes

Risk-stratification tools showed to be useful instruments to accurately assess peri-
operative risks and clinical outcomes in patients undergoing CABG or PCI. To date,
various risk models have been published and are used during multi-disciplinary
heart team meetings to determine the optimal revascularisation strategy in patients
with CAD.”" Now that PCI has become a suitable treatment, as an alternative to
CABG, for selected patients with coronary artery disease, accurate risk assessment is

crucial to accurately determine the preferred treatment in these specific patients.'*"

In chapter 2 the predictive performance of Society of Thoracic Surgeons (STS)" risk
models for perioperative mortality, stroke and renal failure in patients undergoing
CABG (n=923) for LMCAD from the randomized EXCEL (Evaluation of XIENCE versus
Coronary Artery Bypass Surgery for Effectiveness of Left Main Revascularization)
trial was analysed.?® Furthermore, the efficacy of these risk models in PCl-treated
subjects from the EXCEL trial (n=935) was examined.

356



General discussion

In brief, the EXCEL trial was an international, multicenter randomized trial that
compared PCI with everolimus-eluting stents with CABG in patients with LMCAD
and a low to intermediate SYNTAX score (<32). The study was designed to determine
whether PCI was non-inferior to CABG regarding the primary composite endpoint
of major adverse cardiac and cerebrovascular events (MACCE) defined by all-cause
death, stroke or MI at 3 years. The study showed that at 3-years MACCE occurred in
15.4% of the PCI cohort and in 14.7% of the CABG cohort (hazard ratio (HR) 1.00, 95%
confidence interval (CI) [0.79-1.26], P=0.98 for superiority and P=0.02 for inferiority).

The STS risk scores showed good discrimination for 30-day predicted risk of mor-
tality (PROM) and stroke in CABG patients, with average calibration. For patients
treated by PCI, the STS risk scores had no discrimination for mortality, comparable
to “flipping a coin”, yet average discrimination for stroke with good calibration. The
predictive performance of STS renal failure risk scores was excellent in the CABG
cohort, yet poor in those treated with PCIL. Overall, an updated risk score model
is warranted in order to accurately assess perioperative clinical outcomes and to
determine which treatment strategy appears optimal for a specific patients with
LMCAD, bearing in mind that between-treatment differences might emerge beyond
the perioperative (30 days) timeframe.

In daily clinical practice, patients with stable coronary artery disease should be
discussed in a multidisciplinary heart team.*' During this discussion several risk pre-
diction models can be used to better inform the heart team about the perioperative
risk. Besides the STS risk models, there are multiple other risk prediction models
that could be used, such as the SYNTAX score (predicts the risk of major adverse
cardiovascular and cerebral events at 12 months follow-up)®, the SYNTAX score 11
(predicts the risk of 4-year mortality)*, and the EuroSCORE II (predicts in-hospital
mortality)’. Each of these risk scores have their own advantages, shortcomings, and
degrees of accuracy (calibration and discrimination). In addition to a physician’s
clinical judgement, these risk scores help optimize clinical outcomes and strive for
optimal “personalised medicine”, instead of “one-size-fits-all”.

Mid-term outcomes

The overall treatment goals of myocardial revascularisation by CABG or PCI in pa-
tients with coronary artery disease is i) providing relief of angina and ii) reducing
the risk of “premature” mortality together with other major adverse cardiac and
cerebrovascular events. In order to determine the most appropriate revascularisa-
tion strategy in an individual patient, a structured heart team discussion weighs
the benefits and shortcomings of both treatment strategy against perioperative risk
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and benefit, and takes into account a patients personal preference and the existence
of comorbidities (diabetes mellitus, renal insufficiency, pulmonary disease and left
ventricular function). Besides, perioperative risk assessment, the expected mid- and
long-term outcomes are of utmost importance to determine the best treatment

strategy.*"*

Myocardial revascularisation guidelines recommend CABG in patients with complex
multivessel CAD and severely impaired LVEF (<35%).'”'® Nonetheless, what the pre-
ferred treatment strategy is in patients with LMCAD and impaired LVEF (<50%) re-
mains unclear. To date, randomized data on the impact of LVEF on clinical outcomes
in patients with coronary artery disease is restricted to CABG versus medical therapy
since contemporaneous randomized trials exclude patients with severely reduced
LVEF (<35%). Therefore, the impact of left ventricular ejection fraction (LVEF) on
clinical outcomes at 3-years in patients with LMCAD from the EXCEL trial was evalu-
ated in chapter 3.* Patients with preserved (=50%) and impaired LVEF (<50%) under-
going CABG or PCI were analysed in this study. Although no treatment interaction
of CABG or PCI according to baseline LVEF was found, patients with impaired LVEF
showed to possess a significantly higher risk of 3-year all-cause mortality compared
to patients with preserved LVEF. To date, randomized data that directly compares
the impact of CABG and PCI in patients with impaired LVEF, especially patients with
LMCAD, is lacking. Although our current study was not a randomized controlled
trial (RCT), it provides valuable insights on treatment outcomes in patients with
LMCAD and impaired LVEF that require revascularisation.

