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GENERAL INTRODUCTION

Coronary artery disease
Coronary arteries are the arterial blood vessels that supply the heart muscle (myo-

cardium) with oxygenated blood. The coronary arteries commonly comprise the left 

coronary artery (LCA) and right coronary artery (RCA). LCA bifurcates into two major 

branches after passing through the left main trunk (LMT): the Left Anterior Descend-

ing (LAD) and the Left Circumflex (LCx) coronary arteries.1 

When these coronary arteries have difficulty supplying some part of the heart 

muscle with enough blood by narrowing or blockage, it can cause chest pain (angina 

pectoris), shortness of breath, or even a heart attack called ‘Coronary Artery Disease 

(CAD).’ Most commonly, the narrowing can be caused by a process of plaque buildup 

inside the arterial wall, known as atherosclerosis. CAD risk factors include hyperten-

sion, dyslipidemia, diabetes mellitus, smoking, obesity, age, and family history.2

CAD is known as the most common type of heart disease and a leading cause 

of death worldwide. According to its clinical stability, CAD is categorized as either 

Acute Coronary Syndrome (ACS) or Chronic Coronary Syndrome (CCS).3 CCS, tradi-

tionally called stable CAD, is typically due to the gradual narrowing of the coronary 

arteries. The symptoms of CCS represent chest pain or discomfort during physical 

activity or stress, which can be relieved by rest or nitroglycerin. On the other hand, 

ACS is a medical emergency requiring prompt diagnosis and care. ACS is character-

ized as a sudden reduction of the coronary blood flow typically caused by thrombus 

formation following plaque rupture or erosion. ACS consists of unstable angina, 

non-ST-elevated myocardial infarction (NSTEMI), and ST-elevated myocardial infarc-

tion (STEMI). Severe ACS, especially STEMI, could be a catastrophic event leading to 

cardiogenic shock, complex ventricular arrhythmias, or sudden cardiac death.4

The treatment for CAD includes lifestyle modification, risk factor manage-

ment, pharmacological therapies, and invasive coronary artery revascularization 

procedures.3 The pharmacological therapies for CAD represent antiplatelet drugs, 

anti-ischemic drugs (nitrates, beta-blockers, and calcium channel blockers), and 

the medications controlling risk factors of CAD (anti-hypertensive, lipid-lowering 

drugs).3 There are two main modes of coronary revascularization: percutaneous 

coronary intervention (PCI) and surgical coronary artery bypass grafting (CABG). 

CCS patients would be treated by the combination of those treatment options with 

or without revascularization, depending on the symptoms, severity of CAD, risk 

factors, and the patient’s will.3,5 ACS patients, especially those with STEMI, often 

require urgent revascularization prior to other treatment options.6,7
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Technological advancements in interventional cardiology
The first successful CABG procedure in humans was performed by Robert H. Goetz 

on 2nd May 1960.8 After more than 15 years, Andreas Grüntzig performed the first 

percutaneous balloon angioplasty on 16th September 1977 for 38-year-old patient 

Dölf Bachmann who had a single coronary stenosis located on the proximal LAD, 

under the supervision of cardiac surgeon Marco Turina.9 Since then, PCI technology 

has evolved rapidly. 

The first major evolution was the development of bare-metal stents (BMS). 

BMS was first introduced in the late 1980s to overcome the limitations of balloon 

angioplasty, such as a high rate of acute recoil and occlusion. In 1993, two major 

clinical trials of the STRESS and the BENESTENT showed the superiority of BMS 

implantation compared to conventional balloon angioplasty alone.10,11 However, the 

long-term patency of BMS was still poor due to neointimal proliferation occurring 

within the stent.

The next tidal wave was the development of drug-eluting stents (DES). DES was 

introduced in the early 2000s. DESs are coated with immunosuppressive drugs that 

inhibit the neointimal growth within the stent and therefore reduce the risk of re-

stenosis.12 However, new limitations of DES were subsequently identified, including 

late (1 to 12 months) and very late (≥1 year) stent thrombosis.13 Long-term depen-

dence on dual antiplatelet therapy (DAPT) was obligated under the first-generation 

DES implantation to prevent the occurrence of stent thrombosis.14,15 The newer (2nd 

or 3rd) generation DES was eventually developed with thinner struts, sophisticated 

platform designs, and biocompatible, bioresorbable, or biostable coatings. Clinical 

trials showed a significantly reduced risk of stent thrombosis and improved long-

term outcomes after implantation of the newer generation DES compared to the 

first-generation DES.16-20 These newer-generation DESs have been widely utilized in 

contemporary PCI era.

Contemporary PCI practice and remaining issues
The advancement in the strategy and technology of PCI is remarkable. The SYNTAX 

II trial was pivotal in investigating the impact of “best contemporary PCI practice” 

on clinical outcomes among patients with multi-vessel diseases by comparing it 

with the results in the original SYNTAX trial.21,22 Best contemporary PCI practice 

compromised of 1) physiological assessment for identifying flow-limiting lesions; 

2) intracoronary imaging for stent optimization; 3) inclusion in the PCI team of an 

accredited expert in chronic total occlusion treatment; 4) usage of newer-generation 

DES; and 5) mandatory use of OMT. The 5-year results of this trial showed significant 

reductions in the incidences of major adverse cardiac or cerebrovascular events 

(MACCE) when compared to the PCI arm of the original SYNTAX trial, representing 
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the substantial advancements in PCI strategies, techniques, devices, and medical 

therapies since the original SYNTAX trial.22 Nevertheless, the clinical significance 

of PCI is still matter of debate. The recent large randomized trials have failed to 

show the clear evidence on the clinical significance of PCI when comparing CABG or 

OMT alone.23-25 To reconfirm the usefulness of PCI, we have to think over what the 

remaining issues are and how to overcome those with upcoming new technologies 

in the field of interventional cardiology.

OUTLINE OF THESIS: CONTEMPORARY REVASCULARIZATION 
STRATEGY AND STATE-OF-THE-ART TECHNOLOGIES FOR 
TREATMENT OF PATIENTS WITH CORONARY ARTERY DISEASE
Complex CAD, such as multivessel disease and left-main CAD, is the most chal-

lenging case for revascularization, even in the current era. 24,26,27 A dedicated and 

sophisticated treatment strategy is required to manage this strict subset. As men-

tioned above, the SYNTAX II study highlighted the importance of complying with 

the five components of “best practice.”21 We want to think over the principles more 

straightforward here: appropriate patient risk stratification for patient selection, 

meticulous evaluation of lesion characteristics for optimizing revascularization, and 

available treatment options for each patient/lesion are the key clinical principles to 

achieve better outcomes.

The primary goals of the present thesis are:

• To review the history of cardiologists’ efforts to establish its relative role com-

pared with CABG and to identify the remaining issues in contemporary revascu-

larization practice. (Part A)

• To consider the best risk stratification methodology for identifying high-risk 

patients for revascularization. (Part B)

• To report the possibilities of the novel coronary imaging tools allowing sophis-

ticated lesion-level risk assessments before, during, and after the revasculariza-

tion. (Part C)

• To introduce state-of-the-art treatment technologies that may alter our clinical 

practice. (Part D)

Part A: Complexity and Future Challenges in Contemporary 
Managements for Coronary Artery Disease
In Chapter 2, we will review the history of percutaneous revascularization strategy 

that have been struggling to establish its clinical role all along comparing with CABG 

as the gold standard treatment for patients with CAD. Eventually, we will consider 

the remaining issues and possible solutions in terms of contemporary PCI practice.
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Part B: Stratification of High-risk Patients with Coronary Artery Disease 
Undergoing Revascularization
Risk stratification plays a crucial role in selecting optimal treatment strategy.26 

Past studies have identified several clinical and anatomical factors alternating the 

relative treatment effects of PCI or CABG in patients with complex CAD, and the 

integrated statistical prediction models have been developed based on those fac-

tors.28,29 However, the patient-level risk stratification methodology has not been 

fully established. In Chapter 3, we will investigate the impact of age, the most 

widely utilized clinical risk factor, on the relative treatment effect of PCI over CABG 

among complex CAD patients, considering what the optimal treatment goal is for 

elderly patients. In Chapter 4, we will investigate the clinical impact of another 

conventional clinical risk factor of obesity, using two different body composition 

indices of body mass index (BMI) and waist circumferences (WC), in order to disen-

tangle the “obesity paradox”, which refers to the phenomenon where overweight 

or obese patients have a better prognosis than normal weight patients. In Chapter 

5, we will introduce the patient-reported preprocedural physical and mental health 

conditions as novel and ideal clinical tools for the purpose of selecting the optimal 

revascularization strategy.

Part C: Novel Imaging Technologies to Identify and Localize High-risk 
Coronary Artery Lesions
As well as the patient-level risk assessment to select the optimal revascularization 

strategy, a lesion-level risk assessment is also of paramount importance to maximize 

the treatment effects of PCI or CABG. In parallel with the remarkable evolution of 

PCI and the development of stents, the performance of coronary imaging tools has 

been also substantially improved. They can enable the lesion-level risk assessment 

by evaluating the lesion characteristics in depth, such as plaque composition, flow 

quantification, and mechanical stress. In Chapter 6, we will introduce the novel 

intravascular imaging device of hybrid IVUS-OCT catheter, which integrate two dif-

ferent intravascular imaging devices of Intravascular ultrasound (IVUS) and optical 

coherence tomography (OCT) into a single catheter system. In Chapter 7, we will 

introduce the ongoing trial of the Reveal iFR study, which aims to validate the perfor-

mance of the novel single-projection angiography derived physiological assessment 

tool. In Chapter 8, we will investigate the effects of baseline mechanical factors as-

sessed by angiography-derived computational modelling, such as four-dimensional 

superficial wall strain and stress, on the late patency of the bypass graft. 
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Part D: Novel Treatment Technologies Aiming at Improvement of 
Clinical Outcomes in Patients with Severe Coronary Artery Disease
Although technical progress with advanced support tools has improved the quality 

and clinical outcomes of revascularization procedures, it is challenging to conquer 

inherent limitations of the treatment materials, such as very late stent thrombosis 

or saphenous vein graft occlusion, unless other treatment options are available.30 

Efforts to use alternative materials have been made to overcome device-related 

or graft-related adverse events. Chapter 9 will report the rationale and design of 

the TRANSFORM I study, a randomized controlled study investigating the clinical 

value of a novel sirolimus-coated balloon compared with a conventional paclitaxel-

coated balloon. In Chapter 10, we investigated the technical feasibility of a novel 

bio-restorative coronary bypass graft in an Ovine model using serial angiographic 

analyses.

Part E: Summary and future perspectives
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ABSTRACT

Over the last 4 decades, percutaneous coronary intervention has evolved dramati-

cally and is now an acceptable treatment option for patients with advanced coronary 

artery disease. However, trialists have struggled to establish the respective roles 

for percutaneous coronary intervention and coronary artery bypass graft surgery, 

especially in patients with multivessel disease and unprotected left-main stem 

coronary artery disease. Several pivotal trials and meta-analyses comparing these 2 

revascularization strategies have enabled the relative merits of each technique to be 

established with regard to the type of ischemic syndrome, the coronary anatomy, 

and the patient’s overall comorbidity. Precision medicine with individualized prog-

nosis is emerging as an important method of selecting treatment. However, the 

never-ending advancement of technology, in conjunction with the emergence of 

novel pharmacological agents, will in the future continue to force us to reconsider 

the evolving question: “Which treatment strategy is better and for which patient?” 
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When the first percutaneous transluminal coronary angioplasty (PTCA) was per-

formed by Andreas Grüntzig on September 16th, 1977 (Supplemental Figures 1 and 

2), coronary artery bypass surgery (CABG) was already a maturing sibling that had 

progressively evolved since the first human attempt by Robert H. Goetz in 1960 

(Supplemental Table 1)1,2.

Between 1986 and 1994, balloon-expandable and self-expanding stents struggled 

to address multiple technical and clinical problems, including poor crimping of the 

stent on the balloon, incomplete and inaccurate deployment of the self-expanding 

“endoprosthesis,” bulkiness, stiffness, and the thrombogenic nature of this alien 

body in the coronary bloodstream (Supplemental Tables 2 and 3). The STRESS (Stent 

Restenosis Study)3 and BENE-STENT trials4 finally succeeded in validating this new 

technique, but dual antiplatelet therapy became a must5,6.

The early results of the RAVEL (Randomized Study with the Sirolimus-Coated Bx 

Velocity Balloon-Expandable Stent in the Treatment of Patients with de Novo Native 

Coronary Artery Lesions) trial7 comparing first-generation drug-eluting stents (DES) 

with bare-metal stents (BMS) showed what could potentially be achieved by using 

DES, with ideal results and no untoward events in this first trial. However, new 

problems were subsequently identified, including a new Damocles’ sword: late (1 to 

12 months) and very late (≥1 year) stent thrombosis and long-term dependence on 

dual antiplatelet therapy8. Long-lasting and careful watching became the new rule, 

as very late stent thrombosis was perceived as an unpredictable time bomb.

Today’s stents have ultrathin struts that are made from alloys different to the 

initial bulky stainless steel, with sophisticated platform designs and biocompatible, 

bioresorbable, or biostable coatings that have dramatically helped mitigate the 

problems of restenosis and thrombosis. Consequently, historical strategies of dual 

antiplatelet therapy9 are now being challenged by monotherapy using just potent 

and selective P2Y12 inhibitors10-14.

The dream of “leaving nothing behind” with the hype of bioresorbable scaffolds 

(BRS) was very seductive, but the target rate of major adverse cardiac events (MACE) 

achieved with current DES was missed by a single digit15-17. That dream may one day 

be resurrected with more efficient and reliable iterations.

Indeed, the old dream to eliminate flow-limiting lesions by balloon dilatation 

and at the same time inhibit constrictive remodeling and neointima without “leav-

ing anything behind” has been resurrected with drug-coated balloons. Passive vessel 

wall transmission of biophilic cytotoxic drugs such as paclitaxel has been replaced 

by active penetration with electrostatic attachment and long-term residency of 

microspheres or even nanospheres containing hydrophilic cytostatic sirolimus, so 

that the vessel wall itself serves as a natural drug reservoir for a duration almost 

comparable with that of the DES. Beyond the treatment of restenosis, native large 
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and small vessels are the current and future target of this technology18. There are 

several ongoing studies aiming to compare drug-coated balloon with DES including 

patients with large de novo coronary arteries, and it would be an ironic paradox 

to see the stent being again relegated to its historical function of “bail-out” device.

1. VULNERABLE PLAQUE, THE UBIQUITOUS AND 
RESILIENT ENEMY: TO BE SEALED, BYPASSED, OR DRUG 
PASSIVATED

An important clinical challenge is managing acute coronary syndromes with 

nonflow-limiting, rupture-prone plaques located proximal to stented segments19 or 

in previously untreated vessels (Central Illustration). The surgical strategy of bypass-

ing the proximal origins of the 3 major epicardial vessels, in which life-threatening 

rupture-prone plaques are more prominent, seems to have a long-term cardioprotec-

tive effect19. Preventing spontaneous myocardial infarction (MI) may be more ef-

ficiently achieved by bypassing the vulnerable segments, rather than focal stenting, 

which may leave the minefield located upstream to the stenosis unprotected. Only 

pharmacological agents inducing regression and passivation of those vulnerable 

plaques upstream to the stented lesion could eventually bridge the existing thera-

peutic gap between percutaneous coronary intervention (PCI) of a focal lesion versus 

surgery bypassing the treacherous pathway leading to the narrowed site and sus-

taining optimal flow beyond the stenotic lesion. It was hypothesized that BRS—by 

sealing vulnerable plaque and restoring a safe endoluminal lining—would play a 

role in stabilizing these plaques. Notably, although BRS failed in the treatment of 

flow-limiting lesions, they did not fail as a preventive treatment for rupture-prone 

plaques. Serial imaging data have shown that after implantation, neointimal tissue 

was generated on top of the BRS, covering the underlying plaque with a relatively 

thick cap20. The PROSPECT ABSORB (Providing Regional Observations to Study Pre-

dictors of Events in the Coronary Tree II Combined with a Randomized, Controlled, 

Intervention) trial21 has shown the feasibility and potential efficacy of implanting a 

BRS in nonflow-limiting (diameter stenosis ≤40% or negative fractional flow reserve 

[FFR] or instantaneous wave-free ratio [iFR]) lesions with large plaque burden, and is 

an encouraging (small) step forward. At 25-month follow-up, patients receiving BRS 

compared with guideline-directed medical therapy (GDMT) alone had a significantly 

larger minimum lumen area (6.9 ± 2.6 mm2 vs 3.0 ± 1.0 mm2; P < 0.0001) on intravas-

cular ultrasound, and had significantly lower maximum lipid core burden index on 

near-infrared spectroscopy. However, it remains to be seen whether this approach 
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CENTRAL ILLUSTRATION | State-of-the-Art Treatment Flow for Patients Who Require PCI or 
CABG
Contemporary treatment flow with recent evidences or ongoing trials. ACC = American College of Cardiology; 
ACEi = angiotensin-converting enzyme inhibitor; AHA = American Heart Association; ARB = angiotensin recep-
tor blocker; CABG = coronary artery bypass graft; CKD = chronic kidney disease; GDMT = guideline directed 
medical therapy; LMCAD = left main coronary artery disease; MI = myocardial infarction; MVD = multivessel 
disease; PCI = percutaneous coronary intervention; QoL = quality of life.



26
 | C

h
ap

te
r 

2

would ever realistically compete with either an effective strategy of bypass surgery 

or aggressive pharmacological treatment.

2. THE FIRST-GENERATION DES VERSUS CABG: WERE 
INTERVENTIONAL CARDIOLOGISTS OVERCONFIDENT?

In 2002, at least in Europe, the era of DES was triumphantly inaugurated by the 

presentation at the European Society of Cardiology (ESC) of the landmark RAVEL 

trial. With “early” restenosis, the worst enemy of interventional cardiologists now 

defeated the temptation to challenge the hegemony of the surgeon was renascent 

once again.

Cordis, a Johnson & Johnson company at the time, and most importantly, the 

manufacturer of the new savior of PCI—the Cypher DES—hesitated to engage in 

a new randomized trial, and only endorsed a single-arm study: ARTS II (Arterial 

Revascularization Therapies Study II)22. ARTS-II subsequently reported a 5-year safety 

record (absence of death, MI, or cerebrovascular events) with the sirolimus-eluting 

Cypher stent that was significantly better than the same bare-metal VELOCITY stent 

platform (87.1% vs 81.9; P = 0.008), and comparable to the historical surgical cohort 

treated in the original ARTS trial (87.1% vs 86.0%; P = 0.42). Moreover, the 20.1% 

absolute difference in MACE between surgery and PCI with BMS seen in ARTS I 

dropped substantially to a mere single-digit 6.4% absolute difference in ARTS II. 

However, a critical observation made at the time was that the Kaplan-Meier curves 

for MACE following surgery and PCI crossed over between the first and second year 

of follow-up and kept diverging thereafter; this observation would be continually 

repeated over the next decade.

In 2008 the LE MANS (Left Main Coronary Artery Stenting) study23 was the first to 

randomize patients with an unprotected left main (ULM)—a PCI taboo at the time—

between surgery and PCI with stents (35% first-generation DES). From the outset, the 

trial of only 105 patients (53 CABG, 52 PCI) triggered vehement waves of protests 

from surgeons, who raised concerns about the quality of surgery performed, as only 

72% of surgical patients received a left internal mammary artery graft, despite its 

well-established survival benefit24. The primary endpoint was mechanistic and un-

usual: a change in ejection fraction (EF). In the CABG cohort, the EF was unchanged 

between baseline and 12-month follow-up (53.7 ± 6.7% vs 54.1 ± 8.9%; P = 0.85), 

whereas it increased significantly with PCI from 53.5 ± 10.7% to 58.0 ± 6.8% (P = 0.04); 

the between-group difference at 12 months was also significant (P = 0.01)25. At 10 

years, there was a trend toward a higher EF with PCI (54.9 ± 8.3% vs 49.8 ± 10.3%; P = 

0.07), albeit without any statistical significance because of incomplete follow-up (n 
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= 46; 43.9%)23. A more relevant, and at the time, intriguing observation in this very 

small cohort was the absence of any significant between-group difference in the rate 

of major adverse cardiac and cerebrovascular events (MACCE) at 36 months and 10 

years (Supplemental Figure 3).

The SYNTAX (Synergy Between PCI With Taxus and Cardiac Surgery) trial26 was, 

and still is, a remarkable trial with very long follow-up (≥10 years in the SYNTAXES 

[SYNTAX Extended Survival] study)27. The surgical principal investigator, Frederick 

Mohr, a key opinion leader in surgery, put his stamp on the trial design by virtually 

eliminating any exclusion criteria. He did not want patients to be cherry-picked for 

enrollment and thereby open the trial to the same criticism that had been directed 

to previously conducted trials of PCI versus CABG, which excluded 88% to 98% of the 

screened population28,29. Running parallel to the randomized group were 2 nested 

registries: a surgical one that included patients where the extent and complexity 

of coronary artery disease (CAD) was judged by the PCI operator to preclude a per-

cutaneous approach; and a percutaneous one that included those patients where 

comorbidities prohibited surgery29.

In addition, a semiquantitative tool for assessment of the extent and complex-

ity of CAD was created from an amalgam of existing scores, and among them, the 

Leaman score that weighted the individual physiological impact of an occluded or 

narrowed vessel. The SYNTAX score was born as just an angiographic tool to force 

the surgeons and interventional cardiologists to meticulously examine the extent 

and complexity of the patient’s coronary disease before their inclusion into the 

trial30,31.

When the outcome of the trial was analyzed, the SYNTAX score transformed 

from a diagnostic tool to a prognostic one. Indeed, outcomes with PCI using the 

first-generation TAXUS DES (Boston Scientific) were safe and comparable to CABG 

for patients with 3-vessel disease (3VD) and a score ≤22 (the first tercile of the score) 

and in those patients with ULMCAD who had a score <33. Around the same time, the 

Korean team led by S.J. Park published the 2- and 5-year results of PRECOMBAT (By-

pass Surgery Versus Angioplasty Using Sirolimus-Eluting Stent in Patients With Left 

Main Coronary Artery Disease), a trial with 600 patients testing the first-generation 

Cypher DES in ULMCAD with a primary endpoint of MACCE, a composite of death, 

stroke, MI, and ischemia-driven target-vessel revascularization (TVR)32. At 1 year, 

PCI was noninferior to CABG (PCI 8.7% vs CABG 6.7%; Pnoninferiority = 0.01), whereas at 

5 years, MACCE rates were comparable (PCI 17.5% vs CABG 14.3%; Psuperiority = 0.26). 

The rates of death, MI, or stroke were 4.0% for CABG and 3.3% for PCI at 1 year, and 

9.6% and 8.4%, respectively, at 5 years. Recently the 10-year results were reported, 

with again no significant between-group differences in MACCE (29.8% vs 24.7%; HR: 

1.25; 95% CI: 0.93-1.69)32.
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The SYNTAX and PRECOMBAT trials opened a new avenue of revascularization 

options for ULMCAD with favorable long-term results (Table 1). It has to be under-

scored that trialists, mainly surgeons, always assume that outcome curves that 

diverge in the first 5 years will continue to do so over time, way beyond the first 5 

years; contemporary data, however, have questioned this. In the SYNTAX trial, the 

survival benefit of women was significantly lower with CABG at 5 years, but this 

advantage completely subsided by 10 years, with a similar mortality rate with PCI 

and CABG of around 33%33. In a similar fashion, the diverging curves for all-cause 

mortality at 5 years in diabetic patients converge at 10 years, with the caveat that 

insulin-dependent patients kept benefitting from CABG (Figure 1A).

The FREEDOM trial was the last important trial with first-generation DES (Cypher 

51%, Taxus 43%), and specifically targeted 1,900 diabetic patients with multivessel 

disease (MVD)34. The Kaplan-Meier curves here started to diverge at 2 years, and 

by 5 years the rate of the primary endpoint (a composite of death, MI, and stroke) 

was 26.6% with PCI and 18.7% with CABG (P = 0.005). Notably, although mortality 

was significantly lower with CABG (PCI 16.3% vs CABG 10.9%; P = 0.049), the rate of 

stroke was not (PCI 2.4% vs CABG 5.2%; P = 0.03).

3. TACKLING THE LEFT MAIN STEM AND 3-VESSEL 
DISEASE WITH THE SECOND-GENERATION DES

The potential role of PCI in ULMCAD, as suggested by SYNTAX and PRECOMBAT, 

drove the hunger for the EXCEL (Evaluation of XIENCE versus Coronary Artery Bypass 

Surgery for Effectiveness of Left Main Revascularization) and NOBLE (Nordic-Baltic-

British left main revascularisation study) trials, which were specifically designed to 

explore the outcomes of these patients randomized to CABG or PCI using second-

generation DES35,36. Meanwhile, in patients with MVD, the BEST trial, which was 

terminated prematurely because of slow enrollment after recruiting only 880 of the 

planned 1,776 patients37, failed to show noninferiority for the composite primary 

endpoint of death, MI, and TVR at 2 years with PCI using the Xience everolimus-

eluting stents (Abbott Vascular) compared with CABG37. Once again, the superiority 

of CABG over PCI was seen at 5 years, with significantly lower rates of the composite 

of death, stroke, MI, and repeat revascularization (PCI 19.9% vs CABG 13.3%; HR: 

1.54; 95% CI: 1.11-2.14). Notably, at a median 4.6 years of follow-up, the absolute 

difference in repeat revascularization was in the single digits: 5.6% (PCI 11.0% vs 

CABG 5.4%).