The Surgical Treatment for Ischemic Heart Failure (STICH) evaluated whether
CABG with intensive medical therapy versus medical therapy alone would decrease
mortality in patients with severely impaired LVEF (<35%).° The intention-to-treat
analysis showed no difference in mortality at a median follow-up of 56 months (HR
with CABG, 0.86; 95% CI [0.72-1.04], P=0.12). In the per-treatment analysis, however,
a significant survival benefit of CABG with optimal medical treatment versus medi-
cal treatment alone was found (HR 0.70, 95% CI [0.58-0.84|, P<0.001). No comparisons
between PCI or CABG were made in the STICH trial. The systematic review by Wolff
et al. compared revascularisation with medical therapy. They reported an overall
survival benefit of CABG over PCI in 8782 patients with LVEF <40% (HR 0.82; 95%
[0.75-0.90]).2° However, results are restricted by important limitations, such as a great
spread in follow-up (range 12-180 months) and a heterogeneous patient population
(P=47%).
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In chapter 4 the safety and effectiveness of performing CABG using a single internal
thoracic artery (SITA) with additional venous grafts versus bilateral internal tho-
racic artery (BITA) was determined in patients with LMCAD and low to intermediate
SYNTAX scores ( <32) from the randomized EXCEL trial.**’ Clinical outcomes such
as all-cause death, stroke, MI and sternal wound dehiscence were assessed at 30-
days and 3-year follow-up. Whether CABG should be performed by complete arterial
revascularisation using BITA grafts, remains a matter of debate”®®' Besides, some
surgeons may discourage BITA-use in patients with LMCAD, especially in those
where a pin-point (bi/tri-furcation) lesion is present, since the entire myocardium
will be supplied of oxygen rich blood by a “new main stem”’; being a composite
LITA-RITA-Y graft (e.g. LIMA-RIMA-Y graft). Our study in chapter 4 showed low rates
of sternal wound dehiscence at 30-days in both the SITA as the BITA cohort, without
any statistical difference. Furthermore, at 3-years, no differences existed in the
multivariable adjusted primary composite endpoint of all-cause death, stroke or MI,
or the individual endpoints of ischemia-driven revascularisation and major bleeding
complications. Although the rate of unplanned hospitalization was higher in SITA
compared to BITA, this difference was not seen after multivariable adjustment.

Previous studies have shown that patients receiving BITA, especially those that have
diabetes and/or chronic obstructive pulmonary disease (COPD), have an increased
risk of developing sternal wound complications at short-term follow-up (e.g. 30-
days).**** Although, by meticulously selecting suitable patients, this risk can be
reduced, possibly even more when ITA grafts are being harvested skeletonized.”’

Potential clinical benefits at long-term, especially regarding survival, might only
appear after long-term follow-up (= 10 years). This is most likely due to superior
arterial graft patency compared with venous graft patency.***” Various observational
studies showed a significant long-term survival benefit of BITA over SITA*®**!, yet
randomized data were not able to confirm this finding.””*> The results of the Arte-
rial revascularisation Trial (ART), investigating differences between SITA and BITA
revascularisation were therefore highly awaited.*® Nonetheless, results at 10-year
follow-up appeared disappointing for those that advocate the use of BITA during
CABG procedures; as no mortality difference was found between BITA (20.3%) and
SITA (21.2%, HR 0.96, 95% CI [0.82-1.12]) in the intention-to-treat analysis. The short-
comings that most likely influenced the outcomes in the ART trial were i) a high
cross-over rate in the BITA (13.9%) cohort and ii) the use of a radial artery in the
SITA cohort (21.8%). The as-treated analysis, comparing multiple (2 or more) arterial
grafts with a single arterial graft, however, did show a survival benefit in patients
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receiving multiple arterial grafts (18.6%) versus a single arterial graft (23.1%) (HR
0.81, 95% CI [0.68-0.95]).