In the design of NOBLE36—a trial randomizing 1,201 patients with ULMCAD to 

CABG or PCI (11% first-generation DES, 89% biolimus-eluting stents)— procedural 
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FIGURE 1 | Kaplan-Meier Curves in Subgroups of the SYNTAX Study
Cumulative incidence of all-cause mortality up to 10 years comparing PCI versus CABG in (A) women or (B) 
diabetic patients in the SYNTAXES study. (C) MACCE rates in the SYNTAX trial (n = 1,652). (C-1) Prevalence of 
PMI according to various definitions, (C-2) SYNTAX definition, (C-3) Fourth UDMI definition, (C-4) ISCHEMIA 
definition, (C-5) SCAI or EXCEL definition, and (C-6) MACCE rates excluding PMI as in the NOBLE trial. Re-
printed with permission from Hara et al.33,38. MACCE = major adverse cardiac or cerebrovascular events; PMI = 
periprocedural myocardial infarction; SCAI = Society for Cardiovascular Angiography and Interventions; UDMI 
= Universal Definition of Myocardial Infarction.
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myocardial infarction (PMI) was not included in the composite endpoint consisting 

of death, non-PMI, stroke, and repeat revascularization at 5 years. In this trial, the 

absence of any difference in all-cause mortality at 5 years (PCI 9.4% vs CABG 8.7%; 

HR: 1.08; 95% CI: 0.74-1.59) was reassuring; however, the higher incidence and HR of 

spontaneous MI was not (PCI 7.6% vs CABG 2.7%; HR: 2.99; 95% CI:1.66-5.39).

The EXCEL trial, which randomized 1,900 patients with ULMCAD and a SYNTAX 

score ≤3235, aimed to demonstrate noninferiority of PCI at 3 years compared with 

CABG (Pnoninferiority = 0.02 and Psuperiority = 0.98; HR: 1.00; 95% CI: 0.79-1.26) for the com-

posite primary endpoint of death, MI, and stroke. In the last 2 years of follow-up, the 

Kaplan-Meier curves for the composite endpoint crossed-over and steadily diverged 

with a final HR at 5 years of 1.19 (95% CI: 0.95-1.50; Psuperiority = 0.13). The rate of all-

cause mortality favored surgery (13.0% vs 9.9%; HR: 1.38; 95% CI: 1.03-1.85), whereas 

the rate of cardiovascular death did not differ.

The difference in outcomes between the NOBLE and EXCEL trials is heavily de-

pendent on the inclusion of PMI as an endpoint. Although criticized at the time, the 

decision of the NOBLE trialists to omit PMI from their composite primary endpoint 

is now fully appreciated following the published debate and critical appraisal of 

PMIs and their definitions38,39. Their clinical relevance and impact on time-event 

curves and composite endpoints is indeed now more transparent38,39. Contrast this 

with the EXCEL trial, where the higher initial in-hospital primary endpoint with 

CABG was driven by the EXCEL definition of PMI, which required an isolated enzyme 

release of CK-MB >10x the upper limit of normal without the necessity of other 

supporting evidence, whereas an elevation of CK-MB >5x the upper limit of normal 

had to be accompanied by a new Q-wave.

In the SYNTAXES, we retrospectively applied the 5 definitions of PMI, together 

with reassessing the study’s 10-year composite endpoint following their removal38. 

These various analyses emphasize the impact of the definition of PMI on time-to-

event curves and the primary composite endpoint, reiterating the need for harmony 

among trialists (Figure 1B). Whether PMI should be considered a timed endpoint in 

future trials is currently being seriously debated.

Moving forward, there will be 3 possible ways to proceed with the assessment of 

PMIs: 1) to eliminate them from the composite endpoint when comparing surgery 

and PCI; 2) to apply, at least for the time being, the 4 competing definitions; or 3) 

to compel trialists to use without question the Fourth Universal Definition, which 

only defines a PMI as occurring when an elevation of a sensitive cardiac biomarker 

is accompanied by other evidence of new MI evidenced by ECG or imaging, or com-

plications leading to reduced coronary blood flow38,39.
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4. META-ANALYSES: BIGGER IS NOT ALWAYS BETTER

A patient-level meta-analysis by Head et al40, including 11,518 patients random-

ized to PCI (n = 5,753) and CABG (n = 5,765) from 11 randomized controlled trials, 

conducted between 2011 and 2017, seems to almost be the current “final word” on 

the topic (Figure 2). At 5 years, PCI for MVD (3VD ± LMCAD) had a higher mortality 

(HR: 1.44; 95% CI: 1.20-1.74), particularly in those with diabetes and higher coronary 

complexity; in nondiabetic patients, mortality was almost identical (PCI 8.7% vs 

CABG 8.4%). In patients with ULMCAD, there was no mortality benefit for CABG 

over PCI. These differences in prognosis were perfectly reflected in the 2018 ESC/ 

EACTS Guidelines on Myocardial Revascularization41. A more recent meta-analysis 

by Ahmad43 focusing more specifically on the last 5 trials enrolling large cohorts 

with ULMCAD (a trial by Boudriot et al42, SYNTAX, PRECOMBAT, EXCEL, and NOBLE) 

concluded that there was no difference in all-cause mortality between surgery and 

PCI with an HR of 1.03 (95% CI: 0.81-1.32; P = 0.779) (Figure 2A)43. A meta-analysis 

FIGURE 2 | All-Cause Mortality Between PCI Versus CABG in Recent Meta-Analyses
(Top) Three recent meta-analyses includes different population with study- or patient-level data40,43,44. The ORs 
were derived from the fixed-effects models. (Top) The patient-level meta-analysis by Head et al40 enables the 
subgroup analyses. Reprinted with permission from Head et al40, Ahmad et al43, and Gaudino et al44. CABG = 
coronary artery bypass graft; LAD = left anterior descending artery; LMCAD = left-main coronary artery disease; 
LVEF = left ventricular ejection fraction; MI = myocardial infarction; MVD = multivessel disease; PCI = percuta-
neous coronary intervention; PVD = peripheral vascular disease.
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on the itemized endpoints of these 4 studies is currently being conducted by the 

TIMI (Thrombolysis In Myocardial Infarction) group, under the leadership of Eugene 

Braunwald and Marc Sabatine, without involvement of the respective trial investiga-

tors. The latest published meta-analysis by Gaudino et al44 was performed by a consor-

FIGURE 2 B
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tium of surgeons and cardiologists, and we cannot resist quoting their conclusions 

(Figure 2A): “This meta-analysis found that PCI is associated with higher all-cause, 

cardiac, and noncardiac mortality compared with CABG. The significantly higher 

noncardiac mortality associated with PCI suggests that even noncardiac deaths after 

PCI may in fact be related to the procedure and/or subsequent management, and 

our data strongly support the use of all-cause mortality as the most comprehensive 

and unbiased endpoint for myocardial revascularization trials”44. Provocatively, the 

discussions of their publication44 might trigger a second “ESC firestorm”; lest we 

forget the first in 2006, when statisticians and epidemiologists from Basel claimed 

in the main arena, and subsequently published in the European Heart Journal45, 

that DES with cytostatic agents could trigger cancer “due to a rapid impairment of 

the immune system.” It should be noted that, per definition, any death that can-

not be clearly attributed to a noncardiac cause (of course, including any remote 

possible procedural mortality) is adjudicated as cardiac46. However, contemporary 

improvements in periprocedural management, such as increased adoption of the 

radial approach and more tailored antiplatelet strategies, may mitigate the so-called 

noncardiac mortality (eg, critical bleedings) observed in previous randomized stud-

ies10,11,47. 

These contemporary meta-analyses convey an important clinical message for 

interventionalists and surgeons: there may be a substantial proportion of patients 

with severe CAD who derive a survival benefit from surgery compared with PCI. 

However, needless to say, the final decision should be made on an individual basis 

in the context of precision medicine, taking into account all of the patient’s risk 

factors. As an editorial note, we have to emphasize the very similar HRs between the 

patient level meta-analysis by Head et al40 (HR: 1.20; 95% CI: 1.06-1.37) and the study 

level meta-analysis of Gaudino et al44 (HR: 1.17; 95% CI: 1.05-1.29), and highlight 

that both upper 95% CIs were within 1.4, which is commonly used as the margin 

of noninferiority (as a side note, the margin is 1.65 in the FAME 3 [Fractional Flow 

Reserve versus Angiography for Multivessel Evaluation 3] trial), with the connota-

tion that below this threshold, differences are “not clinically meaningful.” Although 

a study-level meta-analysis can be pooled more easily than a patient-level meta-

analysis, complex statistical approaches with or without statistical adjustment to 

find the most beneficial/harmful treatment in a subgroup analysis are not permitted 

in a study-level analysis. Consequently, it would be hard to apply the results of a 

study-level meta-analysis to an individual, and hence, they should be used more 

cautiously than patient-level studies during practical decision making. Therefore, 

the patient-level meta-analysis of Head et al40 provides more granular, specific, and 

balanced information with respect to precision medicine (LM vs MVD, diabetic vs 

nondiabetic patients, complex MVD vs simple MVD) (Figure 2B).
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5. GUIDELINE-DIRECTED MEDICAL THERAPY AFTER PCI 
OR CABG

Optimizing medications is of paramount importance in complex CAD, and following 

the established benefits seen in numerous studies, current guidelines clearly state 

that any revascularization must be accompanied by optimal GDMT41,48-52. Despite 

this, the prescription of cardiac-related medications post-procedure varies consider-

ably, even in large randomized trials (Figure 3). Notably, in patients with 3VD and/or 

LMCAD in the SYNTAX study, the effect of adherence to GDMT (36% relative reduc-

tion in mortality over 5 years) was greater than the treatment effect of revasculariza-

tion strategy (26% relative reduction in mortality with CABG vs PCI over 5 years)53. 

The latest medical strategies, including aspirin-free P2Y12 inhibitor monotherapy 

post-PCI, anti-inflammatory therapy with canakinumab or colchicine, and intensive 

lipid-lowering therapy with proprotein convertase subtilisin/kexin type 9 (PCSK-9) 

inhibitors, ezetimibe, bempedoic acid, or icosapent ethyl, on top of statins, all have 

the potential to further improve outcomes in high-risk patients10,11,54-59.

6. EXPERIENCE WITH REVASCULARIZATION PROCEDURE

The local standard-of-care and experience/expertise of PCI or CABG operators plays 

an essential part in deciding the optimal modality of revascularization mode. A meta-

analysis by Post et al60 suggested that in-hospital mortality was significantly lower 

for PCI (OR: 0.87; 95% CI: 0.83-0.91) and CABG (OR: 0.85; 95% CI: 0.79-0.92) when per-

FIGURE 3 | Cardiac-Related Medications After Revascularization in the Contemporary Large RCTs
*1 At the time of discharge or 30 days post-procedure. *2 The timing is unknown. Abbreviations as in Figure 2.
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formed in hospitals with high-volume compared with low-volume activity, although 

the cutoff points to define high-volume varied from 33 to 600 cases annually60. The 

2018 ESC/EACTS Guidelines on Myocardial Revascularization recommended that 

procedures were performed in institutions with sufficient annual volumes (CABG 

≥200, PCI: acute coronary syndrome [ACS] ≥400, or chronic coronary syndrome [CCS] 

≥200) and sufficient operator experience41. For CABG, the experience/expertise of 

the operator directly affects the planned strategy, such as use of off-pump coronary 

artery bypass and/or bilateral internal mammary artery grafting, more than for PCI, 

potentially resulting in better/worse clinical outcomes61-64. For PCI, especially in case 

of high-risk CAD, such as ULMCAD or chronic total occlusions, experience/expertise 

(eg, ≥25 annual ULMCAD cases) has to be better emphasized65,66.

Geography may also be a factor influencing revascularization strategy and sub-

sequent clinical outcomes. Subgroup analyses of the FREEDOM and EXCEL trials 

suggested that the favorable effects of CABG over PCI for complex CAD seen more 

frequently in North America than Europe or other regions (Table 2). However, these 

findings are obviously insufficient to determine the full impact of regional differ-

ences. Given the diversity in race and ethnicity, as well as medical services and 

reimbursement practices worldwide, those studies dedicated to particular regions, 

such as PRECOMBAT and BEST, may be better suited to investigate this67.

TABLE 2 | Geographic Regions and Outcomes in the FREEDOM and the EXCEL Trials

Trial Region n Outcomes
Follow-

up
Event rates

PCI vs. CABG (%)
P value for 
interaction

FREEDOM34,129

  North 
America

770 All-cause 
death, MI, or 

stroke

5 y 28 vs. 16 0.05

Other 1,130 25 vs. 21

North 
America

770 All-cause 
death

8 y 26.0 vs. 13.8 0.02

Other 1,130 23.0 vs. 21.5

EXCEL35,132

  North 
America

752 Death, MI, or 
stroke

3 y 15.5 vs. 12.4 0.14

Europe 1,075 15.5 vs. 15.6

Other 78 9.5 vs. 22.2

North 
America

752 5 y 24.2 vs. 17.3 NA

Europe 1,075 21.1 vs. 19.6

Other 78 9.6 vs. 29.6

Abbreviations as in Table 1.
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7. WILL PHYSIOLOGY-GUIDED PCI OR CABG IMPROVE 
OUTCOMES FOR 3VD?

The FAME trial (N = 1,005) showed that FFR-guided PCI is associated with lower 

rates of MACE (a composite of death, nonfatal MI, and repeat revascularization) 

and resource utilization compared with angiography-guided PCI in patients with a 

stenosis >50% in at least 2 major epicardial vessels68,69. The mean number of stents 

was significantly lower in the FFR vs angiography-only arm (1.9 vs 2.7; P <0.001), 

whereas rates of angina were comparable. Results at 5 years showed comparable 

rates of MACE (FFR 28% vs angiography-only 31%; relative risk 0.91; 95% CI: 0.75-

1.10; P = 0.31), and its components, suggesting that an FFR-guided strategy is safe, 

efficacious, and cost-effective69. Of note, the ESC guidelines for management of CCS 

recommend the use of FFR or iFR in patients with MVD, even in the presence of 

documented ischemia, to localize target lesions. Recently, Di Gioia et al70 suggested 

that it would be interesting to assess whether FFR-guided PCI would affect hard 

endpoints (eg, mortality and MI) in diabetic patients following PCI as observed in 

the FREEDOM trial.

In contrast to PCI, the efficacy of physiological guidance for CABG is still debated, 

as although observational data71 are supportive, results from randomized studies are 

inconsistent.

The randomized FARGO (Fractional Flow Reserve Versus Angiography Randomiza-

tion for Graft Optimization) (n = 100) and GRAFFITI (Graft Patency After FFR-guided 

Versus Angio-guided CABG) (n = 172) trials both showed that compared with angiog-

raphy-guided CABG, FFR-guided CABG (lesions with FFR >0.80 were not grafted) had 

no impact on graft failure at 6 months (16% vs 12%; P = 0.97) and 12 months (19% vs 

20%; P = NS)72,73. Of note, in FARGO, FFR values were significantly lower in deferred 

lesions after 6 months, suggesting disease progression after CABG. Compare these 

data to the IMPAG (Impact of Preoperative FFR on Arterial Bypass Graft Functional-

ity) trial, where a pre-procedural vessel FFR ≤0.78 was associated with functional 

anastomoses and high patency rates at 6 months after CABG74. Although the IMPAG 

trial demonstrated the utility of preprocedural FFR as a risk prediction tool for graft 

failure, further trials (eg, the RFR-CABG [Resting Full-cycle Flow Ratio (RFR) Versus 

Angiography to Guide Revascularization Strategy in Patients Undergoing Coronary 

Artery By-pass Grafting (CABG)] trial; NCT04375306) are needed to define the role of 

physiological assessment as a decision-making tool for planning CABG.

The next prospective step will be to assess the functional optimization of 

PCI by physiological assessment and try to optimize the hemodynamics and ide-

ally normalize the value of FFR/iFR/quantitative flow ratio (QFR) beyond the recom-

mended thresholds75-77. In patients with MVD, frequent post-stenting physiological 
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assessments will be needed, so angiography-derived FFR, which enables functional 

assessment by 2 angiographic projections without wire insertion or hyperemia, may 

become an ideal tool78,79. Retrospective analyses have already documented the ben-

efit of this strategy, in which the residual functional stenosis based on QFR post-PCI 

was associated with an increased risk of adverse events76,77. Although the TARGET-

FFR trial highlighted the difficulties in achieving physiological optimization after 

PCI, even with the intensive treatment following stenting80, ongoing trials such as 

FFR-REACT may clarify the feasibility of this approach81.

In addition to physiological optimization, contemporary data have now estab-

lished the prognostic benefit of complete revascularization in patients with ACS 

or CCS and MVD, especially with PCI82-85. The 2018 ESC/EACTS Guidelines on Myo-

cardial Revascularization gave prioritizing completeness of revascularization when 

selecting revascularization mode a Class IIa recommendation41. In this respect, the 

residual SYNTAX score has a role in predicting recurrent events, with a value >8 

associated with a significantly higher risk of mortality82. The combination with 

functional assessment, particularly angiography-derived FFR, may help establish 

“functional completeness” after PCI to further improve prognosis78,79,86-89.

8.THE SYNTAX II TRIAL, SO FAR “THE BEST PRACTICE”: TO 
BE CONFIRMED BY FAME III?

The single-arm SYNTAX II trial aimed to introduce and then assess the benefits of 

contemporary improvements in PCI90. To justify a single arm, the SYNTAX score II 

was used as a selection criteria and a form of propensity score to compare outcomes 

between patients receiving contemporary PCI with those receiving PCI and CABG 

performed in the SYNTAX trial. Patients could only be included if the predicted 

mortality at 4 years for the PCI patient was comparable to the predicted mortal-

ity of the same propensity-matched patient undergoing CABG (equipoise). Best 

contemporary PCI practice compromised of: 1) only PCI of those lesions that were 

physiologically assessed and identified as flow-limiting; 2) intracoronary imaging, 

such as intravascular ultrasound, for stent optimization; 3) inclusion in the PCI team 

of an accredited expert in chronic total occlusion treatment; 4) usage of thin-strut, 

biodegradable-polymer, newer-generation DES; and 5) mandatory use of GDMT, 

to include a combination of antiplatelet drug, statin, b-blocker, and angiotensin-

converting enzyme inhibitor/angiotensin receptor blocker during follow-up. In 

their editorial “The 2010-2014-2018 Trilogy of ESC-EACTS Guidelines on Myocardial 

Revascularization”91, David Glineur and William Wijns stated: “We cannot jump 3 
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steps this way and then return to where we began.” The 3-year results of this trial 

were quite amazing and reflect what the community describes as “best practice.”

The lack of a control arm in the SYNTAX II study is a major methodological 

limitation, and although the results are provocative, they need to be challenged by a 

randomized trial90. Notably, no crossover was evident when the Kaplan-Meier curves 

for outcomes from PCI in SYNTAX II were compared with the matched surgical 

cohort of SYNTAX I90 (Figure 4A); however, over almost 2 decades, there has under-

standably been tremendous evolution in CABG, as exemplified by the comparison of 

the surgical outcomes of SYNTAX I and EXCEL92 (Figure 4B).

FIGURE 4 | Historical Improvement in Percutaneous or Surgical Outcomes
The SYNTAX II (A) and EXCEL (B) trials highlight the historical improvements both in PCI and CABG compared 
with the SYNTAX trial90,92. Reprinted with permission from Modolo et al.92. 3VD = 3-vessel disease; CABG = 
coronary artery bypass graft; LMCAD = left-main coronary artery disease; PCI = percutaneous coronary inter-
vention.
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Whether FFR-guided PCI with second-generation DES is noninferior to CABG in 

patients with MVD, and if so, for how long—3, 5, or 10 years—is of genuine inter-

est70. Hence, the paramount importance of the FAME III study, which will randomize 

1,500 patients with 3VD to FFR-guided PCI (n = 750) with new-generation DES if the 

FFR ≤0.80 or angiography-based CABG (n = 750), cannot be over emphasized93. The 

trial aims to demonstrate noninferiority of FFR-guided PCI to CABG with a nonin-

feriority margin of 1.65 in the HR (changed from 1.45 94) in terms of the primary 

endpoint for MACCE (a composite of all-cause death, MI including PMI according to 

the third universal definition, stroke, and any repeat revascularization) at 1 year93, 

with clinical follow-up continuing for 5 years. Along similar lines, whether FFR/iFR 

can be substituted by QFR derived from 3-dimensional coronary angiography or even 

from a single angiographic view95 is of utmost importance, especially in patients 

with MVD who require multiple cumbersome functional assessments necessitating 

guidewire insertion in every vessel. The FAVOR III trial (NCT03656848), comparing 

QFR with visual guidance, and the Multivessel TALENT trial (NCT04390672), incor-

porating prospective QFR assessment as a part of “best practice PCI” in patients with 

3VD, are currently exploring the possibility of replacing iFR/FFR with QFR96.

9. ACS WITH MULTIVESSEL DISEASE

Recent studies have emphasized the importance of complete revascularization in 

cases of ST-segment elevation myocardial infarction (STEMI) and MVD. The large 

randomized COMPLETE (Complete versus Culprit-Only Revascularization Strategies 

to Treat Multivessel Disease after Early PCI for STEMI) trial (N = 4,041) demonstrated 

that complete revascularization resulted in a significant reduction in the hard end-

point of cardiovascular death or new MI compared with culprit-lesion–only revascu-

larization in STEMI patients with MVD (HR: 0.74; 95% CI: 0.60-0.91)97. Importantly, 

in the COMPLETE trial, non-culprit lesion PCI was performed with angiography 

guidance, and the efficacy of physiological guidance in this context remains to 

be established. In contrast to the angiography-guided complete revascularization 

studies (COMPLETE, PRAMI [Preventive Angioplasty in Acute Myocardial Infarction], 

and CvLPRIT [Complete versus Lesion-only Primary PCI Trial] trials), the Compare-

Acute trial and the DANAMI-3-PRIMULTI (Primary PCI in Patients With ST-Elevation 

Myocardial Infarction and Multivessel Disease: Treatment of Culprit Lesion Only or 

Complete Revascularization) trial showed that the favorable effects of FFR-guided 

complete revascularization over culprit-lesion–only treatment were mainly driven 

by the significant reduction in repeat revascularization, without any reduction 

in hard endpoints98-101. This may be attributable to the underestimation of FFR in 
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this specific condition102-104 and/or a preventive overtreatment of nonflow-limiting 

vulnerable lesions by angiography-guided PCI21,105,106. The ongoing FLOWER-MI 

(FLOW Evaluation to Guide Revascularization in Multivessel ST-elevation Myocardial 

Infarction) trial (NCT02943954) is expected to clarify the true benefit of FFR-guided 

versus angiography-guided PCI in STEMI patients with MVD107. Of note, the COM-

PLETE trial also demonstrated that nonculprit lesion PCI performed during index 

hospitalization or after discharge confers similar benefit on major cardiovascular 

events (cardiovascular death or MI) (during initial hospitalization: HR: 0.77; 95% CI: 

0.59-1.00; after initial hospitalization: HR: 0.69; 95% CI: 0.49-0.97; Pinteraction = 0.62)108, 

potentially suggesting that CABG is feasible after stabilizing patients with very 

complex CAD (eg, SYNTAX score ≥33). The ongoing MULTISTARS AMI (MULTivessel 

Immediate Versus STAged RevaScularization in Acute Myocardial Infarction-The 

MULTISTARS AMI Trial) (NCT03135275) or BIOVASC (Direct Complete Versus Staged 

Complete Revascularization in Patients Presenting With Acute Coronary Syndromes 

and Multivessel Disease) trial (NCT03621501) aim to further clarify the best timing 

for nonculprit vessel revascularization in STEMI with MVD109,110.

The SMILE (Impact of One Stage Compared With Multistaged PCI Complete Re-

vascularization on Clinical Outcome in Multivessel NSTEMI Patients) trial is the only 

randomized trial to date assessing the efficacy of single vs staged complete revascu-

larization in patients with non–ST-segment elevation ACS111. The trial demonstrated 

the efficacy of single-stage complete revascularization with a significant reduction 

in MACCE (cardiac death, death, reinfarction, rehospitalization for unstable angina, 

repeat revascularization, or stroke) at 1 year compared with a multistaged strategy 

(HR: 0.549; 95% CI: 0.363-0.828), mainly driven by the significant reduction in repeat 

revascularization (HR: 0.522; 95% CI: 0.310-0.878)111. However, because of limited 

robust clinical data, current guidelines recommend selecting the modality of revas-

cularization (PCI or CABG) or the strategy for treating MVD as though patients had 

CCS or STEMI41,52. In fact, several studies have suggested the feasibility and efficacy 

of CABG over PCI in this setting112,113.

10. IN THE NEAR FUTURE

What can we expect in the near future? 
First, precision medicine for decision making between surgery and PCI will become 

fully individualized and accurate, and will have to be shared with the patient’s 

families and relatives (Central Illustration)114. In this regard, the redevelopment and 

validation of the SYNTAX score II 2020 for prediction of 10-year mortality after PCI 

or CABG is a major step forward115. External validation in the pooled population of 
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the FREEDOM, BEST, PRECOMBAT, and EXCEL trials has confirmed its impressive 

predictive performance to stratify patients who will benefit from either CABG or PCI 

(Supplemental Figure 4)115. The score is derived using data from the SYNTAX trial, 

which used the first-generation paclitaxel-eluting stent, and although this is a major 

limitation, these are the only 10-year outcome data available to date. Recently the 

score was validated in the CREDO-Kyoto PCI/CABG registry cohort 3116,117, in which 

90.3% of PCIs were performed using newer-generation DES, supporting the utility 

of decision making using the SYNTAX score II 2020 in contemporary practice. Its 

availability on smartphones and other devices renders its use more accessible and 

applicable than ever.

Second, the fact that similar decision making can now be derived from multislice 

CT scans (MSCT), instead of conventional cine angiography, may become a game-

changer and have an impact on the traditional gatekeeper relationship between 

the invasive cardiologist and surgeon, and promote a new interaction between 

radiologist and surgeon118,119. Indeed, the invasive cardiologist may be replaced as 

the provider of surgical cases by the radiologist or by the cardiologist/radiologist in 

a direct dialog between the surgeon and/or the noninvasive “cardio-radiologist”—

the hybrid expert of the future. A pilot study, the FASTTRACK CABG trial (Safety 

and Feasibility Evaluation of Planning and Execution of Surgical Revascularization 

Solely Based on Coronary CTA and FFRCT in Patients With Complex Coronary Artery 

Disease) (NCT04142021), is currently testing the feasibility and safety of surgical 

decision making, planning and execution of bypass surgery, solely based on MSCT 

(Figure 5)120.

Third, the decade of 2020-2030 will probably witness the emergence and 

combination of metabolic and anti-inflammatory54,58,59 (CANTOS [Canakinumab 

Antiinflammatory Thrombosis Outcome Study], COLCOT [Colchicine Cardiovascular 

Outcomes Trial], LoDoCo2 [Low-dose Colchicine 2], and so on) interventions that will 

curb the need for percutaneous and surgical revascularization. Because the poten-

tial for plaque regression now exists with novel pharmacological interventions such 

as PCSK9 inhibition by micro-RNA and neutralization by monoclonal antibodies 

administered quarterly or biannually121, patients with diffuse nonobstructive CAD122 

without flow limiting stenosis—thereby not candidates for any type of mechani-

cal revascularization—will become the target of choice for these pharmacological 

interventions (Supplemental Figure 5)31.
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FIGURE 5 The FASTTRACK CABG Trial120

The FASTTRACK CABG trial is investigating the feasibility and safety of surgical decision making, planning, 
and the execution of bypass surgery, solely based on MSCT. (A) Flowchart. (B1) Pre-procedural MPR image. (B2) 
Pre-procedural FFRct. (B3) Post-CABG MPR image. (B4) Post-CABG FFRct. CABG = coronary artery bypass graft; 
CTA = computed tomography angiography; D1 = first diagonal branch; FFR = fractional flow reserve; LIMA = 
left internal mammary artery; MPR = multiplanar reformation or reconstruction; MSCT = multislice CT scans; 
RIMA = right internal mammary artery.

FIGURE 5 | The FASTTRACK CABG Trial120
The FASTTRACK CABG trial is investigating the feasibility and safety of surgical decision making, planning, 
and the execution of bypass surgery, solely based on MSCT. (A) Flowchart. (B1) Pre-procedural MPR image. (B2) 
Pre-procedural FFRct. (B3) Post-CABG MPR image. (B4) Post-CABG FFRct. CABG = coronary artery bypass graft; 
CTA = computed tomography angiography; D1 = first diagonal branch; FFR = fractional flow reserve; LIMA = 
left internal mammary artery; MPR = multiplanar reformation or reconstruction; MSCT = multislice CT scans; 
RIMA = right internal mammary artery.
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11. FURTHER PERSPECTIVES

At a certain point of time, the illusion that the “device” could replace “the surgeon,” 

existed; however, the real debate was, and still is, of a totally different nature. In 

the future, maybe both treatments, percutaneous and surgical, might be replaced by 

intelligent primordial primary prevention dictated and guided by the precognitive 

detection of ominous “omics” with combined noninvasive imaging and detection of 

the diseased phenotype: the era of the “imagomics.” Time will tell.

In the upcoming decade, noninvasive imaging will be the game changer: conven-

tional invasive cine fluoroscopy will be replaced progressively, but inescapably, by 

MSCT50. The sensitivity and specificity of the technique to rule out CAD is high and 

is recognized by experts in the field123. Patients with nonobstructive CAD defined 

by the presence of (multiple) lumen encroachments without flow limitation (Lea-

man score >5, with FFRct >0.8 122,124) are not candidates for either percutaneous or 

surgical revascularization, and their long-term outcomes can only be improved by 

lifestyle modification supported by intensive and aggressive pharmacological inter-

ventions122. When single or double “functional vessel disease” (with FFRct <0.80) is 

diagnosed by noninvasive MSCT, the 3-dimensional angiographic view will be suffi-

cient as a reliable diagnostic tool, which can then be converted into a 2-dimensional 

angiographic view, so that on the day of the intervention planning of the optimal 

gantry geometry in the fluoroscopic interventional suite can be anticipated and the 

treatment strategy planned and elaborated in advance.

When 3VD with or without LMCAD is observed on MSCT, the decision between 

CABG and PCI can be made immediately, following on from the SYNTAX III trial, 

which demonstrated the concordance of decision making (Cohen’s kappa value of 

0.82, almost perfect in the statistical jargon of the kappa statistics) in favor of either 

PCI or CABG, based either on conventional invasive fluoroscopic angiography or 

solely on MSCT and FFRct118. As mentioned in section entitled “In the Near Future,” if 

the FASTTRACK trial confirms the feasibility and safety of this noninvasive imaging 

strategy for CABG (without knowledge of the conventional cine fluoroscopy), then 

in the future the surgeon may, can, and will operate safely on the most complex 

patients of the CAD pyramid using the sole guidance of MSCT and FFRct. Logically, 

the interventional cardiologist should no longer have any reluctance in treating pa-

tients based on noninvasive imaging provided advanced knowledge of the coronary 

anatomy and that both the functionality and tissue composition of stenotic lesions 

are known, even before entering the “catheterization laboratory” now upgraded 

to “an interventional suite.” Over the next decade, the progressive but inevitable 

replacement of invasive angiography by noninvasive MSCT for excluding CAD, 

diagnosing ischemic and nonobstructive CAD patients, noninvasive follow-up after 
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prescribing aggressive pharmacological interventions, planning percutaneous treat-

ment of 1 and 2 functional vessel disease, deciding between surgery and PCI, and 

planning CABG without conventional cine fluoroscopy will have major implications 

on the relationships among the noninvasive cardiologist, the invasive cardiologist, 

the interventional cardiologist, the surgeon, and the cardiac imager. It is hoped that 

these technological advances will enable the patient and physician to make better 

informed decisions.

CONCLUSIONS

Recent studies have enabled the relative merits of PCI and CABG to be established 

with regard to the type of ischemic syndrome, coronary anatomy, and the patient’s 

overall comorbidity, with updated precision medicine. However, the never-ending 

advancement of technology, in conjunction with the emergence of novel pharma-

cological agents, will force us to continually re-evaluate the best revascularization 

strategy.
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SUPPLEMENTAL APPENDIX

Supplementary Appendix Section 1: Thirty five years ago, CABG 
was challenged by PCI, for the first time… 
For more than 35 years, percutaneous coronary intervention (PCI) has attempted 

to conquer the “realm of the surgeon”, and lessons have to be learned from this 

adventurous endeavor and therapeutic competition with the surgeons.

The first successful human coronary artery bypass graft (CABG) procedure was 

performed by Goetz on 2nd May 1960 (Supplementary Appendix Table 1), whereas 

the first percutaneous balloon angioplasty was performed by Andreas Gruntzig on 

16th September 1977 under the surgical supervision of Marco Turina, who provided 

Gruntzig with one of his healthiest patients, the 38-year old Dölf Bachmann, who 

despite his heavy smoking and unstable presentation had a perfect “simple, single” 

proximal left anterior descending lesion1.

Supplementary Appendix Section 2: Introduction of the 
percutaneous revascularization
After a single case of sudden death (patient number 4) (Supplementary Appendix 

Figure 2) a few weeks following a PTCA of an unprotected left main coronary artery 

disease (LMCAD), this specific, but premature clinical application of the new-born 

technique was abandoned. Moreover, it became evident that dissections and acute 

closure resulting in need for urgent surgery as well as the development of acute 

infarction were major issues. In addition to that, restenosis and need for repeat 

procedures were identified as an emerging problem2.

In the years that followed, the entire coronary tree became an uncharted ana-

tomic field of exploration for this brand-new percutaneous technique of revascular-

ization. Each type of lesion (long, tortuous, totally occluded, calcified, bifurcation 

etc.) had to be explored, mastered and conquered and each syndrome, be it chronic 

coronary syndrome (CCS), silent ischemia, acute coronary syndrome (ACS), non 

STEMI (NSTEMI and ST-segment elevation myocardial infarction (STEMI) also raised 

specific challenges. 

As equipment improved and operator experience increased, patient and lesion 

criteria expanded to include multivessel coronary artery disease3. 

Discrete chapters have been the balloon era and then the device era, the bare-

metal stent (BMS) revolution and the drug-eluting stent (DES) tidal wave, not to 

mention the hype of bioresorbable scaffolds (BRS) and the slow advent of drug 

coated balloons. In the device era, directional atherectomy, rotational atherectomy, 

laser ablation, thermal balloon angioplasty, drug eluting balloons, and other de-

vices4-14 either did not survive (directional atherectomy, laser ablation, drug eluting 
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balloon, brachytherapy) or survived as an indispensable tool, but only for a niche 

applications such as heavily calcified lesions (e.g. rotational atherectomy) or was 

resurrected, like the drug-eluting balloon in a somehow different iteration (e.g. 

drug-coated balloon)15.

In the early days of balloon angioplasty adverse results had names: barotrauma, 

early occlusive dissection, acute early thrombotic occlusion, neointimal hyperpla-

sia, and constrictive remodeling with the ultimate consequence of restenosis and 

repeat intervention which was an early phenomenon usually occurring in the first 

six months. Beyond that critical period the clinical situation was usually stable, 

and late improvement in lumen patency at the site of the treated lesion was not 

unusual16. 

Supplementary Appendix Section 3: The balloon angioplasty era: 
David versus Goliath 
Today it is amazing to think that only 9 years after its introduction, the balloon 

angioplasty protagonists dared to challenge their surgical colleagues in 6 random-

ized trials, RITA (UK), ERACI (South America), EAST (USA), GABI (EU), CABRI (EU), 

BARI (USA) (Supplementary Appendix Table 2) conducted from 1986. 

The first trial originated from UK, was the RITA trial (17), a medium size trial 

and came out in 1993 with an outcome that almost seems contemporary – All-cause 

death or non-fatal definite myocardial infarction (MI) were not significantly differ-

ent (8.6% CABG vs. 9.8% POBA; HR: 0.88; 95% CI: 0.59-1.29; log-rank P = 0.47).

Alfred Rodriguez in South America reported a small randomized trial (the ERACI 

trial; 63 PCI vs. 64 CABG) in favor of CABG with a gap in the composite outcome 

(consisting of all-cause mortality, Q-wave myocardial infarction, angina and new 

revascularization procedure) of 20% at 1 year and 30% at 3 years18,19.

EAST, which was the first US trial sponsored by NHLBI randomized 392 patients 

and had a primary endpoint- that would be considered unusual today with a mixing 

of robust end points (death, new Q-wave myocardial infarction) with a mechanistic 

endpoint (reduction of large ischemic defect on thallium scintigraphy). No differ-

ence in the primary endpoint at- 3years, or in all-cause death at 8-years was docu-

mented20,21. 

Still in the range of small trials (less than 400 patients), GABI22 showed that 

both POBA and CABG had comparable survival in hospital (2.5% in CABG vs. 1.1% in 

PCI), similar anti-anginal efficacy at 1 year, and whilst survival was similar (21.8% in 

CABG vs. 25.0% in PCI) at 13-year follow-up, PTCA had a much higher rate of repeat 

revascularization (82.9% in PCI and 58.8% in CABG). 

The CABRI trial (the first foray as principal investigator for the first author of this 

review) enrolled 1,054 patients who were only followed up for one year, and while 
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it did not show a statistically significant difference in mortality (3.9% in PCI vs. 2.7% 

in CABG; HR: 1.42; 95% CI: 0.73-2.76), it did report with CABG a sizeable reduction 

in rates of repeat revascularization (33.6% in PCI vs. 6.5% in CABG; HR: 5.23; 95% CI: 

3.90-7.03) and angina relief (HR: 1.54; 95% CI: 1.09-2.06)23.

BARI24, which raised “the bar” with an enrollment of almost 2,000 patients – 

showed no overall difference in survival at 10-years (71.0% in PCI vs. 73.5% in CABG, 

P = 0.18), however a differential benefit was seen in diabetics, who had significantly 

better survival with CABG (45.5% vs. 57.8%, P = 0.025)25,26. Rates of repeat revascu-

larization were nearly four times greater with POBA, however rates of angina were 

similar25,26 (Supplementary Appendix Table 2).

Supplementary Appendix Section 4: The bare metal stent area or 
challenging CABG for the second time
The BENESTENT and STRESS trials in 199427,28, paved the entry of BMS into the revas-

cularization arena. Seven pivotal trials of PCI versus CABG in MVD were conducted 

between 2001 and 2004, exemplifying the confidence that had empowered the 

interventional cardiologist, who once again challenged their big brother surgeon 

soon after the advent of this technology.

The first trial conducted in VA hospitals was quite remarkable since it recruited 

patients with angina who were expected to have very high operative mortality 

because they had either undergone previous open heart surgery, were older than 70 

years of age, had an ejection fraction <35%, had had an MI within 7 days or required 

an intra-aortic balloon pump. Douglas Morrison conducted this “AWESOME” trial29. 

Fifty-four percent of the patients received a BMS. The results were quite gratifying 

with a survival rate at 3 years of 80% with PCI and 79% with CABG. Unstable angina 

or repeat revascularization were observed in 48% of the PCI patients and in 67% of 

the CABG patients.

ERACI II, conducted in South America, raised suspicion as to the quality of the 

surgical treatment in the trial since freedom from death and MI were in favor of 

PCI, a benefit driven by the first 30-day results. The gap in repeat revascularization 

was only 12%30.

The ARTS31,32 and SOS trials33 were contemporary, medium to large trials. The 

ARTS trial had only short-term follow-up of one year, with for the first time an 

unusual secondary endpoint, the only one that the interventional cardiologist could 

afford with the prospect of a non-inferiority design: cost effectiveness at one year. 

Indeed PCI with BMS was less expensive (by 2,973 dollars at that time) than CABG 

without an excess of death, MI or stroke but the usual imbalance in repeat revas-

cularization (16.8% vs. 3.5%) was observed at 1 year, resulting in the significantly 

higher risk of the primary endpoint of major adverse cardiac or cerebrovascular 
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events (MACCE: a composite of death, cerebrovascular accident, MI, and repeat 

revascularization) with PCI over CABG (26.2% vs. 12.2%; HR: 2.14; 95% CI: 1.66-2.75; P 

<0.001)31. At 5 years, the risk of MACCE was still higher in PCI than in CABG (41.7% 

vs. 21.8%), which was attributed to repeat revascularization (30.3% vs. 8.8%)32. 

SOS recruited fewer patients, but had a longer follow-up of 3 years33. At the me-

dian follow-up of 2 years, the mortality rate was significantly lower with CABG (2%) 

compared to PCI (5%). Importantly the use of a coronary stent had reduced the need 

for repeat revascularization, with an absolute difference between PCI and CABG of 

15% at one year, compared with 27.1% in pre stent trials such as CABRI23.

MASS-II trial comparing three therapeutic strategies (BMS implantation, CABG, 

and medical treatment) showed that up to 10 years BMS implantation was associ-

ated with a higher incidence of repeat revascularization (HR: 3.53; 95% CI: 1.75-7.15) 

and acute MI (HR: 2.75; 95% CI: 1.33-5.67) when compared to CABG, indicating the 

superiority of CABG even in the very long-term follow-up after revascularization34,35.

In the BMS era, three rather small randomized trials (123, 220 and 280 recruited 

patients) comparing PCI with surgery, explored on one hand the relative merit of 

both the technique for revascularization of a proximal lesion in the LAD (the trial 

of Goy, et al.36,37 or Diegeler, et al.38) and on the other hand the comparative value of 

PCI with BMS versus off-pump CABG (the Octostent trial)39.

The SIMA (stenting versus internal mammary artery grafting) trial randomized 

123 patients – 59 to CABG and 62 to stent. Among them, 98% of the randomized 

patients completed 10 years follow-up37. The primary endpoint of a composite of 

all-cause death, MI, and repeat revascularization was occurred in 42% patients in the 

PCI arm and 17% patients in the CABG arm (P <0.001). This difference was driven by 

a higher incidence for repeat revascularization.

Short term outcomes between 6 and 12 months showed that PCI was safe and 

cost effective but differences in repeat revascularization remained: 29% in the trial 

of Diegeler et al38, only 8 percent in the trial comparing PCI with off-pump CABG 

(Supplementary Appendix Table 3).

A major remark has to be made, in all these pioneering trials MVD was not a 

synonymous of three-vessel disease (3VD) but meant more modestly more than one 

vessel. 

Supplementary Appendix Section 5: Shock with multivessel 
disease
In case with cardiogenic shock, the CULPRIT-SHOCK trial indicated that the imme-

diate multivessel PCI would be harmful with a higher 30-day mortality rate than 

culprit-lesion-only PCI with optional staged revascularization40,41, although some 

discrepancies with real-world data were pointed out and a part of the strategy of im-
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mediate multivessel PCI was not practical (e.g. immediate attempt for CTO revascu-

larization)42. Recently, a sub-analysis of the CULPRIT-SHOCK reported that complete 

revascularization was achieved only in 25.2% of patients undergoing immediate 

multivessel PCI according to the residual SYNTAX score, which was an independent 

predictor of early and late mortality43. Further study will be needed to elucidate the 

best strategy for those extremely high-risk patients with a possible option of CABG 

for achieving complete revascularization and improving the prognosis.
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Supplementary Appendix Table 1 | The First Clinical Coronary Artery Bypass Operations.

Date Surgeon Graft Technique Follow-up

May 2, 1960 Goetz RITA Tantalum ring
No angina at 1 year

Pt. died of AMI 1.5 years later

April 4, 1962 Sabiston SV Suture
Pt. died 3 days later

(This case first reported in 1974)

February 25, 1964 Kolesov LITA Suture No angina at 3 years’ follow-up

November 23, 1964
Garrett
Dennis

DeBakey
SV Suture

No angina at 7 years’ follow-up
(This case first reported in 1973)

March 22, 1967 Kolesov LITA Stapling No angina at 3 years’ follow-up

May 9, 1967 Favaloro SV Suture Successful

February 29, 1968 Green LITA Suture Successful

RITA: right internal thoracic artery; SV; saphenous vein; LITA: left internal thoracic artery; AMI: acute myocar-
dial infarction. Reprinted from 53.
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Supplementary Appendix Figure 2 | First Percutaneous Treatment of Left Main Disease (patient 
number 4) 
Reprinted with the permission from Philippe Gaspard. 

Supplementary Appendix Figure 3 | Kaplan-Meier Curves for 10-year MACE in the LE MANS 
study44
MACE: major adverse cardiac events.
Reprinted with the permission from44.
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Supplementary Appendix Figure 4 | Cross-validation of the SYNTAX score II 2020 in SYNTAX 
study 45.
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. 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. 
Reproduced with the permission from 45.
C-index: concordance index; bypass grafting; ARD: absolute risk difference; Other abbreviations as in Supple-
mentary Appendix Figure 1.
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Supplementary Appendix Figure 5 | Pyramid of coronary artery disease
*Statin, ezetimibe 46, PCSK9 inhibitor, canakinumab 47, bempedoic acid 48,49, icosapent ethyl 50, colchicine 51,52, 
etc.
MSCT: multi-slice computed tomography; CAD: coronary artery disease; NOCA: non-obstructive coronary arter-
ies; 1VD: single-vessel disease; 2VD: two-vessel disease; PCSK-9: proprotein convertase subtilisin/kexin type 9; 
Other abbreviations as in Supplementary Appendix Figure 1.
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ABSTRACT

Background: The optimal revascularization strategy for the elderly with complex 

coronary artery disease remains unclear.

Objectives: The goal of this study was to investigate 10-year all-cause mortality, 

life expectancy, 5-year major adverse cardiac or cerebrovascular events (MACCE), 

and 5-year quality of life (QOL) after percutaneous coronary intervention (PCI) or 

coronary artery bypass graft (CABG) in elderly individuals (>70 years old) with 3-ves-

sel disease (3VD) and/or left main disease (LMD).

Methods: In the present pre-specified analysis on age of the SYNTAX Extended Sur-

vival study, 10-year all-cause death and 5-year MACCE were compared with Kaplan-

Meier estimates and Cox proportional hazards models among elderly or nonelderly 

patients. Life expectancy was estimated by restricted mean survival time within 10 

years, and QOL status according to the Seattle Angina Questionnaire up to 5 years 

was assessed by linear mixed-effects models.

Results: Among 1,800 randomized patients, 575 patients (31.9%) were elderly. Ten-

year mortality did not differ significantly between PCI and CABG in elderly (44.1% 

vs. 41.1%; hazard ratio [HR]: 1.08; 95% confidence interval [CI]: 0.84 to 1.40) and 

nonelderly patients (21.1% vs. 16.6%; HR: 1.30; 95% CI: 1.00 to 1.69; Pinteraction = 0.332). 

Among elderly patients, 5-year MACCE was comparable between PCI and CABG 

(39.4% vs. 35.1%; HR: 1.18; 95% CI: 0.90 to 1.56), whereas it was significantly higher in 

PCI over CABG among nonelderly patients (36.3% vs. 23.0%; HR: 1.69; 95% CI: 1.36 to 

2.10; Pinteraction = 0.043). There were no significant difference in life expectancy (mean 

difference: 0.2 years in favor of CABG; 95% CI: −0.4 to 0.7) and 5-year QOL status 

between PCI and CABG among elderly patients.

Conclusions: Elderly patients with 3VD and/or LMD had comparable 10-year all-

cause death, life expectancy, 5-year MACCE, and 5-year QOL status irrespective of 

revascularization mode.
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The average life expectancy is increasing worldwide. In the United States, average 

life expectancy at birth was 76.9 years in the year 20001, 78.7 years in 20182, and is 

expected to reach 80 years in approximately 20303. Coronary artery disease (CAD) is 

the leading cause of death among elderly patients, who tend to have more complex 

and severe CAD compared with younger patients. Therefore, in the era of a global 

aging, discussions on the optimal treatment strategy for elderly patients with com-

plex CAD, taking into account long-term outcomes, are essential and inevitable. 

Unfortunately these debates are hampered because numerous trials have excluded 

elderly patients because of age itself, or their comorbidities, resulting in a dearth of 

evidence on the optimal treatment strategy for these patients4,5.

In this context, current guidelines do not provide sufficient evidence-based 

recommendations for the management of elderly patients with complex CAD such 

as 3-vessel disease (3VD) or left main coronary artery disease (LMCAD)4,6,7. Older 

patients are frequently more frail than younger patients, and consequently practi-

tioners may be reluctant to recommend an invasive surgical strategy to treat their 

complex CAD8. Although risk models incorporating age and patient comorbidities 

are advocated to quantify overall risk, and may assist the Heart Team in deciding 

the most appropriate revascularization strategy, these models were developed from 

studies including mainly younger patients9,10.

Furthermore, to date, no randomized trials have evaluated the full range of 

relevant outcomes including an elderly patient’s life expectancy and quality of life 

(QOL), all of which are essential aspects of the decision-making process for elderly 

patients11.

The SYNTAX (Synergy between PCI with Taxus and Cardiac Surgery) trial, which 

compared percutaneous coronary intervention (PCI) versus coronary artery bypass 

graft (CABG) in patients with 3VD or LMCAD, had minimum exclusion criteria, and 

therefore provides the opportunity to analyze the outcome of elderly subjects more 

appropriately than other trials with stricter exclusion criteria12. The aim of the 

present prespecified subgroup analysis of the SYNTAXES (Synergy between PCI with 

Taxus and Cardiac Surgery Extended Survival) study was to investigate the impact 

of revascularization modality on 10-year all-cause death and life expectancy, as well 

as major adverse cardiac or cerebrovascular events (MACCE) rates and QOL up to 5 

years among elderly and nonelderly patients with 3VD and/or LMCAD.
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METHODS

Study design and patient population 
The present study is a prespecified analysis of patients ≤ or >70 years old, conceived 

as part of the SYNTAXES study (NCT03417050)13, which was an investigator-driven 

extended 10-year follow-up of the randomized SYNTAX trial (NCT00114972) beyond 

its original follow-up of 5 years12,14. In brief, the SYNTAX trial was a multicenter, 

randomized controlled trial done in 85 hospitals across 18 North American and 

European countries, which adopted minimum exclusion criteria except for those 

presenting with myocardial infarction. A total of 1,800 patients with de novo 3VD 

and/or LMCAD, who were deemed eligible for both PCI and CABG based on clinical 

judgment and the consensus of a Heart Team, were enrolled and randomized in 

a 1:1 fashion either to receive PCI (n = 903) with the uniform use of TAXUS Ex-

press paclitaxel drug-eluting stents (Boston Scientific Corporation, Marlborough, 

Massachusetts) or CABG (n = 897). If patients were deemed ineligible for either PCI 

or CABG, they were entered into the nested CABG (PCI-ineligible patients) or PCI 

(CABG-ineligible patients) registries.

The main result of the SYNTAXES study in terms of vital status up to 10 years 

has been reported13. The median duration of follow-up was 11.2 years (interquartile 

range: 7.7 to 12.1 years) overall and 11.9 years (interquartile range: 11.2 to 12.3 

years) in survivors13. The SYNTAX and SYNTAXES trials were approved by the ethics 

committees at each investigating center, and all patients provided written informed 

consent before participation in the SYNTAX trial. Follow-up was performed in accor-

dance with local law and regulations of each participating institution and complied 

with the Declaration of Helsinki.

Elderly subgroup
Patients were divided into 2 groups according to their age at the time of randomiza-

tion with the prespecified threshold of 70 years old; elderly patients (>70 years old) 

or nonelderly patients (≤70 years old).

Study endpoint
The primary endpoint of this study was all-cause death at 10 years. Vital status was 

confirmed by using electronic healthcare record review and national death registries. 

Patients with missing vital status were included in the analysis and censored at the 

time of “lost to follow-up” or at 5 years when recruiting centers did not participate 

in the SYNTAXES study for 10-year extended follow-up (a total of 5 patients in 2 

centers).
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We also assessed major adverse cardiac and cerebrovascular events (MACCE: 

defined as the composite of all-cause death, myocardial infarction [MI], stroke, and 

any repeat revascularization) at 5 years and its components, which were adjudicated 

by an independent clinical events committee. 