To conclude, although arterial grafts most likely outperform venous grafts from a
physiological standpoint *, mainly circumstantial evidence is currently available
that supports the use of BITA, or multi-arterial grafts, in selected patients with
coronary artery disease requiring CABG. The Randomized comparison of the clinical
Outcome of single versus Multiple Arterial grafts (ROMA) trial aims to determine the
impact of using 2 or more arterial grafts on long-term survival and results are ex-
pected in 2025.* Until then, complete arterial revascularisation with the use of BITA

could be seen more of “an ART than a science”, as Prof. Mario Gaudino quoted.***

Over the recent decade, myocardial revascularisation for patients with LMCAD
progressed significantly. Where CABG historically was the golden standard for
revascularisation in patients with a left main stenosis, PCI appeared to be a suitable
alternative in selected patients.'*'® The basis for these advancements came from
various randomized and observational studies. The publication of these individual
studies, however, was followed up by the publication of an abundant number of
meta-analyses evaluating PCI versus CABG in LMCAD. Chapter 5, reports a critical
appraisal by systematically reviewing all published meta-analyses that focused on
PCI versus CABG in LMCAD revascularisation over the past decade.* The search
resulted in 51 meta-analyses that all published data the same topic. Of those, inter-
estingly, 33 meta-analyses were published after the EXCEL and NOBLE publications.
This resulted in overlapping and redundant outcomes, which could be attributed to
study differences, such as (i) randomized versus observational studies, or a combina-
tion of both, (ii) differences in methodology, (iii) differences in sample sizes, and
(iv) the timing of publication of specific meta-analyses (2009 versus 2018). Hence,
caution is advised when interpreting results from these meta-analyses. Encouraging
physicians and scientists to collaborate in conducting, reviewing and publishing
scientific content possibly minimizes redundant, overlapping and inefficient work.
By performing an individual patient-data meta-analysis, by combining patient-level
outcomes from multiple randomized trials, statistical power increases and possible
treatment differences between revascularisation procedures can be determined
with more statistical certainty.*

Long-term outcomes

In the SYNTAX trial, patients that were randomized to undergo CABG or PCI with
paclitaxel-eluting stents (DES) experienced a non-significant survival difference in
favour of CABG at 1-year follow-up (CABG 3.5% vs PCI 4.4%, P=0.37).> This numerical
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survival difference continued to increase until trail completion at 5-year follow-up.
However, no statistical difference between CABG and PCI was found (CABG 11.4% vs
PCI 13.9%, P=0.10).*° Furthermore, the post-hoc landmark analysis from the EXCEL
trial reported differences in risk of death after PCI and CABG depending on the dura-
tion of follow-up.® Longer-term follow-up data was warranted to adequately identify
risk predictors and differences in clinical outcomes, which can subsequently aid
the multidisciplinary-decision making process, in order to determine the optimal
evidence-based revascularisation strategy for individual patients with coronary
artery disease.

The SYNTAX Extended Survival study was presented in Chapter 6, which reported
the long-term survival outcomes of patients with de novo three-vessel and left main
coronary artery disease randomized to PCI with paclitaxel-eluting stents or CABG in
the SYNTAX trial.>* At 10-year, 94% of vital status information was complete for the
overall cohort of 1800 included patients in the SYNTAX trial (n=1800). In the overall
cohort, no significant difference existed between PCI versus CABG (28% versus 24%,
p=0.066). However, CABG provided a significant survival benefit (30% risk reduction
of all-cause death) in those patients with 3VD and those with high SYNTAX Scores
(=33), yet not in patients with LMCAD. Furthermore, among patients with medi-
cally treated diabetes or without diabetes no survival differences were noticed. The
SYNTAXES study was the first study to report 10-year outcomes of patients with de
novo 3VD and LMCAD randomized to PCI with DES or CABG. It provides important
insight in long-term survival outcomes after CABG and PCI with DES, and will aid in
determining the optimal revascularisation strategy in patients with coronary artery
disease.

To date, long-term outcome of contemporaneous randomized trials comparing PCI
with CABG with DES is scarce and limited to the publication of only 2 other studies.
First, the LE MANS trial randomized 105 patients with unprotected LMCAD with low
to intermediate complexity of coexisting coronary artery disease to CABG or PCI
with bare metal stents and DES.> At 10-year follow-up no difference in mortality
between PCI (21.6%) and CABG (30.2%) was found (P=0.41). These results of the LE
MANS trials are like the results found in the SYNTAX Extended Survival study, being
that PCI provides a numerically, yet not statistically significant, survival benefit over
CABG in patients with LMCAD. Nonetheless, due to the low sample size the LE MANS
study lacks statistical power and findings should be interpreted with caution. More-
over, BMS were used in 65% of patients and therefore survival outcomes of those

specific patients might not be relevant to contemporary revascularisation practice.
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Second, the FREEDOM trial randomized 1900 patients with diabetes mellitus and
multivessel coronary artery disease (MVD) to PCI with sirolimus-eluting stents or
CABG. Both treatments were performed under optimal guideline-directed medical
therapy.> Recently, long-term follow-up data up to 8-years of 943 patients (49.6%
of the original cohort) was published. In this limited cohort, all-cause mortality oc-
curred in 23.7% of patients that underwent PCI (99 deaths) and in 18.7% of patients
that underwent CABG (72 deaths) (HR 1.32, 95% CI[0.97;1.78], P=0.076). The SYNTAX
Extended Survival study included 452 patients with diabetes mellitus that were
medically treated (oral medication and/or insulin therapy). All-cause death occurred
in 38.7% of patients that underwent PCI and in 36.5% of patients that underwent
CABG (P=0.50). The relatively modest sample size could have resulted in less statisti-
cal power, besides the substantial difference in duration of follow-up between the
FREEDOM trial (median 7.5 years) and the SYNTAXES study (median 11.2 years).

Besides analysing the outcomes in the randomised cohorts from the SYNTAX trial,
we also investigated 10-year survival outcomes of patients enrolled in the SYNTAX
trial that were entered into nested registries. The registry patients were ineligible
for randomization i) due to significant comorbidities which increased the surgical
perioperative risk of morbidity and mortality, and/or ii) due to extensive and com-
plex coronary artery disease unsuitable for PCIL. Such registries overcome the major
limitation of randomized trials that only include a highly selected patient cohort
because patients entered in such registries are a more accurate representation of pa-
tients that are discussed in daily multidisciplinary hear teams. Chapter 7 provided
insights in the risk profiles and 10-year all-cause death rates of patients that were
found ineligible by a multidisciplinary heart team to be randomized to undergo PCI
or CABG. When clinical equipoise with either PCI or CABG could not be reached due
to coronary anatomy, comorbidities, perioperative risk, or a combination of all afore
mentioned factors patients were entered into nested registries; CABG-ineligible PCI
registry (198 patients) or PCI-ineligible CABG registry (1077 patients).>** Of those, all
198 PCl-registry patients were selected to be followed-up for 5- and 10-years. In the
CABG registry, 649 randomly selected patients were followed-up for 5- and 10 years.
Patients that were entered in the CABG-registry showed excellent 10-year survival
(all-cause death rate of 25.9%); comparable to outcomes in the randomized CABG
cohort of the SYNTAX trial. Patients that were enrolled in the PCl-registry showed
relatively poor 10-year survival with an all-cause death rate of approximately 51.6%,
almost twice as high as in the randomized SYNTAX PCI cohort (28%). This study
provided unique long-term survival insights in patients representing “real-word”
patients with coronary artery disease included in the SYNTAX trial.
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Randomized controlled trials have been considered as the gold standard to report
the overall treatment effect of comparing two treatment strategies and provide a
relative risk (odds ratio or hazard ratio) for the overall cohort of patients. However,
not each individual patient might experience these mean relative risks derived from
the calculation of the entire cohort *>°°. Therefore, one could assume that only pro-
viding such an average risk is not meaningful for an individual patient that requires

myocardial revascularisation.

The present thesis set out to establish treatment-benefits and risk-predictors for
individual patients with coronary artery disease that require myocardial revascu-
larisation. In chapter 8 we assessed the impact of bypass surgery using multiple
arterial grafts (MAG) versus a single arterial graft (SAG) on vital status at very-long
term follow-up in patients enrolled in the SYNTAX trial. To date, it remains fiercely
debated which graft configuration used during coronary bypass surgery provides op-
timal results at long-term follow-up. Studies have shown that venous graft patency,
compared to arterial graft patency, is significantly worse at long-term follow-up (ve-
nous patency: 61% vs. arterial patency: 85%).* Various observational studies reported
long-term advantages of multiple arterial grafting, compared to the use of a single
arterial graft. Therefore, the long-term results of the Arterial Revascularization Trial
(ART) were highly anticipated.*®***” The unadjusted intention-to-treat analysis, at 10-
year follow-up, appeared however disappointing for those “BITA-believers”. No dif-
ference in survival was found between single versus bilateral internal thoracic grafts
(21.2% vs 20.3% all-cause death, respectively). Nonetheless, the as-treated analysis
showed a significant survival benefit with multiple arterial grafting compared with
the use of a single arterial graft (18.6% vs 23.1% all-cause death; HR 0.81, 95% CI
[0.68-0.95]).