Health status was assessed directly from patients by self-reported survey ques-

tions using the Seattle Angina Questionnaire (SAQ), a 19-item questionnaire that 

measures 5 domains of health status related to CAD: angina frequency, physical 

limitations, disease perception/QOL, angina stability, and treatment satisfaction15. 

Scores range from 0 to 100, with higher scores indicating fewer symptoms and 

better health status. The questionnaires were completed in person at the time of 

scheduled follow-up visits or were sent by mail at baseline and at 1, 6, 12, 36, and 60 

months after randomization. 

Nested registries
For exploratory purposes, risk of all-cause death at 10 years was also assessed among 

elderly (>70 years old) or nonelderly (≤70 years old) patients included in the nested 

CABG or PCI registries12. In the nested CABG registry (N = 1,077), 649 (60%) patients 

were randomly selected by the central allocation service for clinical follow-up, 

whereas in the nested PCI registry (N = 198), all patients were followed-up for 10-

year survival (Figure 1)12. 

Statistical analysis
All the analyses were performed on the intention-to-treat population. Continuous 

variables are expressed as mean ± SD and were compared using independent Stu-

dent’s t-tests. Categorical variables are presented as counts and percentages and are 

compared using the chi-square test or Fisher exact test as appropriate. Kaplan-Meier 

method was used to estimate the cumulative rates of events over time, and the 

log-rank test was performed to examine the differences between groups. 

The incidence of all-cause death up to 10 years was assessed in comparison 

between PCI and CABG using the unadjusted Cox proportional hazards model 

to calculate hazard ratios (HRs) and 95% confidence intervals (CIs) in elderly and 

nonelderly patients, with treatment-by-subgroup interaction. The impact of age on 

the primary endpoint was assessed as a continuous variable by depicting restricted 

cubic spline curves derived from the adjusted proportional hazards model with the 

reference of 70 years in either the PCI or CABG arm. The risk-difference in all-cause 

death at 10 years between the nested PCI and CABG registries was assessed by using 

the unadjusted and adjusted Cox proportional hazards models taking into account 

the nonrandomized fashion. The adjusted covariates had been selected based on 

prior knowledge of the association of these covariables with the outcomes16.



88
 | C

h
ap

te
r 

3

As for the life expectancy analysis for elderly patients, restricted mean survival 

time within 10 years after PCI or CABG was estimated from the area under the 

Kaplan-Meier curve17. For QOL status assessments in elderly patients, linear mixed-

effects models were used to estimate the differences between the PCI and CABG arms 

in terms of angina frequency, physical limitation, QOL, and treatment satisfaction 

according to the SAQ subscales as continuous variables during the 5-year follow-up, 

including age, sex, and each baseline SAQ subscale scores as covariates. In the linear 

mixed-effects models, it was assumed that any missing data were missing at random.

For exploratory purposes, the risk-differences in all-cause death at 10 years and 

MACCE at 5 years between PCI and CABG in elderly or nonelderly patients were 

further stratified by several subgroups; sexes, medically treated diabetes, disease 

type (3VD or LMCAD), anatomic SYNTAX score terciles (≤22, 23 to 32, or ≥33), and 

left ventricular ejection fraction (LVEF: >40% or ≤40%).

FIGURE 1 | Consort Flowchart of the Present Study
CABG = coronary artery bypass graft; PCI = percutaneous coronary intervention; SYNTAX = Synergy between 
PCI with Taxus and Cardiac Surgery.
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Statistical significance was defined as a 2-sided P value ≤0.05. All analyses were 

performed using SPSS Statistics version 26 (IBM Corp., Armonk, New York) and R 

software version 3.5.1 (R Foundation for Statistical Computing, Vienna, Austria).

RESULTS

Baseline characteristics
Of 1,800 patients enrolled in the SYNTAX trial, 575 patients (31.9%) were elderly 

(>70 years). Among those, vital status was available in 538 patients (93.6%) after 

10 years (Figure 1). Baseline characteristics of elderly and nonelderly patients are 

summarized in Table 1. The mean age of elderly and nonelderly patients, at the time 

of randomization, was 75.8 ± 3.6 years and 60.1 ± 7.4 years, respectively. Compared 

with nonelderly patients, elderly patients were more frequently women (33.6% vs. 

17.1%, P < 0.001) and had lower body mass index; higher prevalence of cerebro-

vascular disease, PVD, CKD, and congestive heart failure; had higher EuroSCORE, 

Parsonnet SCORE, and anatomic SYNTAX score; and had more bifurcation lesions. 

Elderly patients were less likely to be discharged on aspirin, statins, and beta block-

ers compared with nonelderly patients. Among patients undergoing CABG, the 

elderly group used fewer arterial conduits but more venous conduits compared with 

the nonelderly group. The prescription rates of the medications up to 5 years are 

presented in Supplemental Table 1, demonstrating overall lower prescription rates 

in elderly patients than those in nonelderly patients.

Baseline characteristics stratified by the randomized revascularization strategies 

in elderly or nonelderly groups are presented in Supplemental Table 2, in which 

most baseline variables were well balanced between 2 randomized groups.
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TABLE 1 | Baseline Characteristics in Patients >70 or ≤70 Years

 
Patients >70 years

N = 575
Patients ≤70 years

N = 1,225
P value

Randomization     0.880

PCI 50.4 (290/575) 50.0 (613/1225)  

CABG 49.6 (285/575) 50.0 (612/1225)  

Age (year) 75.8 ± 3.6 60.1 ± 7.4 <0.001

Octogenarian 16.3 (94/575) -  

Sex      

• Male 66.4 (382/575) 82.9 (1016/1225) <0.001

• Female 33.6 (193/575) 17.1 (209/1225) <0.001

Body mass index (kg/m2) 27.1 ± 4.1 28.4 ± 4.8 <0.001

<20 kg/m2 1.7 (10/575) 1.3 (16/1224) 0.526

Diabetes 24.7 (142/575) 25.3 (310/1225) 0.816

• On insulin 9.4 (54/575) 10.4 (128/1225) 0.504

Metabolic syndrome 41.9 (189/451) 47.6 (467/982) 0.052

Hypertension 69.2 (398/575) 65.1 (798/1225) 0.097

Dyslipidemia 69.5 (398/573) 81.9 (993/1212) <0.001

Current smoking 6.7 (38/570) 26.6 (325/1223) <0.001

Previous MI 31.4 (178/566) 33.5 (407/1214) 0.416

Previous cerebrovascular disease 20.2 (115/569) 11.3 (138/1222) <0.001

• Previous stroke 5.4 (31/569) 3.9 (47/1220) 0.136

• Previous transient ischemic attack 5.8 (33/568) 4.2 (51/1221) 0.149

• Previous carotid artery disease 13.4 (77/575) 5.8 (71/1225) <0.001

Peripheral vascular disease 12.3 (71/575) 8.7 (106/1225) 0.017

Chronic obstructive pulmonary disease 9.9 (57/575) 7.9 (97/1225) 0.175

Chronic kidney disease 43.4 (228/525) 7.9 (88/1113) <0.001

Creatinine clearance, ml/min 64.7 ± 19.4 96.2 ± 32.9 <0.001

LVEF, % 58.7 ± 12.9 58.6 ± 13.1 0.857

Congestive heart failure 6.5 (37/567) 3.8 (46/1211) 0.015

Clinical presentation      

• Silent ischemia 15.5 (89/575) 14.0 (171/1225) 0.389

• Stable angina 53.2 (306/575) 58.9 (721/1225) 0.025

• Unstable angina 31.3 (180/575) 27.2 (333/1225) 0.073

EuroSCORE 6.0 ± 2.2 2.7 ± 2.1 <0.001

Parsonnet SCORE 16.3 ± 5.8 4.8 ± 3.5 <0.001

Disease type     0.070

• 3VD 57.7 (332/575) 62.3 (763/1225)  

• LMCAD 42.3 (243/575) 37.7 (462/1225)  

Disease type     0.024

• LMCAD only 4.0 (23/574) 5.6 (68/1225)  
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TABLE 1 | Baseline Characteristics in Patients >70 or ≤70 Years (continued)

 
Patients >70 years

N = 575
Patients ≤70 years

N = 1,225
P value

• LMCAD+1VD 8.4 (48/574) 7.3 (90/1225)  

• LMCAD+2VD 15.3 (88/574) 10.6 (130/1225)  

• LMCAD+3VD 14.6 (84/574) 14.2 (174/1225)  

• 2VD (No LMCAD) 1.2 (7/574) 2.4 (29/1225)  

• 3VD (No LMCAD) 56.4 (324/574) 59.9 (734/1225)  

Number of lesions 4.4 ± 1.7 4.3 ± 1.8 0.211

SYNTAX score 30.2 ± 11.8 28.0 ± 11.2 <0.001

SYNTAX score tercile      

• Low 25.4 (144/568) 35.2 (430/1221) <0.001

• Intermediate 36.8 (209/568) 32.8 (401/1221) 0.108

• High 37.9 (215/568) 31.9 (390/1221) 0.016

Any total occlusion 21.7 (123/568) 24.0 (292/1219) 0.307

Any bifurcation 76.6 (435/568) 71.0 (865/1219) 0.014

Number of stents 4.5 ± 2.1 4.7 ± 2.3 0.263

Total stent length per patient 82.9 ± 43.7 87.0 ± 49.9 0.223

Off pump CABG 15.9 (43/271) 14.7 (87/593) 0.682

Number of total conduits 2.7 ± 0.7 2.8 ± 0.7 0.069

• Number of arterial conduits 1.2 ± 0.5 1.5 ± 0.7 <0.001

• Number of venous conduits 1.5 ± 0.8 1.3 ± 0.9 0.028

Complete revascularization 58.2 (329/565) 60.7 (729/1201) 0.323

Residual SYNTAX score* 4.7 ± 7.0 4.4 ± 6.8 0.470

Residual SYNTAX score >8* 19.5 (56/287) 16.1 (97/603) 0.217

Medication at discharge      

• Any antiplatelet therapy      

- Aspirin 89.7 (507/565) 93.8 (1126/1201) 0.004

- Thienopyridine 58.1 (328/565) 59.0 (709/1201) 0.717

• Statin 77.3 (437/565) 82.3 (988/1201) 0.017

• Beta blocker 76.1 (430/565) 81.8 (982/1201) 0.006

• ACE inhibitor 48.3 (273/565) 50.7 (609/1201) 0.359

• ARB 10.1 (57/565) 10.2 (123/1201) 1.000

Values are % (n/N) or mean ± SD. Bold P values are statistically significant. *Residual SYNTAX score was available 
only post-PCI due to lack of post-CABG angiography.
ACE = angiotensin-converting enzyme; ARB = angiotensin II receptor blocker; CABG = coronary artery bypass 
graft; LMCAD = left main coronary artery disease; LVEF = left ventricular ejection fraction; MI = myocardial 
infarction; PCI = percutaneous coronary intervention; SYNTAX = Synergy between PCI with Taxus and Cardiac 
Surgery; 3VD = 3-vessel disease; 2VD = 2-vessel disease.
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Clinical outcomes of elderly (>70 years) and nonelderly patients
The comparison of the cumulative incidence of all-cause death up to 10 years or 

MACCE up to 5 years between the PCI and CABG arms among elderly and nonelderly 

patients is shown in Figure 2 and Table 2.

FIGURE 2 | Cumulative Incidence of All-Cause Death at 10 Years or MACCE at 5 Years in Elderly 
or Nonelderly Patients Undergoing PCI or CABG
Kaplan-Meier curves show a cumulative incidence of all-cause death at 10 years (A) or MACCE at 5 years (B) in 
CABG (blue curves) or PCI (red curves) arms stratified by 70 years of age. MACCE = major adverse cardiac or 
cerebrovascular events; other abbreviations as in Figure 1.
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At 10 years of follow-up, there was no significant difference in the risk of all-

cause death between PCI and CABG in elderly patients (44.0% vs. 41.5%; HR: 1.08; 

95% CI: 0.84 to 1.40; P = 0.530). In nonelderly patients, PCI was associated with a 

numerically higher risk of all-cause death at 10 years compared with CABG (21.1% 

vs. 16.6%; HR: 1.30; 95% CI: 1.00 to 1.69; P = 0.052; P for interaction = 0.332).

Among elderly patients, the risk of MACCE at 5 years did not differ between PCI 

and CABG (39.4% vs. 35.1%; HR: 1.18; 95% CI: 0.90 to 1.56; P = 0.233). In contrast, 

among nonelderly patients, PCI was associated with a significantly higher risk of 

5-year MACCE compared with CABG (36.3% vs. 23.0%; HR: 1.69; 95% CI: 1.36 to 2.10; 

P <0.001; P for interaction = 0.043).

The adjusted risks of 10-year mortality or 5-year MACCE according to continuous 

age at the randomization in each revascularization strategy are illustrated in the 

Central Illustration. The risk-difference between PCI and CABG of 10-year all-cause 

mortality and 5-year MACCE became smaller as age increased. 

In the subgroup analyses among elderly patients, significant treatment-by-

subgroup interactions were observed in terms of 5-year MACCE in the SYNTAX score 

terciles and LVEF subgroups, whereas no interaction was observed in any subgroups 

in terms of 10-year mortality (Supplemental Figures 1 and 2).

TABLE 2 | Relative Hazard Risks of PCI Versus CABG on Clinical Outcomes in Elderly or Non-
elderly Patients

  Elderly (>70 years) Non-elderly (≤70 years)  

Clinical outcomes
HR (95% CI)
PCI/CABG

P value
HR (95% CI)
PCI/CABG

P value
P for 

interaction

All-cause death at 10 years 1.08 (0.84-1.40) 0.530 1.30 (1.00-1.69) 0.052 0.332

MACCE at 5 years 1.18 (0.90-1.56) 0.233 1.69 (1.36-2.10) <0.001 0.043

All-cause death 1.08 (0.75-1.55) 0.678 1.46 (0.98-2.18) 0.064 0.272

Cardiac death 1.55 (0.92-2.59) 0.100 1.95 (1.14-3.34) 0.015 0.535

MI 2.08 (1.10-3.91) 0.024 2.76 (1.63-4.66) <0.001 0.486

Stroke 0.78 (0.35-1.73) 0.534 0.48 (0.22-1.08) 0.075 0.413

Revascularization 2.11 (1.35-3.31) 0.001 2.04 (1.57-2.67) <0.001 0.896

Bold P values are statistically significant.
MACCE = major adverse cardiac or cerebrovascular events; other abbreviations as in Table 1.
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CENTRAL ILLUSTRATION | Adjusted Hazard Ratio for 10-Year All-Cause Death and 5-Year Major 
Adverse Cardiac or Cerebrovascular Event According to Age at the Time of Randomization
The risk-differences between percutaneous coronary intervention (PCI) and coronary artery bypass graft 
(CABG) of (A) 10-year all-cause mortality and (B) 5-year major adverse cardiac or cerebrovascular events (MAC-
CE) crossed over as age increased. The restricted cubic-spline curves were depicted from the adjusted Cox 
regression model. The reference (i.e., hazard ratio [HR]: 1) is the risk on 70 years of age in the CABG arm. Solid 
lines indicate the HRs and translucent areas indicate the 95% confidence intervals. The HRs are adjusted by 
sexes. The p values for nonlinearity of the 2 curves with age were 0.351 and 0.352 for all-cause mortality at 10 
years and MACCE at 5 years, respectively.
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Nested registries
At 10 years, elderly patients included in the nested PCI registry had a significantly 

higher risk of all-cause death compared with those included in the nested CABG 

registry (67.7% vs. 42.1%; adjusted HR: 2.32; 95% CI: 1.39 to 3.89; P = 0.001, Supple-

mental Table 3). In contrast, among nonelderly patients, there was no significant 

difference in the adjusted risk of all-cause death at 10 years between the nested 

PCI and CABG registries (37.5% vs. 20.6%; adjusted HR: 1.73; 95% CI: 0.76 to 3.94; P = 

0.191, Supplemental Table 3).

Life expectancy
The restricted mean survival times of the elderly patients within 10 years after their 

index procedure were similar between those treated with PCI and CABG with mean 

estimates of 7.9 years (95% CI: 7.5 to 8.3 years) for those undergoing PCI and 7.7 

years (95% CI: 7.4 to 8.1 years) for those undergoing CABG with a mean difference 

of 0.2 years (95% CI: −0.4 to 0.7 years; P = 0.524). Differences in the estimated life 

expectancy between the 2 revascularization strategies among septuagenarians (70 

to 80 years of age) or octogenarians (80 to 90 years of age) were also small, with 

mean differences of 0.2 years (95% CI: −0.4 to 0.8 years) and 0.0 years (95% CI: −1.4 to 

1.4 years), respectively (Table 3).

Quality of life
According to the linear mixed effects models of SAQ subscales, all disease-specific 

health status was similar between PCI and CABG up to 5 years, with mean differ-

ences of −1.8 (95% CI: −3.8 to 0.3), 0.5 (95% CI: −2.6 to 3.7), 1.3 (95% CI: −1.4 to 4.1), 

and 0.0 (95% CI: −1.8 to 1.8) in angina frequency, physical limitation, treatment 

satisfaction, and QOL, respectively (Figure 3). Results of other health status subscales 

are shown in Supplemental Table 4.

TABLE 3 | Restricted Mean Survival Time (Within 10-Years) After PCI or CABG in Elderly Patients 
(>70 Years) With Complex CAD

 
PCI CABG

Difference
CABG over PCI 

Mean (95% CI)  Mean (95% CI)  Mean (95% CI)  P value 

Elderly >70 yrs  7.7 (7.4 to 8.1)  7.9 (7.5 to 8.3)  0.2 (-0.4 to 0.7)  0.524

  70-80 yrs  7.9 (7.5 to 8.4)  8.1 (7.8 to 8.5)  0.2 (-0.4 to 0.8) 0.478

  ≥80 yrs  6.7 (5.8 to 7.7) 6.8 (5.8 to 7.8)  0.0 (-1.4 to 1.4) 0.973

CAD = coronary artery disease; CI = confidence interval; other abbreviations as in Table 1.
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DISCUSSION

Findings of the current study
The present analysis demonstrates that among elderly patients (>70 years of age) 

with complex CAD, the risk of all-cause death at 10 years or MACCE at 5 years did 

not differ significantly between PCI versus CABG. In contrast, among nonelderly 

patients (≤70 years of age), the risk of MACCE at 5 years was significantly higher 

FIGURE 3 | Adjusted Effect of PCI Versus CABG on Disease-Specific Health Status as Measured by 
the SAQ Among Elderly Patients
The difference in the angina frequency (A), physical limitation (B), quality of life (C), and treatment satisfaction 
(D) according to the SAQ as a continuous variable between PCI and CABG arms during the 5 years of follow-up 
are estimated, using a linear mixed effects model, including age, sex, and baseline SAQ scores as covariates. 
Red and blue dots indicate the distribution of each SAQ subscale. CI = confidence interval; SAQ = Seattle An-
gina Questionnaire; other abbreviations as in Figure 1.
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with PCI than CABG, suggesting that the beneficial effects of CABG over PCI on clini-

cal outcomes observed in younger patients would not apply to elderly individuals. 

In fact, the adjusted HR for all-cause death steadily increases with age in both PCI 

and CABG arms, whereas for MACCE, the HR in the PCI arm seems to plateau with 

older age, and in the CABG arm the MACCE risk steadily increases as age becomes 

higher (Central Illustration).

Advanced age, complex cad, and mortality risk
Age is one of the strongest risk factors in the pathogenesis of atherosclerosis, and 

it follows that older patients tend to have more complex and severe CAD compared 

with younger patients. Indeed, in the present study, patients older than 70 years 

had significantly higher SYNTAX scores than younger patients. Higher prevalence of 

concomitant diseases such as renal impairment and congestive heart failure in the 

elderly, as reflected by their significantly higher EuroSCORE and Parsonnet SCORE, 

may increase the risk of other adverse events related to a highly invasive strategy, 

such as delirium and cognitive decline.

It is notable that a significant interaction exists between age (elderly or non-

elderly) and treatment effect of PCI and CABG in terms of 5-year MACCE. The 5-year 

MACCE was significantly higher in PCI than in CABG for nonelderly population; 

however, it was not significant in elderly individuals. This was mainly because in 

elderly individuals the mortality differences between PCI and CABG were not signifi-

cant (HR: 1.08; 95% CI: 0.75 to 1.55), whereas the risk-difference in MI was significant 

(HR: 2.08; 95% CI: 1.10 to 3.91) but not as much as the one observed in nonelderly 

individuals (HR: 2.76; 95% CI: 1.63 to 4.66). It would be hypothesized that because 

of the limited life expectancy for elderly individuals, the beneficial effect of CABG 

over PCI in preventing recurrent events (e.g., MI or repeat revascularization) and 

cardiac-related mortality would be underestimated18.

Recently, Gaudino et al.19 reported that bilateral internal thoracic arteries (BITAs) 

had the potential to improve 10-year prognosis compared with single internal tho-

racic arteries (SITAs), particularly in younger patients undergoing CABG, suggesting 

the age-dependent effect of BITA on long-term survival19. Observational studies, 

including an analysis of 26,124 patients, also suggested that the long-term benefit 

of BITA compared with SITA, observed in younger patients, was not evident in those 

older than 7020. The reason for fewer benefits of BITA over SITA among elderly pa-

tients remains unclear: on one hand it may be less plausible in elderly individuals 

to derive a long-term benefit because of their limited life expectancy, and on the 

other hand it might be less attractive in these elderly individuals to perform a more 

invasive and complex surgical approach. The present study showed more use of 

venous conduits in elderly patients compared with nonelderly patients (Table 1), 
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exemplifying the complexity and technical challenge of multiple arterial grafting 

in this population.

Difference between randomized study and registry
Thus far, there are no randomized trials comparing PCI with CABG specifically in 

the elderly population with complex CAD (3VD or LMCAD). Several observational 

studies have reported favorable results for CABG compared with PCI in elderly 

patients with complex CAD21–23. However, potential confounding factors related to 

the selection of the revascularization strategy cannot be excluded in these cohort 

studies. In fact, in contrast to the randomized cohort, the 10-year mortality risk was 

significantly higher in elderly patients included in the nested PCI registry than those 

included in the nested CABG registry even after adjustment for potential confound-

ers (Supplemental Table 3), indicating that a substantial number of elderly patients 

who were too high risk for surgery underwent PCI instead. Therefore, compared 

with registry data, a subgroup analysis of a large randomized trial may provide 

less biased evaluation of the actual impact of revascularization strategy on clinical 

outcomes as well as QOL status in elderly patients.

A number of large randomized controlled trials comparing PCI with CABG in 

patients with complex CAD reported long-term results after revascularization strati-

fied by age24–28. However, those studies used a relatively younger age threshold for 

stratification (63 to 67 years). Hence, these results would be insufficient to provide 

insights into the issues specifically related to elderly individuals. Among those trials, 

only the FREEDOM study demonstrated age-by-treatment interaction with respect 

to all-cause death using the threshold of 63.3 years of age, in which the beneficial 

treatment effect of CABG over PCI was observed in younger patients but not in older 

patients27.

Clinical implications
In the current study, the very long-term follow-up over 10 years and the high follow-

up rate (94.3% in elderly patients) enabled the estimation of life expectancy after PCI 

or CABG in elderly patients with complex CAD. Although the sample size might be 

insufficient to demonstrate a difference in life expectancy, the upper bound of the 

95% CI was 0.7 years in favor of CABG (Table 3). For elderly individuals, QOL may 

be more important than a maximum 0.7 years (8.4 months) prolongation of life 

expectancy during 10 years of follow-up29. In the current analysis, all disease-specific 

health status according to the SAQ up to 5 years were similar between the PCI and 

CABG arms, and the upper and lower bounds of the 95% CI for the mean difference 

in any SAQ subscales did not reach clinically important difference of 10 points15 

(Figure 3). Given the equivalent long-term survival risk and QOL status between 
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PCI and CABG, a less invasive strategy using PCI instead of CABG may be favored 

for elderly patients, and actually preferred by them. Of course, the final treatment 

decision should be made on an individual basis integrating the difference of any 

clinical risks and life expectancy in the context of QOL4,6,29. Our results may facilitate 

the patient’s understanding, and be useful for both the patient and the Heart Team 

during the decision-making process4.

Medical therapy for elderly patients with complex cad
As recently suggested by the ISCHEMIA trial, guideline-directed medical therapy 

(GDMT) alone could be an alternative strategy to revascularization for the manage-

ment of patients with moderate-severe myocardial ischemia, although no age-spe-

cific result has been reported thus far30. However, the efficacy of GDMT principally 

depends on the patient’s compliance and adherence to it. In fact, in the present 

study, elderly patients less frequently used medications compared with younger 

patients (Table 1 and Supplemental Table 1), implying poor adherence or intolerance 

to medical therapy possibly because of numerous other medications or lack of social 

support. Indeed, in the TIME trial31, a higher number of major adverse cardiac events 

occurred at 6 months in the GDMT alone group compared with the invasive strategy 

group among patients older than 75 years; the compliance to medical therapy was 

modest even in the GDMT group (lipid-lowering drug was prescribed only in 22% of 

the GDMT group). Needless to say, the adherence to GDMT is also of paramount im-

portance after revascularization32. The lower prescription rate of GDMT (especially 

statins) in the CABG arm compared with the PCI arm might partially negate the 

potential benefit of CABG (Supplemental Table 2).

Study strengths and limitations
The present study has several strengths. The minimum exclusion criteria of the 

SYNTAX study allowed assessment of the elderly population with complex CAD 

more appropriately than other randomized trials with stricter exclusion criteria. 

The SYNTAXES study achieved a high follow-up rate of 93.8% for 10-year vital status 

(1,689 of 1,800 enrolled patients) (Figure 1), which enabled the potential bias of lost-

to-follow-up among elderly patients as well as younger patients to be minimized. 

The QOL assessments, which are of crucial importance for the decision-making 

process in elderly patients, were also incorporated in the present study.

Our study also has several limitations. First, although the current age threshold 

of 70 years is the prespecified threshold documented in the protocol of the SYNTAX 

study, there is no universal definition on the threshold of age to define elderly. There-

fore, other trials addressing the elderly population could have a different threshold. 

Second, the SYNTAX trial was conducted between 2005 and 2007 with a universal 



10
0 
| C

h
ap

te
r 

3

use of first-generation paclitaxel drug-eluting stents for treatment with PCI. The 

technological improvements of PCI devices as well as medical treatment strategies 

may limit the generalizability of our findings to current practice. It is, however, 

unavoidable that the findings from long-term follow-up data are based on outdated 

technology, whereas the evidence for contemporary technology can be derived only 

from short-term follow-up studies. Third, the SYNTAX trial enrolled patients with 

clinical indication for revascularization either by PCI or CABG. Therefore, the results 

might not be applicable to elderly patients with less severe CAD who have symp-

toms amenable to optimal medical therapy30,33. Fourth, although the SYNTAX trial 

applied a minimum of exclusion criteria, patients who were considered as ineligible 

for either PCI or CABG by a Heart Team were excluded from the randomization 

and were entered into the nested CABG or PCI registries. Therefore, it should be 

acknowledged that our findings of equipoise long-term outcomes between PCI and 

CABG in elderly patients would be applicable only for those who are eligible for 

both PCI and CABG. Finally, the extended follow-up of the SYNTAXES trial up to 

10 years was only for survival status, and the data of other clinical endpoints with 

independent adjudication and health status according to SAQ were limited up to 5 

years.

CONCLUSIONS

Among elderly patients older than 70 years with 3VD and/or LMCAD, MACCE rates 

and QOL status at 5 years did not significantly differ between the 2 revascularization 

strategies. At 10 years, there was no significant difference in all-cause death and 

estimated life expectancy between PCI and CABG. Although the final treatment deci-

sion should be selected on an individual basis integrating all the factors, including 

life expectancy and QOL, PCI might be a reasonable alternative to CABG for elderly 

patients with 3VD and/or LMCAD.

Competency in medical knowledge
Among patients older than 70 years with 3-vessel and/or left main CAD undergoing 

revascularization, MACCE at 5 years and all-cause mortality after 10 years did not 

differ significantly differ between PCI and CABG, in contrast to patients, in whom 

the 5-year MACCE rate was higher after PCI than CABG. PCI may therefore represent 

a reasonable alternative to CABG for elderly patients with complex CAD.
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Translational outlook
Further studies incorporating newer generation drug-eluting stents, contemporary 

clinical management, and carefully defined patient characteristics are needed to 

determine the best treatment strategy for elderly patients with complex CAD, tak-

ing into account life expectancy and QOL.
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SUPPLEMENTARY APPENDIX

Supplementary Appendix Figure 1 | All-cause death at 10 years in the PCI and CABG arms 
among elderly or non-elderly patients stratified by subgroups.
There were no significant interactions between revascularization mode and subgroups on 10-year mortality 
within elderly or non-elderly population.
PCI: percutaneous coronary intervention; CABG: coronary artery bypass graft; DM: diabetes mellitus; 3VD: 
three-vessel disease; LMCAD: left-main coronary artery disease; SYNTAX: Synergy between PCI with Taxus and 
Cardiac Surgery; HR: hazard ratio; CI: confidence interval.
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Supplementary Appendix Figure 2 | MACCE at 5 years in the PCI and CABG arms among elderly 
or non-elderly patients stratified by subgroups.
There were significant treatment-by-subgroup interactions in the SYNTAX terciles and EF subgroups, suggest-
ing that in elderly patients with SYNTAX score ≥33 or EF ≤40%, CABG would be better than PCI in terms of 
5-year MACCE.
MACCE: major adverse cardiac or cerebrovascular events; Other abbreviations as in Supplementary Appendix 
Figure 1.
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Supplementary Appendix Table 1 | Medications up to 5 years in elderly or non-elderly patients.

Medications
Elderly

(>70 years)
Non-elderly
(≤70 years)

P value

At 1 month      

Anti-platelet therapy, % 90.7 94.7 0.002

Statin, % 76.5 84.2 0.000

Beta-blockers, % 75.1 80.3 0.014

ACEI or ARB, % 58.5 59.3 0.793

At 6 months      

Anti-platelet therapy, % 89.2 93.1 0.008

Statin, % 78.8 84.0 0.012

Beta-blockers, % 73.2 78.5 0.019

ACEI or ARB, % 63.2 62.7 0.872

At 1 year      

Anti-platelet therapy, % 91.3 93.6 0.101

Statin, % 81.3 85.2 0.052

Beta-blockers, % 76.1 78.8 0.227

ACEI or ARB, % 66.9 65.6 0.656

At 3 years      

Anti-platelet therapy, % 84.1 89.1 0.007

Statin, % 79.1 84.3 0.012

Beta-blockers, % 72.0 75.0 0.218

ACEI or ARB, % 66.7 68.6 0.452

At 5 years      

Anti-platelet therapy, % 84.9 91.1 0.001

Statin, % 81.9 84.7 0.185

Beta-blockers, % 67.9 76.5 0.001

ACEI or ARB, % 67.4 72.6 0.050

Bold P values are statistically significant. Elderly patients are defined as patients aged over 70 years at the time 
of randomization.
ACEI: angiotensin-converting-enzyme inhibitors; ARB: angiotensin II receptor blocker.
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Supplementary Appendix Table 2 | Baseline characteristics between PCI vs. CABG in patients 
>70 or ≤70 years

 

Patients >70 years Patients ≤70 years

PCI
N = 290

CABG
N = 285

P 
value

PCI
N = 613

CABG
N = 612

P value

Age (years) 75.9±3.6 75.6±3.7 0.419 60.2±7.2 60.0±7.5 0.618

Octogenarian
16.2 

(47/290)
16.5 

(47/285)
1.000      

Sex     0.537     0.288

• Male
65.2 

(189/290)
67.7 

(193/285)
 

81.7 
(501/613)

84.2 
(515/612)

 

• Female
34.8 

(101/290)
32.3 

(92/285)
 

18.3 
(112/613)

15.8 
(97/612)

 

Body mass index (kg/m2) 26.9±4.0 27.3±4.3 0.218 28.7±5.0 28.2±4.6 0.093

Diabetes
23.1 

(67/290)
26.3 

(75/285)
0.385

26.8 
(164/613)

23.9 
(146/612)

0.264

• On insulin 7.9 (23/290)
10.9 

(31/285)
0.254

10.8 
(66/613)

10.1 
(62/612)

0.779

Metabolic syndrome
40.8 

(95/233)
43.1 

(94/218)
0.634

48.4 
(244/504)

46.7 
(223/478)

0.609

Hypertension
72.1 

(209/290)
66.3 (189/ 

285)
0.149

67.4 
(413/613)

62.9 
(385/612)

0.106

Dyslipidemia
69.2 

(200/289)
69.7 

(198/284)
0.928

83.2 
(505/607)

80.7 
(488/605)

0.263

Current smoking 7.6 (22/290) 5.7 (16/280) 0.404
23.7 

(145/613)
29.5 

(180/610)
0.023

Previous MI
30.8 

(88/286)
32.1 

(90/280)
0.786

32.5 
(197/607)

34.6 
(210/607)

0.466

Previous cerebrovascular 
disease

16.6 
(48/289)

23.9 
(67/280)

0.037
11.6 

(71/612)
11.0 

(67/610)
0.786

• Previous stroke 4.5 (13/288) 6.4 (18/281) 0.359 3.6 (22/611) 4.1 (25/609) 0.659

• Previous transient ischemic 
attack

4.8 (14/289) 6.8 (19/279) 0.371 4.1 (25/612) 4.3 (26/609) 0.887

• Previous carotid artery 
disease

11.4 
(33/290)

15.4 
(44/285)

0.178 6.5 (40/613) 5.1 (31/612) 0.328

Peripheral vascular disease
11.0 

(32/290)
13.7 

(39/285)
0.376 8.2 (50/613) 9.2 (56/612) 0.544

Chronic obstructive 
pulmonary disease

9.3 (27/290)
10.5 

(30/285)
0.677 7.2 (44/613) 8.7 (53/612) 0.343

Chronic kidney disease
45.7 

(126/276)
41.0 

(102/249)
0.291 7.1 (41/576) 8.8 (47/537) 0.320

Creatinine clearance (ml/
min)

63.8±19.5 65.6±19.2 0.293 97.6±36.3 94.8±28.8 0.152

LVEF (%) 59.3±12.6 58.2±13.2 0.440 58.9±13.0 58.3±13.2 0.485

Congestive heart failure 6.9 (20/289) 6.1 (17/278) 0.736 2.6 (16/609) 5.0 (30/602) 0.035
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Supplementary Appendix Table 2 | Baseline characteristics between PCI vs. CABG in patients 
>70 or ≤70 years (continued)

Patients >70 years Patients ≤70 years

PCI
N = 290

CABG
N = 285

P 
value

PCI
N = 613

CABG
N = 612

P value

Clinical presentation            

• Silent ischemia
15.5 

(45/290)
15.4 

(44/285)
1.000

13.4 
(82/613)

14.5 
(89/612)

0.565

• Stable angina
53.8 

(156/290)
52.6 

(150/285)
0.802

58.4 
(358/613)

59.3 
(363/612)

0.772

• Unstable angina
30.7 

(89/290)
31.9 

(91/285)
0.788

28.2 
(173/613)

26.1 
(160/612)

0.441

EuroSCORE 5.9±2.2 6.1±2.3 0.292 2.7±2.1 2.7±2.1 0.826

Parsonnet SCORE 16.3±5.9 16.3±5.7 0.946 4.8±3.5 4.8±3.4 0.715

Disease type     0.449     0.377

• 3VD
59.3 

(172/290)
56.1 

(160/285)
 

61.0 
(374/613)

63.6 
(389/612)

 

• LMCAD
40.7 

(118/290)
43.9 

(125/285)
39.0 

(239/613)
36.4 

(223/612)

Disease type     0.671     0.832

• LMCAD only 3.1 (9/290) 4.9 (14/284)   5.4 (33/613) 5.7 (35/612)  

• LMCAD+1VD 7.6 (22/290) 9.2 (26/284)   7.3 (45/613) 7.4 (45/612)  

• LMCAD+2VD
14.8 

(43/290)
15.8 

(45/284)
 

11.3 
(69/613)

10.0 
(61/612)

 

• LMCAD+3VD
15.2 

(44/290)
14.1 

(40/284)
 

15.0 
(92/613)

13.4 
(82/612)

 

• 2VD (No LMCAD) 1.7 (5/290) 0.7 (2/284)   2.0 (12/613) 2.8 (17/612)  

• 3VD (No LMCAD)
57.6 

(167/290)
55.3 

(157/284)
 

59.1 
(362/613)

60.8 
(372/612)

 

Number of lesions 4.3±1.7 4.5±1.8 0.127 4.3±1.8 4.3±1.8 0.809

SYNTAX score 29.6±11.9 30.9±11.8 0.195 27.8±11.2 28.2±11.1 0.508

SYNTAX score tercile            

• Low
26.7 

(77/288)
23.9 

(67/280)
0.500

36.3 
(222/611)

34.1 
(208/610)

0.436

• Intermediate
36.5 

(105/288)
37.1 

(104/280)
0.931

33.6 
(205/611)

32.1 
(196/610)

0.626

• High
36.8 

(106/288)
38.9 

(109/280)
0.605

30.1 
(184/611)

33.8 
(206/610)

0.177

Any total occlusion
21.2 

(61/288)
22.1 

(62/280)
0.839

25.6 
(156/609)

22.3 
(136/610)

0.180

Any bifurcation
75.3 

(217/288)
77.9 

(218/280)
0.490

70.9 
(432/609)

71.0 
(433/610)

1.000

Number of stents 4.5±2.1 -   4.7±2.3 -  

Total stent length per patient 83.1±43.7 -   88.0±49.9 -  
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Supplementary Appendix Table 2 | Baseline characteristics between PCI vs. CABG in patients 
>70 or ≤70 years (continued)

Patients >70 years Patients ≤70 years

PCI
N = 290

CABG
N = 285

P 
value

PCI
N = 613

CABG
N = 612

P value

Off pump CABG -
15.9 

(43/271)
  -

14.6 
(85/582)

 

Number of total conduits - 2.7±0.7   - 2.8±0.7  

• Number of arterial conduits - 1.2±0.5   - 1.5±0.7  

• Number of venous conduits - 1.5±0.8   - 1.3±0.9  

Complete revascularization
55.5 

(161/290)
61.1 

(168/275)
0.201

57.3 
(347/606)

64.2 
(382/595)

0.015

Medication at discharge            

• Any antiplatelet therapy            

- Aspirin
93.4 

(271/290)
85.8 

(236/275)
0.003

97.7 
(592/606)

89.7 
(534/595)

<0.001

- Thienopyridine
96.2 

(279/290)
17.8 

(49/275)
<0.001

97.0 
(588/606)

20.3 
(121/595)

<0.001

• Statin
84.5 

(245/290)
69.8 

(192/275)
<0.001

87.8 
(532/606)

76.6 
(456/595)

<0.001

• Beta blocker
82.1 

(238/290)
69.8 

(192/275)
0.001

80.9 
(490/606)

82.7 
(492/595)

0.455

• ACEI
54.8 

(159/290)
41.5 

(114/275)
0.002

55.3 
(335/606)

46.1 
(274/595)

0.001

• ARB
12.8 

(37/290)
7.3 (20/275) 0.036

13.5 
(82/606)

6.9 (41/595) <0.001

Data are presented as mean ± standard deviation or percentage (number). Bold P values are statistically sig-
nificant.
PCI: percutaneous coronary intervention; CABG: coronary artery bypass graft; MI: myocardial infarction; LVEF: 
left ventricular ejection fraction; LMCAD: left main coronary artery disease; 3VD: three vessel disease; 2VD: 
two vessel disease; SYNTAX: Synergy between PCI with Taxus and Cardiac Surgery; ACEI: angiotensin-convert-
ing-enzyme inhibitors; ARB: angiotensin II receptor blocker.

Supplementary Appendix Table 3 | All-cause death at 10 years among elderly and non-elderly 
patients in nested PCI or CABG registries.

 

All-cause death at 10 years in the nested registries

PCI CABG
Unadjusted HR

(95% CI)
P value

Adjusted HR*

(95% CI)
P 

value

Patients ≤70 
years

37.5 (28/83) 20.6 (83/427) 2.00 (1.30-3.07) 0.002 1.73 (0.76-3.94) 0.191

Patients >70 
years

67.7 (73/115) 42.1 (85/222) 2.05 (1.50-2.81) <0.001 2.32 (1.39-3.89) 0.001

*Adjusted covariates are age (years), sex, BMI (kg/m2), medically treated diabetes, hypertension, dyslipidemia, 
current smokers, previous MI, previous cerebrovascular disease, peripheral vascular disease, COPD, Creatinine 
>200 micromol/L, LVEF (%), clinical presentation (silent ischemia, stable angina or unstable angina), disease 
type (LMCAD or 3VD), and anatomical SYNTAX score.
HR: hazard ratio; CI: confidence interval; Other abbreviations as in Supplementary Appendix Table 1.
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ABSTRACT

Numerous studies have demonstrated a paradoxical association between higher 

baseline body mass index (BMI) and lower long-term mortality risk after coronary 

revascularization, known as the “obesity paradox”, possibly relying on the single 

use of BMI. The current study is a post-hoc analysis of the SYNTAX Extended Survival 

(SYNTAXES) trial, which is the extended follow-up of the SYNTAX trial comparing 

percutaneous coronary intervention (PCI) versus coronary artery bypass graft (CABG) 

in patients with left-main coronary artery disease (LMCAD) or three-vessel disease 

(3VD). Patients were stratified according to baseline BMI and/or waist circumference 

(WC). Out of 1,800 patients, 1,799 (99.9%) and 1,587 (88.2%) had available baseline 

BMI and WC data, respectively. Of those, 1,327 (73.8%) patients had High BMI (≥25 

kg/m2), whereas 705 (44.4%) patients had High WC (>102 cm for men or >88 cm for 

women). When stratified by both BMI and WC, 10-year mortality risk was signifi-

cantly higher in patients with Low BMI/Low WC (adjusted hazard ratio [HR]: 1.65; 

95% confidence interval [CI]: 1.09 to 2.51), Low BMI/ High WC (adjusted HR: 2.74; 

95% CI: 1.12 to 6.69), or High BMI/High WC (adjusted HR: 1.59; 95% CI: 1.11 to 2.27) 

compared to those with High BMI/Low WC. In conclusion, the “obesity paradox” 

following coronary revascularization would be driven by low long-term mortality 

risk of the High BMI/Low WC group. Body composition should be assessed by the 

combination of BMI and WC in the appropriate evaluation of the long-term risk of 

obesity in patients with LMCAD or 3VD.
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Obesity is a major health problem worldwide and contributes to progression of 

cardiovascular disease, including coronary artery disease (CAD), leading to poor 

prognosis.1 Nevertheless, numerous studies have demonstrated in patients undergo-

ing percutaneous coronary intervention (PCI) or coronary artery bypass graft (CABG) 

a paradoxical association between high baseline body mass index (BMI) and a low 

mortality risk, the so-called “obesity paradox”.2-6 Although the exact biological and 

prognostic significance of the “obesity paradox” remains unclear thus far, one major 

hypothesis is that BMI itself would be a poor and indirect indicator of obesity-related 

cardiovascular risk since it does not necessarily reflect total body adiposity.7 There-

fore, to combine BMI with other body composition indices such as waist circumfer-

ence (WC) may achieve better predictive performance than single use of BMI, and 

may provide insights into the obesity paradox. The aim of the present subgroup 

analysis of the SYNTAX Extended Survival (SYNTAXES) study is to investigate the 

impact of body composition on very long-term clinical outcomes by using BMI and 

WC as two different anthropomorphic indices in patients with severe CAD who 

underwent PCI or CABG.

METHODS

The present study is a post-hoc subgroup analysis of the SYNTAXES study 

(NCT03417050), which was an investigator-driven extended 10-year follow-up of the 

SYNTAX trial (NCT00114972) beyond its original final follow-up of 5 years.8,9 In brief, 

the SYNTAX trial was a multicenter, randomized controlled trial done in 85 hospitals 

across 18 North American and European countries. A total of 1,800 patients with de 

novo three-vessel disease (3VD) and/or left main CAD (LMCAD), who were deemed 

eligible for both PCI and CABG based on clinical judgement and the consensus of a 

Heart Team, were enrolled and randomized in a 1:1 fashion either to receive PCI (n 

= 903) with a uniform use of TAXUS Express paclitaxel-drug eluting stents (Boston 

Scientific Corporation, Marlborough, MA, USA) or CABG (n = 897). Patients who had 

only one of the two revascularization options were excluded from randomization 

and were entered into nested registries for PCI or CABG.

The main result of the SYNTAXES study has been already reported.10 Both SYNTAX 

and SYNTAXES trials were approved by the ethics committees at each investigating 

center, and all patients provided their written informed consent prior to participa-

tion in the SYNTAX trial. Follow-up was performed in accordance with local law and 

regulations of each participating institution and complied with the Declaration of 

Helsinki.
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Both BMI and WC measurements were collected at the time of randomization, 

prior to the index procedure. The patient’s baseline BMI was calculated as weight in 

kilograms divided by height in meters squared. Patients were stratified according to 

their baseline BMI; Low BMI (<25 kg/m2) and High BMI (≥25 kg/m2) on the basis of 

World Health Organization and National Institutes of Health guidelines,11 in which 

patients with BMI ≥25 kg/m2 were classified as overweight (25.0 to 29.9 kg/m2) or 

obese (≥30 kg/m2).

The patient’s baseline WC was measured according to the protocol of the Na-

tional Cholesterol Education Program (NCEP),12 in which WC was measured at the 

level of the upper margin of the iliac crest. Patients were also stratified according to 

their baseline WC at the time of randomization; Low WC (≤102 cm [40 inches] for 

men or ≤88 cm [35 inches] for women) and High WC (>102 cm [40 inches] for men 

or >88 cm [35 inches] for women).11,12 Finally, patients were divided into 4 groups 

according to both baseline BMI and baseline WC; Low BMI/Low WC, Low BMI/High 

WC, High BMI/Low WC, and High BMI/High WC (Figure 1).

Baseline hemoglobin A1c (HbA1c) and C-reactive protein (CRP) were analyzed in 

an independent central chemistry laboratory (Covance Incorporated, Indianapolis, 

US, and Geneva, Switzerland).

The primary endpoint of the present study is all-cause death at 10 years. Vital 

status was confirmed by using electronic healthcare record review and national 

death registries. Patients with missing vital status were included in the analysis and 

censored at the time of “lost to follow-up” or at 5 years when recruiting centers did 

not participate in the SYNTAXES study for 10-year extended follow-up (a total of 5 

patients in 2 centers).

Continuous variables are expressed as median and interquartile range (IQR) and 

are compared using the Mann-Whitney U test. Categorical variables are presented 

as counts and percentage and are compared using chi-square test or Fisher’s exact 

test as appropriate. Kaplan-Meier method is used to estimate the cumulative rates of 

events and log-rank test was performed to examine the differences between groups. 

A scatter plot was drawn between BMI and WC, and the Pearson correlation was 

used to quantify the relation between BMI and WC.

The incidence of all-cause death up to 10 years was assessed in comparison either 

among BMI groups or WC groups using unadjusted and adjusted Cox proportional 

hazards models to calculate hazard ratios (HRs) and 95% confidence intervals (CIs). 

The covariables in the adjusted models included randomization (PCI or CABG), 

age, sex, medically treated diabetes, hypertension, dyslipidemia, current smokers, 

previous myocardial infarction (MI), previous cerebrovascular disease, peripheral 

vascular disease (PVD), chronic obstructive pulmonary disease (COPD), creatinine 

clearance, hemoglobin, left ventricular ejection fraction (LVEF), clinical presenta-
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tion (silent ischemia, stable angina or unstable angina), achievement of complete 

revascularization, disease type (LMCAD or 3VD), and anatomical SYNTAX score. The 

estimated HRs were plotted for each observed pair BMI and WC values as a heat map. 

The reference for plotted HRs was the hazard at the median values of BMI and WC.

For exploratory purposes, patients were also stratified according to their base-

line BMI as follows; underweight/normal weight (≤24.9 kg/m2), overweight (25.0 to 

29.9 kg/m2), and obesity (≥30 kg/m2).11 The primary endpoint of all-cause death was 

assessed in these BMI groups with or without WC as sensitivity analysis. Ten-year 

mortality was also assessed according to the waist-to-height ratio (WHtR) in the fol-

lowing subgroups: low WHtR (<0.50), intermediate WHtR (≥0.50 and <0.60), and 

high WHtR (≥0.60).13

Figure 1 | Flowchart of the present study. 
In the randomized cohort of the SYNTAX trial (N = 1,800), patients were stratified according to baseline BMI 
and/ or WC.
BMI: body mass index; WC: waist circumference.
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Statistical significance was considered if two-sided P value ≤0.05. All analyses 

were performed in SPSS Statistics version 26 (IBM Corp., Armonk, 281 N.Y., USA) and 

R software version 3.5.1 (R Foundation for Statistical Computing, Vienna, Austria).

RESULTS

Out of 1,800 patients, 1,799 patients (99.9%) had available baseline BMI data with 

a median value of 27.3 kg/m2 (IQR: 24.9 to 30.6 kg/m2). On the other hand, 1,587 

patients (88.2%) had available baseline WC data with a median value of 98.0 cm (IQR: 

90.0-106.7 cm).

Among 1,799 patients with available BMI data, 472 (26.2%) and 1,327 patients 

(73.8%) were classified as Low BMI and High BMI, respectively. Whereas, among 

1,587 patients with available WC data, 882 (55.6%) and 705 patients (44.4%) were 

classified as Low WC and High WC, respectively. When stratified by both BMI and 

WC, 344 (21.7%), 58 (3.7%), 538 (33.9%), and 647 patients (40.8%) were categorized as 

Low BMI/Low WC, Low BMI/High WC, High BMI/Low WC, and High BMI/High WC, 

respectively (Figure 1).

The baseline characteristics in patients stratified by the combination of BMI and 

WC are shown in Table 1 and Supplementary Appendix Table 1. When compared 

to patients with High BMI/Low WC, patients with High BMI/High WC were more 

frequently female, had a higher prevalence of medically treated diabetes as well 

as insulin dependant diabetes, metabolic syndrome and hypertension, had higher 

hemoglobin A1c (HbA1c) level and C-reactive protein (CRP) level, had lower cre-

atinine clearance and LVEF, had higher EuroSCORE and Parsonnet SCORE, had 

lower number of lesions, had lower prevalence of any bifurcational lesions and took 

angiotensin-coverting enzyme inhibitor and angiotensin receptor blocker more 

frequently (all P <0.05). There was no significant difference in terms of age between 

patients with High BMI/Low WC and those with High BMI/High WC.

The scatterplot of BMI and WC is shown in Figure 2. There was a significant 

though modest correlation between BMI and WC (Pearson r coefficient 0.675; R2 

0.46; P <0.001).