In our prespecified post-hoc analysis (chapter 8), MAG resulted in a significantly
lower incidence of all-cause death at 12.6 years follow-up. The survival benefit of
using MAG over SAG remained significant after adjusting for differences in prese-
lected clinically and statistically relevant patient characteristics, such as age, sex,
body mass index, diabetes mellitus and vascular disease. These markedly 12.6-year
survival benefits derived from using MAG revascularisation over SAG, in the SYNTAX
trial encourages a more extensive use of multiple arterial grafting in contempora-
neous coronary bypass surgery. Although our results are “hypothesis-generating”
due to the non-randomized nature of the study, it provides very reassuring and
important long-term insights in the benefits of multiple arterial grafting. We recom-
mend that a patient’s baseline and angiographic characteristics should always be
adequately assessed during multidisciplinary heart team meetings when deciding
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on the optimal strategy of surgical revascularisation striving for ideal short-and-
long-term outcomes.

The ongoing ROMA trial randomizes coronary artery disease patients to either
CABG with MAG versus SAG. The trial aims to answer two hypotheses; (i) MAG is
associated with a reduction in the composite outcome of all-cause death, any stroke,
post-discharge myocardial infarction and/or repeat revascularisation and (ii) MAG
is associated with improved survival.* The ROMA trial is expected to be completed
around 2030, therefore the first long-term randomized data on MAG versus SAG
will not be available soon. Until then, high quality observational data, such as the
insights provided by the SYNTAXES study, should inform cardiothoracic surgeons on
the optimal graft configuration during CABG.

Besides the potential benefits of multiple arterial grafting during bypass surgery,
completeness of revascularisation plays an important role in optimizing procedural
and patient outcomes. The impact of complete versus incomplete revascularisation
has been assessed by multiple studies.’®** A recent meta-analysis of 83,695 patients
reported a significant survival benefit at 4.7 years follow-up with complete versus
incomplete revascularisation (relative risk 0.76, 95% CI [0.63-0.90]).** Long-term
outcomes after complete versus incomplete are scarcely available. Only the MASS II
trial evaluated outcomes beyond 5 years, however the impact of these findings are
limited due to the use of bare metal stents during PCI and the limited number of
patients included in the study (PCI 205 patients, CABG 203 patients, medical therapy
203 patients). Besides evaluating the impact of (in)complete revascularisation the
residual SYNTAX score (rSS) was introduced as a more accurate risk-predictor spe-
cifically for those patients that underwent PCL® The rSS quantifies the remaining
burden of coronary atherosclerosis after incomplete revascularisation and is divided
in four subgroups; 1SS of 0, rSS >0-4, 1SS >4-8 and rSS 8, where a high rSS was
associated with increased risks of all-cause death, stroke, myocardial infarction and
repeat revascularisation. In Chapter 9 the effect of incomplete revascularisation
on 10-year survival in patients randomized to PCI versus CABG in the SYNTAX trial
was evaluated. Incomplete revascularisation was more common after PCI compared
with CABG. Especially those patients with three-vessel coronary artery disease were
at increased risk of receiving incomplete revascularisation irrespective of the revas-
cularisation strategy. The risk of 10-year all-cause death was similar in patients that
underwent PCI with complete revascularisation compared to those that underwent
CABG with complete revascularisation. On the contrary, PCI with incomplete revas-
cularisation was associated with a significantly increased risk of all-cause death at
10-year follow-up. A 1SS >8 was furthermore associated with a 3.5-fold increased risk
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of 10-year all-cause death, while a 1SS across 0 to 8 showed a similar risk of all-cause
death. Each heart team discussion should consider the potential risk of incomplete
revascularisation with either percutaneous or surgical myocardial revascularisation-
Interventional cardiologists should furthermore aim to reduce the residual SYNTAX
score as far as possible below the cut-off value of 8, otherwise patients will be at
increased risk of MACCE during the first 5 years and at increased risk of all-cause
death at 10-year. The rSS remains a purely angiographic and anatomical index
which does not evaluate the hemodynamic relevance of any remaining coronary
artery stenoses. It is furthermore challenging to use as a prediction-tool prior to the
intervention, especially since incomplete revascularisation is influenced by multiple
factors such as diffuse, small vessel coronary artery disease, heavy calcifications,
extreme tortuosity, andfor chronic total occlusions. Future methods of assessing
functional flow reserve, by CT FFR for example, could provide a non-invasive insight
on the impact of residual coronary stenosis after both PCI as CABG.