The median durations of the 10-year were 3,653 days (interquartile range [IQR]: 

2,796 to 3,653 days). At 10 years, the crude incidence of all-cause death was signifi-

cantly lower in patients with High BMI compared with those with low BMI, however, 

after adjustment there was no longer significant difference between 2 groups (Figure 

3 and Table 2). In contrast, patients with High WC had a significantly higher crude 

rate of all-cause death at 10 years compared with those with Low WC. The increased 

mortality risk in High WC over Low WC was consistent even after adjustment (Figure 
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Table 1 | Baseline characteristics in patients stratified by BMI and WC

 Variable

Low BMI
P 

value

High BMI
P 

valueLow WC
(N=344)

High WC
(N=58)

Low WC
(N=538)

High WC
(N=647)

Body mass index (kg/m2)
23.2 (21.9-

24.2)
23.6 (22.5-

24.4)
0.08

27.3 (26.2-
29.1)

30.7 (28.3-
33.6)

<0.001

Height (cm)
171 (165-

178)
167 (160-

178)
0.028

170 (166-
175)

170 (164-
177)

0.64

Weight (kg)
68.0 (62.0-

73.0)
64.6 (59.8-

75.0)
0.33

81.0 (75.0-
86.0)

90.0 (80.0-
100.0)

<0.001

Waist circumference (cm) 87 (81-92) 100 (92-104) <0.001 94 (89-98)
108 (104-

115)
<0.001

Randomization     0.48     0.68

PCI
50.9 

(175/344)
44.8 (26/58)  

50.4 
(271/538)

51.6 
(334/647)

 

CABG
49.1 

(169/344)
55.2 (32/58)  

49.6 
(267/538)

48.4 
(313/647)

 

Age (year) 67 (60-74) 73 (67-78) <0.001 65 (57-71) 65 (58-72) 0.85

Sex     <0.001     <0.001

• Male
80.8 

(278/344)
37.9 (22/58)  

90.3 
(486/538)

67.9 
(439/647)

 

• Female
19.2 

(66/344)
62.1 (36/58)   9.7 (52/538)

32.1 
(208/647)

 

Medically-treated diabetes
15.1 

(52/344)
29.3 (17/58) 0.013

20.1 
(108/538)

33.4 
(216/647)

<0.001

• On insulin 7.0 (24/344) 6.9 (4/58) 1.00 6.3 (34/538) 14.7 (95/647) <0.001

Hemoglobin A1c (%) 5.8 (5.5-6.2) 6.1 (5.6-6.7) 0.048 5.8 (5.5-6.2) 6.0 (5.6-6.7) <0.001

C-reactive protein (mg/dl)
0.23 (0.09-

0.80)
0.33 (0.12-

0.83)
0.23

0.30 (0.11-
0.73)

0.42 (0.16-
0.93)

<0.001

Metabolic syndrome
15.9 

(46/290)
68.6 (35/51) <0.001

24.6 
(111/452)

75.9 
(415/547)

<0.001

Hypertension
64.2 

(221/344)
67.2 (39/58) 0.77

63.2 
(340/538)

69.6 
(450/647)

0.022

Dyslipidemia
73.2 

(251/343)
75.4 (43/57) 0.87

79.3 
(424/535)

78.0 
(497/637)

0.62

Current smoking
26.8 

(92/343)
17.2 (10/58) 0.14

19.0 
(102/537)

18.4 
(118/643)

0.82

Previous MI
34.0 

(116/341)
46.6 (27/58) 0.08

29.5 
(157/533)

33.4 
(213/638)

0.16

Previous cerebrovascular 
disease

14.0 
(48/343)

15.5 (9/58) 0.84 13.2 (71/536) 15.1 (97/643) 0.40

• Previous stroke 3.5 (12/343) 0.0 (0/58) 0.23 3.7 (20/534) 5.3 (34/644) 0.26

• Previous transient 
ischemic attack

5.5 (19/343) 6.9 (4/58) 0.76 5.4 (29/537) 4.1 (26/640) 0.33
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Table 1 | Baseline characteristics in patients stratified by BMI and WC (continued)

 Variable

Low BMI
P 

value

High BMI
P 

valueLow WC
(N=344)

High WC
(N=58)

Low WC
(N=538)

High WC
(N=647)

• Previous carotid artery 
disease

7.3 (25/344) 8.6 (5/58) 0.79 7.8 (42/538) 9.1 (59/647) 0.47

Peripheral vascular 
disease

10.5 
(36/344)

19.0 (11/58) 0.08 8.4 (45/538) 9.3 (60/647) 0.61

Chronic obstructive 
pulmonary disease

6.4 (22/344) 12.1 (7/58) 0.16 7.6 (41/538) 9.7 (63/647) 0.22

Chronic kidney disease
36.5 

(113/310)
46.3 (25/54) 0.17 13.1 (64/489) 13.6 (82/601) 0.86

Creatinine clearance (ml/
min)

69.0 (55.9-
84.1)

63.3 (51.8-
74.2)

0.008
82.6 (68.0-

101.1)
91.3 (72.2-

116.1)
<0.001

Left ventricular ejection 
fraction (%)

60 (50-65) 58 (44-63) 0.18 60 (55-70) 60 (50-65) 0.001

Congestive heart failure 3.8 (13/342) 3.5 (2/57) 1.00 4.5 (24/533) 5.8 (37/637) 0.36

Clinical presentation     0.62     0.99

• Silent myocardial 
ischemia

16.6 
(57/344)

20.7 (12/58)   13.6 (73/538) 13.8 (89/647)  

• Stable angina pectoris
52.9 

(182/344)
46.6 (27/58)  

58.6 
(315/538)

58.1 
(376/647)

 

• Unstable angina pectoris
30.5 

(105/344)
32.8 (19/58)  

27.9 
(150/538)

28.1 
(182/647)

 

EuroSCORE 4 (2-6) 6 (4-7) <0.001 3 (1-5) 4 (2-6) 0.009

Parsonnet SCORE 5 (3-12) 10 (4-19) <0.001 6 (3-10) 8 (6-14) <0.001

Disease type     0.25     0.72

• 3VD
58.7 

(202/344)
67.2 (39/58)  

60.4 
(325/538)

61.5 
(398/647)

 

• LMCAD
41.3 

(142/344)
32.8 (19/58)  

39.6 
(213/538)

38.5 
(249/647)

 

Disease type     0.32     0.09

• LMCAD only 4.7 (16/344) 1.8 (1/57)   3.9 (21/538) 6.5 (42/647)  

• LMCAD+1VD 9.6 (33/344) 3.5 (2/57)   5.9 (32/538) 7.9 (51/647)  

• LMCAD+2VD
14.0 

(48/344)
12.3 (7/57)   12.1 (65/538) 10.8 (70/647)  

• LMCAD+3VD
13.1 

(45/344)
15.8 (9/57)   17.7 (95/538) 13.3 (86/647)  

• 2VD (No LMCAD) 2.6 (9/344) 0.0 (0/57)   1.7 (9/538) 2.0 (13/647)  

• 3VD (No LMCAD)
56.1 

(193/344)
66.7 (38/57)  

58.7 
(316/538)

59.5 
(385/647)

 

SYNTAX score 29 (20-37) 29 (21-38) 0.73 27 (21-37) 27 (20-35) 0.08

 SYNTAX score tercile     0.94     0.23

• Low
30.7 

(105/342)
28.6 (16/56)  

30.2 
(162/537)

34.6 
(223/644)
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3 and Table 2). As a continuous variable, WC was an independent predictor of 10-

year mortality in adjusted models, whereas BMI was not independently associated 

with the mortality risk (Table 2).

When patients were divided into 4 groups by both BMI and WC, patients with 

High BMI/Low WC showed the lowest crude rate of death at 10 years (19.4%), fol-

lowed by those with High BMI/High WC (29.7%), Low BMI/Low WC (31.7%), and Low 

Table 1 | Baseline characteristics in patients stratified by BMI and WC (continued)

 Variable

Low BMI
P 

value

High BMI
P 

valueLow WC
(N=344)

High WC
(N=58)

Low WC
(N=538)

High WC
(N=647)

• Intermediate
33.9 

(116/342)
35.7 (20/56)  

35.4 
(190/537)

34.3 
(221/644)

 

• High 
35.4 

(121/342)
35.7 (20/56)  

34.5 
(185/537)

31.1 
(200/644)

 

Number of lesions 4 (3-6) 4 (3-6) 0.60 4 (3-6) 4 (3-5) 0.007

Any total occlusion
22.9 

(78/341)
23.2 (13/56) 1.00

24.2 
(130/537)

23.5 
(151/643)

0.78

Any bifurcation
71.8 

(245/341)
75.0 (42/56) 0.75

76.5 
(411/537)

70.3 
(452/643)

0.018

Number of stents 4 (3-6) 5 (4-7) 0.52 5 (3-6) 5 (3-6) 0.81

Total stent length per 
patient

80 (48-117) 88 (76-132) 0.12 82 (52-112) 80 (52-112) 0.88

Off pump coronary bypass
14.5 

(23/159)
21.9 (7/32) 0.29 14.2 (37/261) 19.8 (60/303) 0.09

Complete 
revascularization

59.5 
(198/333)

54.4 (31/57) 0.47
58.1 

(309/532)
61.2 

(390/637)
0.28

Medication at discharge            

• Any antiplatelet therapy            

- Aspirin
95.1 

(312/328)
94.5 (52/55) 0.74

93.6 
(494/528)

94.4 
(594/629)

0.54

- Thienopyridine
60.4 

(198/328)
49.1 (27/55) 0.14

59.7 
(315/528)

61.2 
(385/629)

0.63

• Statin
82.0 

(269/328)
78.2 (43/55) 0.57

82.2 
(434/528)

82.0 
(516/629)

1.00

• Beta blocker
78.7 

(258/328)
76.4 (42/55) 0.72

79.7 
(421/528)

83.6 
(526/629)

0.09

• ACEI
52.7 

(173/328)
43.6 (24/55) 0.24

47.7 
(252/528)

55.0 
(346/629)

0.015

• ARB 7.3 (24/328) 18.2 (10/55) 0.018 8.5 (45/528) 13.0 (82/629) 0.018

Data are presented as median (interquartile range) or percentage (number).
ACEI: angiotensin-converting enzyme inhibitor; ARB: angiotensin receptor blocker; CABG: coronary artery by-
pass grafting; LMCAD: left main coronary artery disease; LVEF: left ventricular ejection fraction; MI: myocardial 
infarction; PCI: percutaneous coronary intervention; SYNTAX: Synergy between PCI with Taxus and Cardiac 
Surgery; 3VD: three-vessel disease.
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Figure 2 | The correlation between BMI and WC. 
Red and Blue circle indicate High and Low WC, respectively. Yellow, Green, Blue, and Red area indicate Under-
weight, Normal Weight, Overweight, and Obesity, respectively, according to the definition from WHO. WHO: 
world health organization; Other abbreviations as in Figure 1.

Table 2. |Adjusted hazard ratio for all-cause mortality at 10 years among normal weight, over-
weight, and obesity patients.

Unadjusted HR
P value

Adjusted HR
P value

(95% CI) (95% CI)*

High BMI vs. Low BMI 0.73 (0.60-0.88) 0.001 0.86 (0.64-1.15) 0.312

BMI (each 1 kg/m2 increase) 0.99 (0.97-1.01) 0.267 1.01 (0.98-1.04) 0.535

High WC vs. Low WC 1.30 (1.07-1.57) 0.008 1.45 (1.09-1.93) 0.012

WC (each 1 cm incrase) 1.01 (1.00-1.01) 0.086 1.01 (1.00-1.03) 0.012

*Adjusted covariates are randomization (PCI or CABG), age, sex, medically treated diabetes, hypertension, 
dyslipidemia, current smokers, previous myocardial infarction, previous cerebrovascular disease, peripheral 
vascular disease, chronic obstructive pulmonary disease, creatinine clearance (ml/min), hemoglobin (g/dl), left 
ventricular ejection fraction, clinical presentation (silent ischemia, stable angina or unstable angina), achieve-
ment of complete revascularization, disease type (LMCAD or 3VD), and anatomical SYNTAX score.
Abbreviations as in Table 1.
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Table 2. Adjusted hazard ratio for all-cause 
mortality at 10 years among normal weight, 
overweight, and obesity patients.

Unadjusted HR
P value

Adjusted HR
P value

(95% CI) (95% CI)*

High BMI vs. Low BMI 0.73 (0.60-0.88) 0.001 0.86 (0.64-1.15) 0.312

BMI (each 1 kg/m2 increase) 0.99 (0.97-1.01) 0.267 1.01 (0.98-1.04) 0.535

High WC vs. Low WC 1.30 (1.07-1.57) 0.008 1.45 (1.09-1.93) 0.012

WC (each 1 cm incrase) 1.01 (1.00-1.01) 0.086 1.01 (1.00-1.03) 0.012

*Adjusted covariates are randomization (PCI 
or CABG), age, sex, medically treated diabetes, 
hypertension, dyslipidemia, current smokers, 

Figure 3 | Kaplan-Meier curves for 10-year all-cause death in the BMI groups or WC groups. 
Kaplan-Meier curves in patients with Low or High BMI (Top), or those with Low or High WC (Bottom). Abbrevia-
tions as in Figure 1.
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BMI/High WC (38.6%) (Figure 4). After adjusting for potential confounders, the risks 

of all-cause death at 10 years were significantly higher in patients with Low BMI/

Low WC, Low BMI/High WC, or High BMI/ High WC compared to those with High 

BMI/Low WC (Figures 5 and 6). Supplementary Appendix Table 2 presents the results 

in the variant adjusted models including different potential confounders, showing 

the consistency of the results. The heat map of adjusted risk for all-cause death 

at 10 years demonstrated that patients with higher BMI but lower WC had lower 

mortality risk, and in contrast, patients with lower BMI but higher WC had higher 

mortality risk (Figure 6).

When stratified by revascularization mode, similar trends were observed either 

in PCI or CABG arm (Supplementary Appendix Figure 1 and 2). The results according 

to BMI <25.0 kg/m2 (underweight or normal weight), 25.0 to 29.9 kg/m2 (overweight), 

or ≥30 kg/m2 (obesity), with combination of WC are presented in Supplementary 

Appendix Figure 3 and 4. When compared to overweight patients with low WC, 

overweight patients with high WC had significantly higher risks of all-cause death 

Figure 4 | Kaplan-Meier curves for all-cause death at 10 years in patients stratified by both BMI 
and WC. 
Cumulative incidence of all-cause death up to 10 years in patients with Low BMI/Low WC, Low BMI/High WC, 
High BMI/Low WC, and High BMI/High WC. Abbreviations as in Figure 1.
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Figure 5 | Hazard ratios of all-cause death at 10 years. 
Adjusted covariates are listed in Table 2. HR: hazard ratio; CI: confidence interval; Other abbreviations as in 
Figure 1.

Figure 6 | Complementary relationship between BMI and WC in predicting the risk of 10-year 
mortality. 
In the heat map of adjusted risk for all-cause mortality at 10 years, “X” indicates the reference point (median 
value of BMI [27.3 kg/m2] and WC [98 cm]). Patients with higher BMI but lower WC (the bottom right area of 
the heat map) had lower mortality risk (bluer), and on the contrast, patients with lower BMI but higher WC 
(the upper left area of the heat map) had higher mortality risk (redder) at 10 years. When stratified by binary 
thresholds of BMI (< or ≥25 kg/m2) and WC (≤ or >102 cm in men or ≤ or >88 cm in women), patients with 
High BMI/Low WC had the lowest risk of all-cause death at 10 years, whereas the risk was significantly higher 
in patients with Low BMI/Low WC, Low BMI/High WC, or High BMI/High WC. The adjusted covariates are listed 
in Table 2. Abbreviations as in Figures 1 and 5.
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at 10 years. There were no significant difference in all-cause death among those 3 

WHtR groups (Supplementary Appendix Figure 5).

DISCUSSION

In our study, BMI had a modest correlation with WC (Figure 2), however, BMI and 

WC showed diverging and opposite associations with crude mortality rate at 10 

years (Figure 3). When stratified by both BMI and WC, patients with High BMI/Low 

WC had the lowest crude 10-year mortality rate, which contributed to the favorable 

outcome of High BMI group (Figure 4). It can be assumed that the High BMI/Low WC 

patients might have more lean body mass including organs, bones, and muscle mass, 

than fat mass. In fact, patients with High BMI/Low WC were more frequently male 

(90.3%), were less frequently diabetes (especially on insulin), and had significantly 

lower levels of HbA1c and CRP, compared to those with High BMI/High WC (Table 

1), indicating that the High BMI/High WC patients may be the “true obesity” group 

with more metabolic risks including insulin resistance and proinflammatory condi-

tions, possibly contributing to the worse outcomes compared to High BMI/Low WC 

group.14 Recently, Beyhoff et al reported that increased high-sensitivity CRP (hsCRP) 

level was associated with increase in BMI from normal weight toward severely obese 

in patients undergoing PCI,15 and in the all BMI strata, the risk of major adverse 

cardiac events was significantly higher in those with hsCRP >3.0 mg/L, potentially 

suggesting the heterogeneity of the obesity group defined only by BMI.

In the present study, the increase of WC was independently associated with an 

increased 10-year mortality risk, which was in line with past studies,16 indicating 

that WC has a better prognostic performance than BMI in CAD patients. However, 

patients with Low BMI/Low WC also had a significantly higher mortality at 10 years 

when compared to those with High BMI/Low WC (Figures 5 and 6). It is plausible that 

those population included malnourished and frail patients, as suggested by higher 

age, higher prevalence of CKD and higher EuroSCORE in the population compared 

to those with High BMI/Low WC (Supplementary Appendix Table 1). Therefore, if 

only one index was used (e.g. WC without BMI), clinicians would not be able to 

discriminate patients with a significantly higher 10-year mortality risk (i.e. Low WC/

Low BMI) from the others. Therefore, for risk stratification, the combined use of BMI 

and WC (or other body composition indices) should be recommended in patients 

with complex CAD.1,11

A number previous of studies have indicated that overweight CAD patients had 

the lowest mortality risk among BMI subgroups,2-6 a fact also observed in the current 

study (Supplementary Appendix Figure 3). However, in the current study, overweight 



12
9 
| B

od
y 

in
di

ce
s 

an
d 

10
-y

ea
r 

su
rv

iv
al

 a
ft

er
 P

C
I 

or
 C

A
B

G

patients with High WC had significantly higher mortality risk than those with Low 

WC (Supplementary Appendix Figure 4), suggesting that the “overweight” category 

accidentally include relatively healthy subjects with low fat mass. Nevertheless, 

there are still some unclarified issues regarding the “obesity paradox”. Lavie et al 

reported that the obesity paradox was still present when used percent body fat17 

or lean mass index18 on top of BMI in patients with CAD. Lee et al reported that 

WC but not BMI showed U-shape association with cardiovascular outcomes after 

PCI.19 Moreover, it has been reported that the obesity paradox was still present even 

by using WC especially in patients who had atrial fibrillation,20 or systolic heart 

failure.21 In contrast to our study with very long-term follow-up duration (maximum 

14 years), those studies had only short/medium-term results, which may not be 

sufficient to evaluate obesity-related risk appropriately. In addition, differences 

of population characteristics and/or adjusted confounding factors may compound 

the discrepancy.22,23 Moreover, as an important part of the management of obesity, 

cardiopulmonary fitness and weight reduction may play a critical role in reducing 

the mortality risk among obesity patients, and therefore, may contribute to the 

paradox.24,25 Further studies with various other measurements of body composition, 

monitoring carefully confounding factors such as the impact of a long-term fitness 

program on vital prognosis will be needed in the future. Although the combination 

of BMI with WC can be viewed as a marginal improvement in gaining insight into 

patient’s body composition, our long-term observation provides a simple and prag-

matic prognostic risk stratification by combining two simple parameter indirectly 

related to body composition.

The present study has several strengths, including the prospective characteristic 

of a randomized trial with minimum exclusion criteria, collection of uniform data 

by central core laboratory, very long-term follow-up period, and high follow-up rate 

of 93.8% for 10-year vital status (1,688 out of 1,799 included patients). There are also 

several limitations of the present study that warrant discussion. First, this is a post-

hoc analysis of the SYNTAXES study. Although we adjusted a number of confound-

ing variables, the effect of other possible confounding factors cannot be excluded. 

Second, the number of patients included in our study was relatively smaller than in 

other past studies assessing the association of BMI with mortality risk in epidemio-

logical studies. Particularly in the Low BMI/High WC group, we might not be able to 

assess appropriately the relative risks due to the limited prevalence (3.7%), hence the 

statistical significance of this group might be a play of chance. However, we focused 

on a specific population with complex CAD (LMCAD or 3VD), who were at high-risk 

of mortality. Therefore, it would be desirable to dispel the obesity paradox among 

those high-risk CAD patients with better stratification relying on body composi-

tions.26 Third, BMI and WC data were only measured at the time of randomization. 
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BMI and WC can change depending on weight gain or loss during the follow-up, 

which might have an impact on the clinical outcomes.23 It would have been useful 

to verify proper group assignment by obtaining BMI and WC at a time close to the 

patient’s death or at termination of the 10-year surveillance period. Fourth, the 

protocol did not implement other measurements of body composition (e.g. immer-

sion densitometry, skin-fold thicknesses, bioelectrical impedance, or dual energy 

x-ray absorptiometry bioelectrical impedance)27 than BMI and WC, which may have 

been able to provide further insights into the current findings. Finally, the single 

endpoint in the SYNTAXES study was all-cause death. However, all-cause mortal-

ity is the most robust, indisputable (no adjudication needed), and most important 

outcome for patients which integrates and incorporates all the obesity-related risks, 

such as oncological and metabolic, and therefore, is an appropriate outcome when 

considering this type of risk.

In conclusion, when stratified by a combination of BMI and WC, risk of all-cause 

death at 10 years was significantly higher in patients with Low BMI/Low WC, Low 

BMI/ High WC, or High BMI/High WC compared to those with High BMI/Low WC.
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SUPPLEMENTARY APPENDIX

Supplementary Appendix Figure 1 | Kaplan-Meier curves for 10-year all-cause death in the BMI 
groups or WC groups among patients undergoing PCI or CABG
Kaplan-Meier curves in patients with Low or High BMI (Left), or those with Low or High WC (Right) in the PCI 
(upper) or CABG (lower) arms. 
BMI: body mass index; WC: waist circumference; PCI: percutaneous coronary intervention; CABG: coronary 
artery bypass graft.
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Supplementary Appendix Figure 2 | Kaplan-Meier curves for 10-year all-cause death stratified 
by a combination of BMI and WC among patients undergoing PCI or CABG
Cumulative incidence of all-cause death up to 10 years after PCI (A) or CABG (B) in patients by a combination 
of BMI (<25 kg/m2 or ≥25 kg/m2) and WC (Low or High). 
Abbreviations as in Supplementary Appendix Figure 1.

Supplementary Appendix Figure 3 | Risk differences in all-cause death up to 10 years stratified 
according to three BMI groups
According to the WHO classification, patients with BMI <25.0 kg/m2, 25.0-29.9 kg/m2, and ≥30 kg/m2 are classi-
fied as underweight/normal-weight, overweight, or obesity, respectively. 
Adjusted covariates are listed in Supplementary Appendix Table 2 (Model 1).
Abbreviations as in Supplementary Appendix Figure 1.
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Supplementary Appendix Figure 4 | Relative risks of all-cause death up to 10 years stratified 
according to both three BMI groups and two WC groups
Adjusted covariates are listed in Supplementary Appendix Table 2 (Model 1).
Abbreviations as in Supplementary Appendix Figure 1.
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Supplementary Appendix Figure 5 |  Cumulative incidence of all-cause death up to 10 years in 
patients stratified by waist-to-height ratio
Waist-to-height ratio (WHtR) was calculated as waist measurement divided by height.
Low WHtR: <0.50, intermediate WHtR: ≥0.50 and <0.60, high WHtR: ≥0.60.
WHtR: waist-to-height ratio; Other abbreviations as in Supplementary Appendix Figure 1.
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Supplementary Appendix Table 1 | Baseline characteristics in patients stratified by WC and 
BMI.