In Chapter 10 the predictive performance of the SYNTAX score II on 10-year all-
cause death was estimated in 1800 patients with de novo three-vessel and left main
disease followed-up by the SYNTAXES study. Although randomized trails provide the
highest level of evidence and are often used to establish recommendation in clinical
guidelines for most patients with coronary artery disease, it provides information
for a large cohort of patients. It is however crucial to be able to recommend the best
treatment-strategy for an individual patient requiring myocardial revascularisation.
As mentioned before, risk stratification models are useful to steer a multidisciplinary
heart team treatment recommendation by balancing be perioperative, as well as
long-term risks and benefit of each treatment. Where the original SYNTAX score
predicts the risk of 12-month MACCE, the SYNTAX score II was designed to predict
the risk of 4-year all-cause death for an individual patient. The SYNTAX score II risk
model is an instrument that combines clinically important and prognostic patient
characteristics (age, renal function, left ventricular ejection fraction, left main coro-
nary artery disease gender, chronic obstructive pulmonary disease and peripheral
vascular disease) with the anatomical SYNTAX score.”” Now, the SYNTAX Score II
2020 (SSII-2020) has been introduced, showing good calibration and discrimination
to adequately assess the risk of 10-year all-cause death, using 7 clinical predictors
(age, diabetes, renal function, LVEF, COPD, PVD and current smoking) in combi-
nation with type of coronary artery disease (3VD or LMCAD) and the anatomical
SYNTAX score. Due to the absence of other available randomized long-term follow-
up data (=10 years), the updated SSII-2020 could not yet be externally validated.
This furthermore stresses the necessity of extending follow-up of contemporaneous
randomized trials, such as the EXCEL and NOBLE trials, up to 10-year follow-up
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and beyond. Eventually, when more long-term data becomes available, one could
pool individual patient data from various randomized trials a therewith estimate a
potential treatment-benefit, of either PCI or CABG, with more statistical certainty.

Left main coronary artery revascularisation

Recently, three of the major randomized clinical trials comparing outcomes after PCI
with drug-eluting stents versus CABG have published data on longer-term follow-up
in patients with left main coronary artery disease, being the SYNTAX trial (10-year
data), the EXCEL trial and the NOBLE trial (both reported 5-year data).>>%

In 2016, the EXCEL trial reported its 3-year outcomes, suggesting that PCI with 2™
generation everolimus-eluting stents was non-inferior to CABG in unprotected left
main revascularisation regarding the primary endpoint of MACCE (major adverse
cardiac or cerebrovascular events), a composite of death, stroke or myocardial in-
farction.? At 3-year follow-up, no difference in all-cause death between PCI and CABG
was present. In September 2019, the EXCEL trial presented their 5-year outcomes at
the Transcatheter Cardiovascular Therapeutics meeting (TCT), and simultaneously
published these outcomes in the New England Journal of Medicine.®> At 5-year follow-up,
PCI showed to be non-inferior to CABG regarding the composite primary endpoint
(difference of 2.8 percentage points; 95% CI[-0.9-6.5]; P=0.13). Death from any cause
was more common after PCI compared with CABG (13.0% vs. 9.9%; 95% CI [0.2-6.1]).

The publication of the 5-year EXCEL trial outcomes substantially shook up the
cardiovascular society, leading to fierce (inter)national discussions at scientific meet-
ings, television program (BBC) and social media platforms related to the definition
of myocardial infarction used in the trial (a biochemical periprocedural Myocardial
Infarction definition'® versus the Universal Definition of Myocardial Infarction®)
and the increased rate of all-cause death after PCI compared with CABG at 5-year
follow-up, amongst many other arguments. Eventually the European Association
of CardioThoracic Surgery (EACTS) withdrew its support from the 2018 Guideline
on Myocardial Revascularisation that stated that PCI is an appropriate alternative
to CABG in selected patients with left main coronary artery disease, while the
European Society of Cardiology (ESC) continued to support the Myocardial Revascu-
larisation guideline.'” The raw EXCEL 5-year data is currently being analyzed by an
independent research group and results are, of course, highly anticipated.