Variable 

Low WC

P value

High WC

P valueLow BMI
(N = 344)

High BMI
(N= 538)

Low BMI
(N=58)

High BMI
(N=647)

Body mass index (kg/m2)
23.2 (21.9-

24.2)
27.3 (26.2-

29.1)
<0.001

23.6 (22.5-
24.4)

30.7 (28.3-
33.6)

<0.001

Height (cm)
171 (165-

178)
170 (166-

175)
0.45

167 (160-
178)

170 (164-
177)

0.12

Weight (kg)
68.0 (62.0-

73.0)
81.0 (75.0-

86.0)
<0.001

64.6 (59.8-
75.0)

90.0 (80.0-
100.0)

<0.001

Waist circumference (cm) 87 (81-92) 94 (89-98) <0.001 100 (92-104)
108 (104-

115)
<0.001

Randomization     0.89     0.34

PCI
50.9 

(175/344)
50.4 

(271/538)
  44.8 (26/58)

51.6 
(334/647)

 

CABG
49.1 

(169/344)
49.6 

(267/538)
  55.2 (32/58)

48.4 
(313/647)

 

Age (year) 67 (60-74) 65 (57-71) 0.002 73 (67-78) 65 (58-72) <0.001

Sex     <0.001     <0.001

• Male
80.8 

(278/344)
90.3 

(486/538)
  37.9 (22/58)

67.9 
(439/647)

 

• Female
19.2 

(66/344)
9.7 (52/538)   62.1 (36/58)

32.1 
(208/647)

 

Medically-treated diabetes
15.1 

(52/344)
20.1 

(108/538)
0.073 29.3 (17/58)

33.4 
(216/647)

0.56

• On insulin 7.0 (24/344) 6.3 (34/538) 0.78 6.9 (4/58)
14.7 

(95/647)
0.12

Hemoglobin A1c (%) 5.8 (5.5-6.2) 5.8 (5.5-6.2)  0.85 6.1 (5.6-6.7) 6.0 (5.6-6.7) 0.71

C-reactive protein (mg/dl)
0.23 (0.09-

0.80)
0.30 (0.11-

0.73)
 0.053

0.33 (0.12-
0.83)

0.42 (0.16-
0.93)

0.24

Metabolic syndrome
15.9 

(46/290)
24.6 

(111/452)
0.006 68.6 (35/51)

75.9 
(415/547)

0.31

Hypertension
64.2 

(221/344)
63.2 

(340/538)
0.77 67.2 (39/58)

69.6 
(450/647)

0.77

Dyslipidemia
73.2 

(251/343)
79.3 

(424/535)
0.040 75.4 (43/57)

78.0 
(497/637)

0.62

Current smoking
26.8 

(92/343)
19.0 

(102/537)
0.008 17.2 (10/58)

18.4 
(118/643)

1.00

Previous MI
34.0 

(116/341)
29.5 

(157/533)
0.18 46.6 (27/58)

33.4 
(213/638)

0.060

Previous cerebrovascular 
disease

14.0 
(48/343)

13.2 
(71/536)

0.76 15.5 (9/58)
15.1 

(97/643)
0.85

• Previous stroke 3.5 (12/343) 3.7 (20/534) 1.00 0.0 (0/58) 5.3 (34/644) 0.10
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Supplementary Appendix Table 1 | Baseline characteristics in patients stratified by WC and 
BMI. (continued)

Variable 

Low WC

P value

High WC

P valueLow BMI
(N = 344)

High BMI
(N= 538)

Low BMI
(N=58)

High BMI
(N=647)

• Previous transient 
ischemic attack

5.5 (19/343) 5.4 (29/537) 1.00 6.9 (4/58) 4.1 (26/640) 0.30

• Previous carotid artery 
disease

7.3 (25/344) 7.8 (42/538) 0.8 8.6 (5/58) 9.1 (59/647) 1.00

Peripheral vascular 
disease

10.5 
(36/344)

8.4 (45/538) 0.34 19.0 (11/58) 9.3 (60/647) 0.036

Chronic obstructive 
pulmonary disease

6.4 (22/344) 7.6 (41/538) 0.59 12.1 (7/58) 9.7 (63/647) 0.5

Chronic kidney disease
36.5 

(113/310)
13.1 

(64/489)
<0.001 46.3 (25/54)

13.6 
(82/601)

<0.001

Creatinine clearance (ml/
min)

69.0 (55.9-
84.1)

82.6 (68.0-
101.1)

<0.001
63.3 (51.8-

74.2)
91.3 (72.2-

116.1)
<0.001

Left ventricular ejection 
fraction (%)

60 (50-65) 60 (55-70) 0.021 58 (44-63) 60 (50-65) 0.21

Congestive heart failure 3.8 (13/342) 4.5 (24/533) 0.73 3.5 (2/57) 5.8 (37/637) 0.76

Clinical presentation     0.23     0.18

• Silent myocardial 
ischemia

16.6 
(57/344)

13.6 
(73/538)

  20.7 (12/58)
13.8 

(89/647)
 

• Stable angina pectoris
52.9 

(182/344)
58.6 

(315/538)
  46.6 (27/58)

58.1 
(376/647)

 

• Unstable angina pectoris
30.5 

(105/344)
27.9 

(150/538)
  32.8 (19/58)

28.1 
(182/647)

 

EuroSCORE 4 (2-6) 3 (1-5) <0.001 6 (4-7) 4 (2-6) <0.001

Parsonnet SCORE 5 (3-12) 6 (3-10) 0.26 10 (4-19) 8 (6-14) 0.08

Disease type     0.62     0.48

• 3VD
58.7 

(202/344)
60.4 

(325/538)
  67.2 (39/58)

61.5 
(398/647)

 

• LMCAD
41.3 

(142/344)
39.6 

(213/538)
  32.8 (19/58)

38.5 
(249/647)

 

Disease type     0.13     0.39

• LMCAD only 4.7 (16/344) 3.9 (21/538)   1.8 (1/57) 6.5 (42/647)  

• LMCAD+1VD 9.6 (33/344) 5.9 (32/538)   3.5 (2/57) 7.9 (51/647)  

• LMCAD+2VD
14.0 

(48/344)
12.1 

(65/538)
  12.3 (7/57)

10.8 
(70/647)

 

• LMCAD+3VD
13.1 

(45/344)
17.7 

(95/538)
  15.8 (9/57)

13.3 
(86/647)

 

• 2VD (No LMCAD) 2.6 (9/344) 1.7 (9/538)   0.0 (0/57) 2.0 (13/647)  

• 3VD (No LMCAD)
56.1 

(193/344)
58.7 

(316/538)
  66.7 (38/57)

59.5 
(385/647)

 

SYNTAX score 29 (20-37) 27 (21-37) 0.71 29 (21-38) 27 (20-35) 0.20
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Supplementary Appendix Table 1 | Baseline characteristics in patients stratified by WC and 
BMI. (continued)

Variable 

Low WC

P value

High WC

P valueLow BMI
(N = 344)

High BMI
(N= 538)

Low BMI
(N=58)

High BMI
(N=647)

SYNTAX score tercile     0.90     0.63

• Low
30.7 

(105/342)
30.2 

(162/537)
  28.6 (16/56)

34.6 
(223/644)

 

• Intermediate
33.9 

(116/342)
35.4 

(190/537)
  35.7 (20/56)

34.3 
(221/644)

 

• High
35.4 

(121/342)
34.5 

(185/537)
  35.7 (20/56)

31.1 
(200/644)

 

Number of lesions 4 (3-6) 4 (3-6) 0.18 4 (3-6) 4 (3-5) 0.32

Any total occlusion
22.9 

(78/341)
24.2 

(130/537)
0.68 23.2 (13/56)

23.5 
(151/643)

1.00

Any bifurcation
71.8 

(245/341)
76.5 

(411/537)
0.13 75.0 (42/56)

70.3 
(452/643)

0.54

Number of stents 4 (3-6) 5 (3-6) 0.75 5 (4-7) 5 (3-6) 0.58

Total stent length per 
patient

80 (48-117) 82 (52-112) 0.61 88 (76-132) 80 (52-112) 0.20

Off pump coronary bypass
14.5 

(23/159)
14.2 

(37/261)
1.00 21.9 (7/32)

19.8 
(60/303)

0.82

Complete 
revascularization

59.5 
(198/333)

58.1 
(309/532)

0.72 54.4 (31/57)
61.2 

(390/637)
0.32

Medication at discharge            

• Any antiplatelet therapy            

- Aspirin
95.1 

(312/328)
93.6 

(494/528)
0.37 94.5 (52/55)

94.4 
(594/629)

1.00

- Thienopyridine
60.4 

(198/328)
59.7 

(315/528)
0.89 49.1 (27/55)

61.2 
(385/629)

0.09

• Statin
82.0 

(269/328)
82.2 

(434/528)
1.00 78.2 (43/55)

82.0 
(516/629)

0.47

• Beta blocker
78.7 

(258/328)
79.7 

(421/528)
0.73 76.4 (42/55)

83.6 
(526/629)

0.19

• ACEI
52.7 

(173/328)
47.7 

(252/528)
0.16 43.6 (24/55)

55.0 
(346/629)

0.12

• ARB 7.3 (24/328) 8.5 (45/528) 0.61 18.2 (10/55)
13.0 

(82/629)
0.30

Data are presented as median (interquartile range) or percentage (number).
ACEI: angiotensin-converting enzyme inhibitor; ARB: angiotensin receptor blocker; CABG: coronary artery by-
pass grafting; LMCAD: left main coronary artery disease; LVEF: left ventricular ejection fraction; MI: myocardial 
infarction; PCI: percutaneous coronary intervention; SYNTAX: Synergy between PCI with Taxus and Cardiac 
Surgery; 3VD: three-vessel disease.
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Supplementary Appendix Table 2 | Relative risk of all-cause death at 10 years in different mul-
tivariate models.

 
Model 1

Adjusted HR
(95% CI)

P value
Model 2

Adjusted HR
(95% CI)

P value
Model 3

Adjusted HR
(95% CI)

P value

Low BMI and Low WC
1.65 (1.09-

2.51)
0.019

1.69 (1.11-
2.57)

0.015
1.73 (1.13-

2.67)
0.012

Low BMI and High WC
2.74 (1.12-

6.69)
0.027

2.84 (1.16-
6.94)

0.022
2.74 (1.08-

6.98)
0.034

High BMI and Low 
WC (ref)

1.00 
(reference)

-
1.00 

(reference)
-

1.00 
(reference)

-

High BMI and High 
WC

1.59 (1.11-
2.27)

0.011
1.58 (1.11-

2.26)
0.012

1.60 (1.11-
2.32)

0.013

In the Model 1, adjusted covariates are randomization (PCI or CABG), age, sex, medically treated diabetes, hy-
pertension, dyslipidemia, current smokers, previous myocardial infarction, previous cerebrovascular disease, 
peripheral vascular disease, chronic obstructive pulmonary disease, creatinine clearance (ml/min), hemoglo-
bin (g/dl), left ventricular ejection fraction, clinical presentation (silent ischemia, stable angina or unstable 
angina), achievement of complete revascularization, disease type (LMCAD or 3VD), and anatomical SYNTAX 
score. In the Model 2, adjusted covariates include hemoglobin A1c and C-reactive protein levels on top of ad-
justed covariates of Model 1. In the Model 3, adjusted covariates include optimal medical therapy at discharge 
on top of adjusted covariates of Model 2.
BMI: body mass index; CABG: coronary artery bypass grafting; LMCAD: left main coronary artery disease; PCI: 
percutaneous coronary intervention; WC: waist circumference; 3VD: three-vessel disease.
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ABSTRACT

Background: Clinical and anatomical characteristics are often considered key 

factors in deciding between percutaneous coronary intervention (PCI) or coronary 

artery bypass grafting (CABG) in patients with complex coronary artery disease 

(CAD) such as left-main CAD or 3-vessel disease. However, little is known about the 

interaction between self-reported preprocedural physical/mental health and clinical 

outcomes after revascularization.

Methods: This subgroup analysis of the SYNTAXES trial (SYNTAX Extended Survival), 

which is the extended follow-up of the randomized SYNTAX trial (Synergy Between 

PCI With Taxus and Cardiac Surgery) comparing PCI with CABG in patients with 

left-main CAD or 3-vessel disease, stratified patients by terciles of Physical (PCS) or 

Mental Component Summary (MCS) scores derived from the preprocedural 36-Item 

Short Form Health Survey, with higher PCS and MCS scores representing better 

physical and mental health, respectively. The primary end point was all-cause death 

at 10 years.

Results: A total of 1656 patients with preprocedural 36-Item Short Form Health 

Survey data were included in the present study. Both higher PCS and MCS were 

independently associated with lower 10-year mortality (10-point increase in PCS ad-

justed hazard ratio, 0.84 [95% CI, 0.73–0.97]; P=0.021; in MCS adjusted hazard ratio, 

0.85 [95% CI, 0.76–0.95]; P=0.005). A significant survival benefit with CABG over PCI 

was observed in the highest PCS (>45.5) and MCS (>52.3) terciles with significant 

treatment-by-subgroup interactions (PCS Pinteraction=0.033, MCS Pinteraction=0.015). In 

patients with both high PCS (>45.5) and MCS (>52.3), 10-year mortality was signifi-

cantly higher with PCI compared with CABG (30.5% versus 12.2%; hazard ratio, 2.87 

[95% CI, 1.55–5.30]; P=0.001), whereas among those with low PCS (≤45.5) or low MCS 

(≤52.3), there were no significant differences in 10-year mortality between PCI and 

CABG, resulting in a significant treatment-by-subgroup interaction (Pinteraction=0.002).

Conclusions: Among patients with left-main CAD or 3-vessel disease, patient-

reported preprocedural physical and mental health status was strongly associated 

with long-term mortality and modified the relative treatment effects of PCI versus 

CABG. Patients with the best physical and mental health had better 10-year survival 

with CABG compared with PCI. Assessment of self-reported physical and mental 

health is important when selecting the optimal revascularization strategy.



14
5 
| P

h
ys

ic
al

 a
n

d 
M

en
ta

l 
H

ea
lt

h
 f

or
 R

ev
as

cu
la

ri
za

ti
on

The optimal revascularization strategy for patients with complex coronary artery 

disease (CAD), such as left-main CAD or 3-vessel disease, continues to be a mat-

ter of debate in contemporary clinical practice.1–8 Several clinical and anatomical 

characteristics (eg, age, diabetes, or the anatomical complexity according to the 

SYNTAX (Synergy Between PCI With Taxus and Cardiac Surgery) score have been 

identified as key factors to consider when deciding between percutaneous coronary 

intervention (PCI) or coronary artery bypass grafting (CABG).1,9 Moreover, efforts 

to translate these trials into clinical practice have led to the generation of risk 

models to better guide treatment;10–14 however, these models have failed to include 

a patient’s general health status, which is indicative of their physical and mental 

frailty, and may be an important factor in the treatment benefit with one modality 

of revascularization instead of the other. As indicated by the latest guidelines, those 

risk models that are derived from a few independent variables may not adequately 

reflect a patient’s general condition preprocedure, and thereby potentially overlook 

critical information reported directly by the patient.1,9,15

Assessment of preprocedural physical and mental health enables a compre-

hensive evaluation of a patient’s tolerance to any proposed invasive procedures as 

well as post-procedural treatments including rehabilitation.16–18 Past studies have 

demonstrated that physical limitations or deterioration in mental health are associ-

ated with poorer prognosis in patients with CAD, including those undergoing PCI 

or CABG.19–29 Therefore, these assessments are potentially important when selecting 

the optimal mode of revascularization. Nevertheless, to date, there are no data 

describing the effect of preprocedural physical or mental health on the treatment 

benefit of CABG versus PCI for improving long-term prognosis.

The aim of this substudy of the SYNTAXES study (SYNTAX Extended Survival) was 

to investigate the association between patient-reported preprocedural physical and 

mental health and 10-year all-cause death after PCI or CABG in patients with left-

main CAD or 3-vessel disease, and to assess the interaction between preprocedural 

physical and mental health and the treatment effects of PCI versus CABG.

METHODS

The anonymized data that support the findings of this study are available from the 

corresponding author for reasonable requests.30

SYNTAXES Study
The present study is a non-prespecified post hoc subanalysis of the SYNTAXES study 

(URL: https://www.clinicaltrials. gov; Unique identifier: NCT03417050),5 which was 
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an investigator-driven extended 10-year follow-up of the SYNTAX trial (URL: https://

www.clinicaltrials.gov; SYNTAX Unique identifier: NCT00114972) beyond its original 

planned follow-up of 5 years.30,31 In brief, the SYNTAX trial was a multicenter, ran-

domized controlled trial performed in 85 hospitals across 18 North American and 

European countries. A total of 1800 patients with de novo 3-vessel disease or left-

main CAD, who were deemed eligible for both PCI and CABG on the basis of clinical 

judgment and the consensus of a Heart Team, were enrolled and randomized in a 1:1 

fashion to receive either PCI (n=903) with the Taxus Express paclitaxel-drug-eluting 

stent (Boston Scientific Corporation, Marlborough, MA) or CABG (n=897).

The SYNTAXES study aimed to determine the relative effectiveness of PCI versus 

CABG in terms of the most robust and clinically relevant outcome of all-cause death 

among patients with complex CAD. To accomplish this, follow-up in the SYNTAX 

study needed to be extended to 10 years, because the mean age of the population 

in the SYNTAX study was only 65 years, and thus the overall life expectancy of most 

patients exceeded the planned 5-year follow-up of the original study.30,31

The main result of the SYNTAXES study in terms of vital status up to 10 years has 

recently been reported,5 where all-cause death at 10 years did not differ significantly 

between PCI with first generation drug-eluting stent and CABG. The median dura-

tion of follow-up was 11.2 years (interquartile range, 7.7–12.1 years) overall and 

11.9 years (interquartile range, 11.2–12.3 years) in survivors.5 The SYNTAX trial and 

SYNTAXES study were approved by the ethics committees at each investigating cen-

ter, and all patients provided their written informed consent before participation 

in the SYNTAX trial. Follow-up was performed in accordance with local law and the 

regulations of each participating institution and complied with the Declaration of 

Helsinki.

Baseline Physical and Mental Status
Preprocedural health status was quantified after enrollment in the SYNTAX trial but 

before randomization, using the 36-Item Short Form Health Survey (SF-36).16,17,32,33 

The SF-36 is composed of 8 multi-item scales (36 items) assessing physical function 

(10 items), role limitations caused by physical health problems (4 items), bodily pain 

(2 items), general health (5 items), vitality (4 items), social functioning (2 items), 

role limitations because of emotional problems (3 items), emotional well-being (5 

items), and a general health question.17 These 8 scales can be aggregated into 2 

summary measures: the Physical (PCS: on the basis of physical function, role limi-

tations caused by physical health problems, bodily pain, and general health) and 

Mental (MCS: on the basis of vitality, social functioning, role limitations because 

of emotional problems, and emotional well-being) Component Summary scores.16 

The PCS and MCS scales are scored such that the mean is 50 with a SD of 10 in the 



14
7 
| P

h
ys

ic
al

 a
n

d 
M

en
ta

l 
H

ea
lt

h
 f

or
 R

ev
as

cu
la

ri
za

ti
on

general US population. The component scores are measures of physical and mental 

health status, with higher scores indicating better health (higher physical or mental 

health). Patients who did not have sufficient data to calculate the PCS and MCS 

scales were excluded from the present study.

Study End Points
The primary end point of the present study was all-cause death at 10 years from ran-

domization. Vital status was confirmed using electronic health care record review 

and national death registries.

Statistical Analysis
All analyses were performed in the intention-to-treat population. Patients with 

missing vital status 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 SYNTAXES study with 10-year extended follow-up. Continuous variables are 

expressed as mean ± SD and were compared using the 1-way ANOVA. Categorical 

variables are presented as counts and percentages and are compared using the chi-

square test or Fisher’s exact test as appropriate. A scatter plot was drawn between 

PCS and MCS depicting the linear regression line with the 95% CI, and the Pearson 

correlation was used to quantify the relation between PCS and MCS. The event rates 

were estimated using the Kaplan-Meier method. The cumulative incidence of all-

cause death at 10 years was compared across terciles of PCS and MCS in unadjusted 

and adjusted Cox proportional hazard models. The covariates in the adjusted model 

(model 1) included age, sex, medically treated diabetes, hypertension, dyslipidemia, 

current smoking, previous myocardial infarction, previous cerebrovascular disease, 

peripheral vascular disease, chronic obstructive pulmonary disease, creatinine 

clearance, left ventricular ejection fraction, disease type (left-main CAD or 3-vessel 

disease), and anatomical SYNTAX score, which were selected on the basis of previ-

ous knowledge of the association of these covariables with outcomes.34 In model 

2, baseline PCS or MCS were incorporated as a continuous covariate in addition to 

those of model 1. Furthermore, guideline-directed medical therapy status up to 5 

years with 6 time points (at discharge, 1 month, 6 months, 12 months, 3 years, and 

5 years) was added as a time-dependent covariate into models 1 and 2, producing 

models 3 and 4, respectively.

The mortality hazard ratio for PCI versus CABG was assessed in unadjusted Cox 

proportional hazards models among patients stratified by terciles of PCS or MCS as 

an ordinal variable, with the evaluation of linear treatment-by-subgroup interac-

tions. Furthermore, the differences in the primary end point between PCI and CABG 

were also assessed when stratified by a combination of PCS and MCS, dichotomized 
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as “High” or “Low” according to the highest tercile cutoffs of PCS and MCS (ie, 

patients with the highest tercile score were categorized as “High” in each score). 

In addition, for exploratory purposes, the effects of PCS or MCS on treatment ef-

fects were assessed after stratification by SYNTAX score tercile groups (low: SYNTAX 

score ≤22, moderate: SYNTAX score 23–32, high: SYNTAX score ≥33). As a sensitivity 

analysis, patients were also stratified by quartiles of PCS or MCS.

The association between PCS or MCS and the primary end point was also assessed 

as a continuous variable, using restricted cubic splines derived from the unadjusted 

proportional hazards model either in the PCI or CABG arm.

A 2-sided P value of <0.05 was considered to indicate statistical significance. All 

analyses were performed in SPSS Statistics, version 26 (IBM Corp, Armonk, NY) and 

R software version 3.5.1 (R Foundation for Statistical Computing, Vienna, Austria).

Figure 1 | Flowchart of the present study.
SF-36 indicates 36-Item Short Form Health Survey; and SYNTAX, Synergy Between PCI With Taxus and Cardiac 
Surgery.
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RESULTS

Of 1800 patients enrolled in the SYNTAX study between March 2005 and April 2007, 

144 (8.0%) did not have a PCS and MCS available at baseline and were excluded. 

Consequently, 1656 (92.0%) patients were included in the present study (Figure 1).

PCS and MCS at Baseline
At baseline, the mean values (SDs) of the PCS and MCS were 40.4 (10.1) and 45.2 

(12.2), respectively, and the median values (interquartile ranges) of the PCS and MCS 

were 40.5 (32.8–48.0) and 46.6 (36.4–55.1), respectively. There were 552 patients in 

each tercile with cutoff values for the PCS terciles of ≤35.3 (worst patient-reported 

physical health), >35.3 to ≤45.5 and >45.5 (best patient-reported physical health). 

The terciles for MCS had cutoff values of ≤39.9 (worst patient-reported mental 

health), >39.9 to ≤52.3, and >52.3 (best patient-reported mental health).

The correlation between preprocedural PCS and MCS, and their respective distri-

butions, are shown in Figure 2. There was a weak correlation between PCS and MCS 

with a Pearson r coefficient of 0.19.

Figure 2 | Histograms and correlation between SF-36 Physical and Mental Component Summary 
scores.
There is only a weak correlation (R=0.19) between SF-36 PCS and MCS. Purple line with gray area indicates 
linear regression line with 95% CI. CABG indicates coronary artery bypass graft; MCS, Mental Component Sum-
mary score; PCI, percutaneous coronary in tervention; PCS, Physical Component Summary score; and SF-36, 
36-Item Short Form Health Survey.
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Baseline Characteristics
The baseline characteristics of patients stratified by terciles of preprocedural PCS 

and MCS are presented in Tables 1 and 2, respectively. There were no significant dif-

ferences in baseline age among PCS terciles, whereas patients with higher MCS were 

older. Patients with higher PCS and MCS were less frequently female. Lower PCS was 

associated with a higher European System for Cardiac Operative Risk Evaluation 

Table 1 | Baseline Characteristics Stratified by SF-36 PCS Terciles

 
PCS 1st tercile

PCS ≤35.3
N = 552

PCS 2nd tercile
35.3< PCS ≤45.5

N = 552

PCS 3rd tercile
PCS >45.5
N = 552

P value

Randomization       0.732

• PCI 52.4 (289/552) 50.0 (276/552) 51.4 (284/552)  

• CABG 47.6 (263/552) 50.0 (276/552) 48.6 (268/552)  

Age (year) 65.1±10.4 65.2±9.7 64.5±9.4 0.490

Female 33.2 (183/552) 20.5 (113/552) 13.9 (77/552) <0.001

Diabetes 30.4 (168/552) 24.5 (135/552) 20.1 (111/552) <0.001

Hypertension 67.4 (372/552) 65.4 (361/552) 64.9 (358/552) 0.645

Dyslipidemia 80.3 (437/544) 76.6 (418/546) 77.5 (427/551) 0.292

Current smoking 20.0 (110/550) 18.8 (103/548) 22.5 (124/551) 0.298

Previous MI 34.9 (189/542) 31.5 (172/546) 34.2 (188/549) 0.456

Previous cerebrovascular disease 18.6 (102/548) 13.1 (72/549) 10.5 (58/550) <0.001

Peripheral vascular disease 13.9 (77/552) 8.7 (48/552) 6.9 (38/552) <0.001

COPD 13.4 (74/552) 8.3 (46/552) 3.1 (17/552) <0.001

Creatinine clearance (ml/min) 86.9±34.4 86.6±36.2 86.0±28.5 0.918

EuroSCORE 4.2±2.8 3.8±2.7 3.4±2.4 <0.001

Parsonnet SCORE 9.9±7.5 8.4±6.9 7.1±6.2 <0.001

Disease type       0.832

• 3VD 38.9 (215/552) 40.6 (224/552) 39.1 (216/552)  

• LMCAD 61.1 (337/552) 59.4 (328/552) 60.9 (336/552)  

SYNTAX score 27.8±11.0 29.2±12.1 28.9±11.0 0.085

SYNTAX score tercile       0.372

• Low 34.2 (188/549) 31.4 (172/548) 30.5 (168/551)  

• Intermediate 33.3 (183/549) 33.6 (184/548) 37.7 (208/551)  

• High 32.4 (178/549) 35.0 (192/548) 31.8 (175/551)  

Estimated mortality rate by the 
SYNTAX score II 2020

29.6±21.2 26.0±18.0 24.1±16.2 <0.001

Data are presented as mean±SD or percentage (number). 3VD indicates three vessel disease; CABG, coronary 
artery bypass graft; COPD, chronic obstructive pulmonary disease; EuroSCORE‚ European System for Cardiac 
Operative Risk Evaluation; LMCAD, left-main coronary artery disease; MI, myocardial infarction; PCI, percu-
taneous coronary intervention; PCS, Physical Component Summary score; SF-36, 36-Item Short Form Health 
Survey; and SYNTAX, Synergy Between PCI With Taxus and Cardiac Surgery.
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(EuroSCORE), Parsonnet SCORE, and SYNTAX score II 2020 compared with higher 

PCS, whereas no associations were seen between MCS and these scores. There were 

no significant differences in the anatomical SYNTAX score among terciles of PCS or 

MCS. Other baseline characteristics stratified according to terciles of PCS and MCS 

are presented in Tables S1 and S2, respectively.