In December 2019, the NOBLE trial published its 5-year results in The Lancet showing

PCI with 2™ generation stents resulted in inferior clinical outcomes compared with
CABG in patients with unprotected left main coronary artery disease.®® Also NOBLE
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reported on the primary endpoint of MACCE, a composite of all-cause death, non-
procedural myocardial infarction, repeat revascularisation and stroke. At a median
of 4.9 years of follow-up, 28% of patients that underwent PCI experienced MACCE
versus 19% of patients that underwent CABG (HR 1.58, 95% CI [1.24-2.01]). There was
no difference in all-cause death between PCI and CABG (NOBLE: 9% vs 9%, HR 1-08
[95% CI 0.74-1.59] compared to EXCEL: 13% vs 10% OR 1.38 [95%CI 1.-030-1.85]). Of
note, the individual endpoints of MACCE used in the NOBLE trial differ substantially
from the MACCE primary composite endpoints used in the EXCEL trial, making it
impossible to compare these MACCE outcomes directly head-to-head. Nonetheless,
the undisputed endpoint of all-cause death in the NOBLE trial did not differ between
PCI and CABG.

In October 2019, the SYNTAX Extended Survival study published data on vital status
up to 10-year of follow-up in patients with de novo three-vessel and/or left main coro-
nary artery disease randomized to PCI with 1* generation drug-eluting stents versus
CABG.”' At 10-year follow-up, no difference in all-cause death existed in patients
with left main coronary artery disease that underwent PCI or CABG (27% vs 28%,

respectively).

To date, there appears not to be one correct and all-inclusive answer that eludes
which revascularisation strategy, PCI versus CABG, provides optimal results in pa-
tients with left main disease due to the variety of clinical endpoints and definitions
used in each individual randomized trial. It is therefore strongly recommended that
the entire body of available evidence published by trails such as SYNTAX, PRECO-
MOBAT, NOBLE and EXCEL is adequately appraised and used to base evidence-based
treatment recommendations on, accounting for all MACCE associated benefits and
shortcomings of each treatment.>”-#°366%70 Muyltidisciplinary heart teams remain
of utmost importance to ensure a well-informed, unbiased and collaborative treat-
ment recommendation in each individual patients with coronary artery disease
requiring myocardial revascularisation An undisputed collaboration between inter-
ventional cardiologists, clinical cardiologists and cardiothoracic surgeons forms the
solid foundation of such successful heart team meetings.

Technological advencements in coronary artery bypass surgery

In the 2018 EACTS/ESC Guidelines on myocardial revascularisation intraoperative
graft flow assessment and epiaortic ultrasound scanning were classified with a Class
Ila recommendation.” Nonetheless, the adoption-rate of intraoperative quality
assessment during CABG varies substantially between institutions and surgeons.

Moreover, contemporaneous published data is mostly restricted to non-randomized
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single-centre studies that report heterogeneous outcomes which furthermore com-
plicate drawing uniform conclusions.

In chapter 11 the results of a comprehensive systematic search and meta-analysis
on the impact of using transit-time flow measurements (TTFM) during CABG to
improve surgical and clinical outcomes were reported.”’ Of the 66 included studies,
35 reported on abnormal grafts or graft revisions in 8943 patients (n=15673 grafts).
Of those patients, 4.3% (95% CI 3.3-5.7%) required a graft revision based on abnormal
TTFM findings. This corresponded with a graft revision rate of 2.0% of grafts (95% CI
1.5-2.5%). Of the grafts classified as abnormal, the pooled rate of graft revisions was
25.1% (95% CI 15.5-37.9%). Although this was a relatively modest amount, and the
diagnostic accuracy of TTFM alone was limited, TTEM has the potential to be of great
importance during CABG procedures. Especially, when used in combination with
high frequency ultrasound (HFUS) the diagnostic accuracy increased substantially.”
Besides informing a well-experienced surgeon on intraoperative graft patency, TTFM
could also be used to train cardiothoracic residents by providing real-time flow-data
that aids surgical and tactical knowledge and optimizes surgical skills. An impor-
tant limitation of the present study was that the included studies were of moderate
overall quality and showed great heterogeneity regarding inclusion- and exclusion
criteria, variations in endpoints and methods of reporting clinical outcomes (as in-
dicated by high I” statistics).” This made drawing uniform conclusions challenging
and underlined the need for well-structured multicenter studies.

The multicenter international REQUEST study evaluated the impact of performing
intraoperative TTFM in combination with HFUS in 1016 patients that underwent
CABG.” The REQUEST study aimed to prospectively document any changes to the
initially proposed surgical strategy based on TTFM and/or HFUS findings. These sur-
gical changes were classified as changes related to the aorta, in-situ conduits, coro-
nary targets, completed grafts and anastomoses. Outcomes of the REQUEST study
were reported in chapter 12. In 25.2% of patients (256/1016) a surgical change was
made after TTFM and/or HFUS assessment. In 7.8% a graft revision was performed.
This corresponded with any surgical revision rate in 3.4% of anastomosis (100/2959).
Together with low rates of in-hospital adverse events (all-cause death in 0.6, stroke
or TIA in 1.0% and myocardial infarction of 0.3%), the REQUEST study showed that
intraoperative quality assessment is feasible and safe. Moreover, TTFM with HFUS
may improve the quality, safety and efficacy of CABG procedures. Although the
REQUEST study was the first large-scale, multicenter prospective study that assessed
the impact of using TTFM and HFUS for intraoperative quality assessment based
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on a structured protocol, randomized data is warranted to contribute to guideline
directed CABG.

CONCLUSION AND FUTURE PROSPECTS

The present thesis set out to determine procedural and clinical outcomes in patient
with coronary artery disease that underwent PCI or CABG and aimed to define
treatment-specific benefits and risk-predictors for patients who require myocardial
revascularisation The short- and midterm outcomes (0-5 years) of patients with left
main coronary artery disease randomized to PCI with 2™ generation drug-eluting
stents or CABG in the randomized EXCEL trial, together with evaluating (very) long-
term (=10 year) survival outcomes in patients with de novo three-vessel and/or left
main coronary artery disease who underwent PCI with 1* generation drug-eluting
stents versus CABG in the SYNTAX trial, were analysed. Finally, the impact of us-
ing technological advancements during bypass surgery, such as transit-time flow
measurement and high frequency ultrasound, in order to improve graft patency and
patient outcomes were evaluated.

Determining the most appropriate treatment strategy for an individual patient
with coronary artery disease requiring myocardial revascularisation should be put
forward by a multidisciplinary heart team that adequately appraises myocardial
revascularisation guidelines. The heart team should take into account i) a patients
revascularisation risk profile, such as the left ventricular ejection fraction, the pres-
ence or absence of diabetes and any additional comorbidities, ii) the anatomical
coronary complexity, defined by the SYNTAX score, iii) combined with a patient’s
own treatment-preference. Procedural risks and benefits should be appropriately
weighed by using various risk prediction models, such as the STS risk score, the
SYNTAX score, and the SYNTAX score II 2020, to predict the risk of morbidity and
mortality associated with each revascularisation strategy. In addition, an unbiased
and evidence-based treatment recommendation should be formed by taking into ac-
count all PCI-and CABG-specific characteristics that influence the risk of myocardial
infarction, repeat revascularisation stroke and all-cause death during short- mid and
(very) long-term follow-up. This heart-team treatment recommendation should be
incorporated with the preferences of an individual patient, striving to come to an
individualized evidence-based shared decision regarding the optimal revascularisa-

tion strategy.
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Future studies should continue to focus on optimizing treatment outcomes after PCI
and CABG by aiming to analyse the most important clinical outcomes (such as all-
cause death, myocardial infarction, stroke and repeat revascularisation) and treat-
ment goals (such as quality of life, event free survival, cost-effectiveness) that will
benefit both the cardiovascular patients as well as their treating physicians. Studies
will most likely enrol more complex patients since the overall life-expectancy of
patients with coronary artery disease will increase, which will be accompanied by
a more complex cardiovascular risk profile. Continuation of the progress that has
been made over the past four decades in the field of myocardial revascularisation
could be achieved by i) focussing on less invasive techniques to quantify the burden
and hemodynamical consequences of coronary artery disease by for example CT FFR,
ii) further diminishing post-operative adverse events by careful patient-selection, iii)
improving stent design to prolong patency and iv) extent the use of multiple arterial
grafting during bypass surgery in selected patients. Future studies should extent
follow-up beyond the perioperative period and focus on treatment effects beyond 3
and 5 years, as was done by the SYNTAX Extended Survival study. Pooling individual
patient data, of each PCI versus CABG randomized trial, may overcome any differ-
ences in definitions used by individual studies and substantially increases statistical
power to accurately assess potential treatment risks-and benefits for patients with
coronary artery disease who are randomized to undergo PCI or CABG.
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