Table 2 | Baseline Characteristics Stratified by SF-36 MCS Terciles

 
MCS 1st tercile

MCS ≤39.9
N = 552

MCS 2nd tercile
39.9< MCS ≤52.3

N = 552

MCS 3rd tercile
MCS >52.3

N = 552
P value

Randomization       0.071

• PCI 48.0 (265/552) 54.9 (303/552) 50.9 (281/552)  

• CABG 52.0 (287/552) 45.1 (249/552) 49.1 (271/552)  

Age (year) 63.5±10.1 65.0±9.7 66.2±9.5 <0.001

Female 29.7 (164/552) 22.8 (126/552) 15.0 (83/552) <0.001

Body mass index (kg/m2) 28.1±4.7 28.2±4.8 27.8±4.5 0.314

Diabetes 27.0 (149/552) 26.1 (144/552) 21.9 (121/552) 0.116

Hypertension 65.4 (361/552) 68.1 (376/552) 64.1 (354/552) 0.361

Dyslipidemia 79.1 (428/541) 78.3 (430/549) 77.0 (424/551) 0.682

Current smoking 25.1 (138/550) 19.7 (108/549) 16.5 (91/550) 0.002

Previous MI 38.4 (211/549) 28.5 (155/544) 33.6 (183/544) 0.002

Previous cerebrovascular disease 15.6 (86/551) 14.8 (81/547) 11.8 (65/549) 0.167

Peripheral vascular disease 11.6 (64/552) 9.6 (53/552) 8.3 (46/552) 0.186

COPD 11.4 (63/552) 7.8 (43/552) 5.6 (31/552) 0.002

Creatinine clearance (ml/min) 88.1±34.3 86.4±31.7 84.9±33.4 0.304

EuroSCORE 3.8±2.7 3.7±2.6 3.8±2.6 0.815

Parsonnet SCORE 8.5±6.5 8.4±7.2 8.5±7.1 0.954

Disease type       0.968

• 3VD 39.1 (216/552) 39.7 (219/552) 39.9 (220/552)  

• LMCAD 60.9 (336/552) 60.3 (333/552) 60.1 (332/552)  

SYNTAX score 28.5±11.8 28.3±11.2 29.0±11.1 0.545

SYNTAX score tercile       0.491

• Low 33.3 (183/550) 32.5 (179/550) 30.3 (166/548)  

• Intermediate 32.2 (177/550) 35.3 (194/550) 37.2 (204/548)  

• High 34.5 (190/550) 32.2 (177/550) 32.5 (178/548)  

Estimated mortality rate by the 
SYNTAX score II 2020

26.4±19.6 26.5±18.2 26.8±18.3 0.937

Data are presented as mean±SD or percentage (number). 3VD indicates three vessel disease; CABG, coronary ar-
tery bypass graft; COPD, chronic obstructive pulmonary disease; EuroSCORE‚ European System for Cardiac Op-
erative Risk Evaluation; LMCAD, left-main coronary artery disease; MCS, Mental Component Summary score; 
MI, myocardial infarction; PCI, percutaneous coronary intervention; SF-36, 36-Item Short Form Health Survey; 
and SYNTAX, Synergy Between PCI With Taxus and Cardiac Surgery.
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The comparison of baseline characteristics between terciles of PCS and MCS 

according to assigned treatment (PCI or CABG) are shown in Tables S3 and S4, re-

spectively, with most baseline variables well balanced between the 2 randomized 

groups.

Ten-Year Mortality According to PCS or MCS
Five patients from 2 centers were censored at 5 years because those centers elected 

not to participate in the SYNTAXES study with extended follow-up beyond 5 years. In 

addition, 90 patients had missing data on their vital status at 10 years. Hence, 1561 

(94.3%) out of 1656 patients had complete data on vital status at 10 years.

At 10 years, crude all-cause death was significantly higher in patients with the 

lowest tercile of PCS (≤35.3) compared with those in the highest tercile (>45.5; 33.0% 

versus 21.9%; unadjusted hazard ratio [HR], 1.67 [95% CI, 1.32–2.11; P<0.001), whereas 

no significant difference was seen between the middle (>35.3–≤45.5) and highest 

(>45.5) terciles (23.9% versus 21.9%; unadjusted HR, 1.11 [95% CI, 0.86–1.42]; P=0.435, 

Figure 3, Table 3). The risk difference between the lowest and highest tercile groups 

was no longer significant after adjusting for potential confounders, with or without 

MCS (Table 3).

As a continuous variable, higher PCS was independently associated with lower 

all-cause death at 10 years (per 10-point increase in PCS: unadjusted HR, 0.79 [95% CI, 

0.72–0.87]; P<0.001; adjusted model 1: HR, 0.82 [95% CI, 0.71–0.95]; P=0.006; adjusted 

model 2, HR, 0.84 [95% CI, 0.73–0.97]; P=0.021, Table 3). 

Patients with the lowest tercile of MCS (≤39.9) had a significantly higher crude 

risk of all-cause death at 10 years compared with those with the highest tercile of MCS 

(>52.3; 31.1% versus 22.6%; unadjusted HR, 1.45 [95% CI, 1.15–1.83]; P=0.002), with 

no significant difference observed between the middle (>39.9–≤52.3) and highest 

(>52.3) terciles (25.1% versus 22.6%; unadjusted HR, 1.10 [95% CI, 0.86–1.41]; P=0.451, 

Figure 3, Table 3). The risk difference between the lowest and highest tercile groups 

remained significant in adjusted model 1 (HR, 1.72 [95% CI, 1.24–2.39]; P=0.001) and 

model 2, after adding continuous PCS (HR, 1.62 [95% CI, 1.17–2.26]; P=0.004, Table 3).

As a continuous variable, higher MCS was independently associated with lower 

all-cause death at 10 years (per 10-point increase in MCS, unadjusted HR, 0.88 [95% 

CI, 0.81–0.95]; P=0.001; adjusted model 1: HR, 0.84 [95% CI, 0.75–0.93]; P=0.002; 

adjusted model 2: HR, 0.85 [95% CI, 0.76–0.95]; P=0.005, Table 3).

Even after including guideline-directed medical therapy status during follow-up, 

both higher PCS and MCS were still independently associated with lower all-cause 

death at 10 years (Table S5).
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When stratified by SYNTAX score tercile, the tendencies for lower 10-year mor-

tality with higher PCS or MCS were observed across the SYNTAX score subgroups 

(Table S6).

Figure 3 | Kaplan-Meier curves of patients who underwent percutaneous coronary intervention 
or coronary artery bypass graft stratified by tercile of SF-36 PCS or MCS.
When stratified by terciles of SF-36 PCS, the lowest tercile (PCS ≤35.3) had a significantly higher crude mor-
tality risk at 10 years than the second or third terciles. Similarly, when stratified by tercile of SF-36 MCS, the 
lowest tercile (MCS ≤39.9) had a significantly higher crude mortality risk at 10 years than the second or third 
terciles. MCS indicates Mental Component Summary score; PCS, Physical Component Summary score; and SF-
36, 36-Item Short Form Health Survey.
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Relative Treatment Effects of PCI Over CABG in Subgroups 
Stratified by PCS or MCS
There was a significant treatment-by-subgroup interaction between revasculariza-

tion mode and PCS terciles (Pinteraction=0.033). PCI had a significantly higher all-cause 

death at 10 years compared with CABG in the highest PCS tercile group (PCS >45.5, 

27.3% versus 16.2%; HR, 1.82 [95% CI, 1.25–2.66]; P=0.002), whereas the beneficial 

effects of CABG over PCI were not observed in the lower 2 PCS terciles (Figure 4, 

Figure S1).

Similarly, there was a significant treatment-by-subgroup interaction between 

revascularization methods and MCS terciles (Pinteraction=0.015). In the highest tercile of 

MCS (>52.3), PCI was associated with a significantly higher 10-year mortality com-

pared with CABG (27.8% versus 17.4%; HR, 1.69 [95% CI, 1.17–2.44]; P=0.005), whereas 

in the lowest and middle MCS terciles, 10-year mortality did not differ significantly 

between PCI and CABG (Figure 4, Figure S1).

When combining PCS and MCS using their highest tercile cutoffs (PCS >45.5 

and MCS >52.3), 10-year mortality was significantly higher with PCI over CABG in 

patients having high PCS and MCS (30.5% versus 12.2%; HR, 2.87 [95% CI, 1.55–5.30]; 

P=0.001), whereas there were no significant differences in 10-year mortality between 

Table 3 | Risk Differences of SF-36 PCS or MCS on All-Cause Mortality at 10 Years

All-cause death at 10 
years

Unadjusted Adjusted model 1 Adjusted model 2

HR (95% CI)
P 

value
HR (95% CI)

P 
value

HR (95% CI)
P 

value

PCS

PCS Continuous (per 10) 0.79 (0.72-0.87) <0.001 0.82 (0.71-0.95) 0.006 0.84 (0.73-0.97) 0.021

PCS Terciles            

1st Tercile (≤35.3) 1.67 (1.32-2.11) <0.001 1.39 (1.00-1.93) 0.051 1.27 (0.91-1.78) 0.156

2nd Tercile (>35.3, ≤45.5) 1.11 (0.86-1.42) 0.435 1.01 (0.72-1.41) 0.958 0.95 (0.68-1.32) 0.742

3rd Tercile (>45.5) Reference Reference Reference

MCS

MCS Continuous (per 10) 0.88 (0.81-0.95) 0.001 0.84 (0.75-0.93) 0.002 0.85 (0.76-0.95) 0.005

MCS Terciles            

1st Tercile (≤39.9) 1.45 (1.15-1.83) 0.002 1.72 (1.24-2.39) 0.001 1.62 (1.17-2.26) 0.004

2nd Tercile (>39.9, ≤52.3) 1.10 (0.86-1.41) 0.451 1.18 (0.85-1.65) 0.324 1.16 (0.83-1.63) 0.377

3rd Tercile (>52.3) Reference Reference Reference

In model 1, adjusted covariates include age, sex, body mass index, medically treated diabetes, hypertension, 
dyslipidemia, current smoker, previous history of myocardial infarction, previous history of cerebrovascular 
disease, peripheral vascular disease, chronic obstructive pulmonary disease, creatinine clearance, left ventricu-
lar ejection fraction, left-main coronary artery disease involved, and anatomical SYNTAX (Synergy Between 
PCI With Taxus and Cardiac Surgery) score. In model 2, adjusted covariates include baseline PCS (for MCS) or 
MCS (for PCS) in addition to those of model 1. MCS indicates Mental Component Summary score; PCS, Physical 
Component Summary score; and SF-36, 36-Item Short Form Health Survey.
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the 2 revascularization strategies among those with low PCS or low MCS, demon-

strating a significant treatment-by-subgroup interaction (Pinteraction=0.002, Figures 4 

and 5).

When further stratified by SYNTAX score tercile, no significant interaction on 

all-cause death at 10 years was observed among revascularization strategies, PCS/

MCS subgroups, and SYNTAX score tercile (Figure 6).

Sensitivity Analysis
As a sensitivity analysis, patients were stratified by quartiles of PCS or MCS (Figures 

S2 and S3). In line with the stratification by the terciles, significant treatment-by-

subgroup interactions were observed in PCS (Pinteraction=0.042) and MCS (Pinteraction=0.007), 

where higher quartile groups were associated with a significantly higher mortality 

at 10 years with PCI than with CABG (Figure S3).

Interactions Between Revascularization Strategies and 
Continuous PCS or MCS
The restricted cubic spline curves of HRs at 10 years for PCI and CABG are presented 

in Figure 7 and suggest that higher PCS and MCS were associated with a higher 

hazard risk of all-cause death at 10 years with PCI compared with CABG. The P 

values for the difference between the 2 restricted cubic spline models were 0.065 for 

PCS and 0.060 for MCS using an omnibus test (chi-square test). As a simple straight 

Figure 4 | Ten-year all-cause mortality after PCI or CABG stratified by terciles of SF-36 PCS, MCS, 
or both.
The figure presents comparison between PCI and CABG in terms of all-cause death at 10 years stratified by 
terciles of SF-36 PCS, MCS, or both. In the highest tercile of PCS (>45.5), MCS (>52.3), or both (PCS>45.5 and 
MCS>52.3), all-cause mortality at 10 years was significantly lower with CABG than in PCI, whereas the ben-
eficial effect of CABG over PCI was not observed in the other groups with lower PCS or MCS, with statistically 
significant treatment-by-subgroup interactions. CABG indicates coronary artery bypass graft; HR, hazard ratio; 
MCS, Mental Component Summary score; PCI, percutaneous coronary intervention; PCS, Physical Component 
Summary score; and SF-36, 36-Item Short Form Health Survey.
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Figure 6 | HRs for all-cause mortality over 10 years after PCI or CABG stratified by terciles of SF-36 
PCS, MCS, or both of them, across the SYNTAX score tercile subgroups.
The figure shows comparisons between PCI and CABG in terms of all-cause death at 10 years stratified by 
SF-36 PCS/MCS groups and the SYNTAX score tercile groups (≤22, 23–32, or ≥33). The plots show HRs for PCI 
over CABG with 95% CI in each subgroup. *P values for interactions suggest 3-way interactions (ie, randomized 
revascularization strategies×PCS/MCS groups×SYNTAX score tercile groups). As suggested by the negative P val-
ues for interactions, there is no significant additional effect modification by the SYNTAX score tercile groups. 
CABG indicates coronary artery bypass graft; HR, hazard ratio; MCS, Mental Component Summary score; PCI, 
percutaneous coronary intervention; PCS, Physical Component Summary score; SF-36, 36-Item Short Form 
Health Survey; and SYNTAX, Synergy Between PCI With Taxus and Cardiac Surgery.
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line (single slope term), there was a statistically significant treatment-by-subgroup 

interaction between continuous MCS and the mortality HR for PCI versus CABG 

(Pinteraction=0.023), in which higher MCS was associated with a higher HR of all-cause 

death at 10 years with PCI compared with CABG, whereas there was no significant 

treatment-by-subgroup interaction with continuous PCS (Pinteraction=0.152).
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Figure 7 | HRs for all-cause mortality at 10 years after PCI or CABG according to (A) SF-36 PCS or 
(B) MCS.
The difference in all-cause mortality HRs between PCI and CABG at a given level of SF-36 MCS or PCS appears 
to increase as these scores increase. The reference (ie, HR, 1) is the risk on the median value of SF-36 PCS (40.5) 
or MCS (46.6) in the CABG arm. P values for interactions are calculated in the Cox regression models including 
treatment strategy and continuous scores. CABG indicates coronary artery bypass graft; HR, hazard ratio; PCI, 
percutaneous coronary intervention; and SF-36, 36-Item Short Form Health Survey.
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DISCUSSION

In this study, we explored patients’ overall physical and mental functioning, as 

assessed by the SF-36, and found that baseline health status was associated with 

both survival and treatment benefit with CABG over PCI. Specifically, we found 

that patients with higher PCS and MCS scores had better survival, with the survival 

benefits of CABG greater in those with better baseline function. These data sug-

gest that baseline health status can not only be an important means of estimating 

patients’ long-term prognosis but can also help guide their optimal treatment 

strategy. Although the restricted cubic spline curves enabled presentation of the full 

effects of PCS and MCS on the relative treatment effect between PCI and CABG, our 

results stratified by terciles of PCS and MCS suggest that suitable cutoff values of 

preprocedural PCS and MCS to select an optimal revascularization strategy are 45.5 

and 52.3, respectively.

SF-36 Physical and Mental Component Summary Scores
The SF-36 is one of the most widely validated and used questionnaires to assess 

the health status of patients with CAD.15,35 In our study, the mean values of the 

PCS and MCS were 40.4 and 45.2, respectively, which are comparable with previous 

reports in patients with CAD.36 Although a weak correlation was observed between 

PCS and MCS (r=0.19, Figure 2),16 their associations with baseline characteristics 

were different. It is interesting that older patients had better preprocedural mental 

health compared with younger patients, whereas preprocedural physical health was 

unrelated to age (Tables 1 and 2), potentially suggesting that older patients are more 

comfortable with physical limitations than younger ones. Of note, the EuroSCORE, 

Parsonnet SCORE, and the novel SYNTAX score II 2020 were significantly higher in 

the lowest tercile group of PCS (≤39.9), whereas these scores did not differ among 

the MCS tercile groups (Tables 1 and 2). These findings indicate that traditional 

clinical factors such as age or comorbidities, quantified by the aforementioned 

risk scores, do not necessarily correlate with a patient’s self-reported health status, 

especially their mental health.21 In fact, our study demonstrated that both MCS and 

PCS were independent predictors of all-cause death at 10 years, but MCS was more 

independently relevant than PCS even after adjusting for any potential confounders 

(Table 3 and Table S5).

Physical or Mental Health Status and 10-Year Mortality After PCI 
or CABG
In the current study, the risk of 10-year all-cause death was significantly lower with 

CABG compared with PCI in patients with higher preprocedural PCS or MCS as both 
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categorical and continuous variables (Figures 4, 5, and 7). Because of the post hoc 

nature of our study, it may be difficult to establish a causal relationship, which 

nevertheless is likely to be multifactorial.37 It may be that the stress of CABG is 

harder to endure in patients with lower baseline health status, whereas those with 

better baseline health status are more likely to survive the procedure, actively par-

ticipate in cardiac rehabilitation, comply with secondary preventative medications, 

and permanently adopt lifestyle changes so they gain the full benefits of CABG. In 

fact, our study demonstrated that with CABG, the mortality risk decreased linearly 

with increases in both scores, whereas with PCI, as a function of increasing scores, 

the spline curves are almost flat for MCS and U-shaped for PCS (Figure 7), suggesting 

that preprocedural physical and mental health have a greater effect on mortality 

after CABG than PCI.

Good preprocedural physical and mental health is required for patients undergo-

ing CABG, who not only have to recover from surgery but also have to adequately 

adhere to the rehabilitation process,18,38 and in those patients, CABG may be a better 

modality of revascularization than PCI to improve long-term prognosis. In other 

words, among patients with complex CAD, moderately/severely impaired physical 

or mental health may correlate with frailty, which is known to have an adverse 

effect on outcomes after CABG, and therefore, in these patients, PCI may be a good 

alternative to CABG. In this regard, it is also of genuine interest whether optimiza-

tion of physical or mental health before any invasive procedures, particularly CABG, 

can improve clinical outcomes or change the relative treatment effect between PCI 

and CABG. Further studies are warranted to clarify the extent of the relationship 

between preprocedural physical/mental health and long-term mortality, with or 

without preprocedural interventions, such as pre-operative physiotherapy or psy-

chological interventions.39–41

Clinical Implications for Personalized Care
Recently the SYNTAX score II has been re-developed to create the SYNTAX score II 

2020, with the variables current smoking and diabetes now included and sex ex-

cluded.10 Validation has confirmed its improved discriminative ability in predicting 

10-year mortality and 5-year major adverse cardiac or cerebrovascular events, which 

ultimately can assist the Heart Team in predicting the individualized treatment ben-

efit of CABG over PCI.10 Given that in our study, both PCS and MCS were associated 

with a differential relative treatment effect between PCI and CABG, it may be prudent 

to consider incorporating these scales into an updated risk model.6,7 Objective risk 

scores enable us to calculate the assumed risk-benefit of each treatment strategy on 

the basis of only a few select variables, making them on the one hand practical and 

advantageous in stratifying patients easily; however, on the other hand, they may 
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not be able to fully reflect a patient’s general health status, including their frailty, 

which cannot be easily quantified.42

In contrast, self-reports from patients reflect a more narrative and comprehen-

sive assessment of the patients’ health status, including their personal psychological 

traits or backgrounds in addition to their comorbidities. Therefore, together with 

objective risk scores, these patient self-assessments should be shared with the Heart 

Team to facilitate a holistic understanding of the individual patient, facilitating the 

selection of a personalized treatment strategy not only for the index treatment but 

also for additional interventions during the follow-up phase.15

Limitations
The present study has several strengths, including a prospective “all-comers” design 

with minimal exclusion criteria,30 the high number of complete SF-36 summary 

scores at baseline (92.0%),32 and the high follow-up rate of 94.3% for 10-year vital 

status (1561 out of 1656 patients).5

There are also several limitations that warrant discussion. First, our study is a 

post hoc analysis of a randomized controlled trial, and there was no formal control 

of Type 1 and Type 2 errors; as such, the results should be regarded as hypothesis-

generating only. The tercile stratification of PCS and MCS was not prespecified; 

therefore, we conducted a sensitivity analysis with stratification of PCS and MCS by 

quartiles, which confirmed the consistency of our results (Figures S2 and S3). Sec-

ond, there may be unmeasured confounding factors that affected both the summary 

scores and the mortality risks. However, it should be emphasized that regardless of 

what factors underlie the differences in baseline PCS or MCS among patients, PCS 

and MCS can easily be measured and can be used as holistic measures of a patient’s 

overall physical and mental health, which can help identify patients with complex 

CAD who will derive a survival benefit from CABG versus PCI. In this context, PCS 

and MCS derived from the SF-12, a shortened version of the SF-36, may be useful to 

assess the condition more easily.43 Third, the SYNTAX trial was conducted between 

2005 and 2007 with the universal use of first-generation paclitaxel-drug-eluting 

stent for treatment with PCI. The technological improvements of PCI devices as well 

as medical treatment strategies may limit the generalizability of our findings to cur-

rent practice. It is, however, unavoidable that the findings from long-term follow-up 

data are based on outdated technology, whereas the evidence for contemporary 

technology can be derived only from short-term follow-up studies. Last, the end 

point in the SYNTAXES study was all-cause death only.
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CONCLUSIONS

Among patients with 3-vessel or left-main CAD undergoing revascularization by 

either CABG or PCI, patient-reported preprocedural physical and mental health had 

a significant effect on 10-year mortality, and modified the long-term mortality ben-

efit of CABG such that patients with the best physical or mental health had better 

survival with CABG compared with PCI. These findings suggest that assessment of 

patient-reported physical and mental health before revascularization for complex 

CAD may play an important role in selecting the optimal revascularization strategy.
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SUPPLEMENTARY APPENDIX

Table S1 | Baseline characteristics according to the SF-36 PCS terciles

 
PCS 1st tercile

PCS ≤35.3
N = 552

PCS 2nd tercile
35.3< PCS ≤45.5

N = 552

PCS 3rd tercile
PCS >45.5
N = 552

P value

Body mass index (kg/m2) 29.0±5.2 28.0±4.6 27.1±3.9 <0.001

Diabetes on insulin 12.9 (71/552) 8.0 (44/552) 9.1 (50/552) 0.017

Previous stroke 6.0 (33/547) 4.4 (24/549) 2.5 (14/550) 0.018

Previous TIA 5.7 (31/547) 4.0 (22/548) 4.7 (26/551) 0.439

Previous carotid artery disease 10.5 (58/552) 8.2 (45/552) 5.6 (31/552) 0.012

Chronic kidney disease 22.4 (113/504) 16.7 (84/502) 18.0 (94/521) 0.055

LVEF (%) 56.9±13.1 58.7±13.2 59.7±12.5 0.017

Congestive heart failure 8.5 (46/539) 3.3 (18/547) 2.7 (15/548) <0.001

Clinical presentation       <0.001

• Silent ischemia 10.3 (57/552) 11.2 (62/552) 21.9 (121/552)  

• Stable angina 60.9 (336/552) 57.4 (317/552) 52.4 (289/552)  

• Unstable angina 28.8 (159/552) 31.3 (173/552) 25.7 (142/552)  

Disease type       0.565

• LMCAD only 5.3 (29/552) 6.2 (34/552) 3.3 (18/552)  

• LMCAD+1VD 8.3 (46/552) 7.1 (39/552) 7.8 (43/552)  

• LMCAD+2VD 12.5 (69/552) 11.6 (64/552) 13.0 (72/552)  

• LMCAD+3VD 12.9 (71/552) 15.8 (87/552) 15.0 (83/552)  

• 2VD (No LMCAD) 1.8 (10/552) 1.6 (9/552) 2.4 (13/552)  

• 3VD (No LMCAD) 59.2 (327/552) 57.8 (319/552) 58.5 (323/552)  

Number of lesions 4.1±1.8 4.4±1.9 4.4±1.7 0.008

Any total occlusion 24.5 (134/548) 23.6 (129/547) 22.3 (123/551) 0.704

Any bifurcation 72.6 (398/548) 69.7 (381/547) 75.1 (414/551) 0.126

Number of stents 4.5±2.3 4.5±2.3 4.8±2.2 0.230

Total stent length per patient 81.6±48.5 83.8±47.5 89.8±47.5 0.114

Off pump CABG 16.2 (41/253) 15.7 (42/267) 13.2 (35/266) 0.575

Number of total conduits 2.7±0.7 2.8±0.8 2.8±0.7 0.722

• Number of arterial conduits 1.3±0.7 1.4±0.6 1.5±0.7 0.001

• Number of venous conduits 1.4±0.9 1.4±0.9 1.3±0.9 0.130

Complete revascularization 61.5 (334/543) 58.9 (319/542) 59.6 (325/545) 0.656

Medication at discharge        

• Any antiplatelet therapy        

- Aspirin 92.7 (492/531) 93.7 (503/537) 94.7 (514/543) 0.403

- Thienopyridine 62.9 (334/531) 59.6 (320/537) 58.4 (317/543) 0.294

• Statin 83.2 (442/531) 81.2 (436/537) 83.1 (451/543) 0.621

• Beta blocker 78.0 (414/531) 80.3 (431/537) 85.5 (464/543) 0.006
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Table S2 | Baseline characteristics according to the SF-36 MCS terciles

 
MCS 1st tercile

MCS ≤39.9
N = 552

MCS 2nd tercile
39.9< MCS ≤52.3

N = 552

MCS 3rd tercile
MCS >52.3

N = 552
P value

Body mass index (kg/m2) 28.1±4.7 28.2±4.8 27.8±4.5 0.314

Diabetes on insulin 12.1 (67/552) 9.2 (51/552) 8.5 (47/552) 0.104

Previous stroke 4.9 (27/552) 4.7 (26/548) 3.3 (18/546) 0.357

Previous TIA 4.7 (26/550) 5.9 (32/547) 3.8 (21/549) 0.291

Previous carotid artery disease 8.3 (46/552) 8.2 (45/552) 7.8 (43/552) 0.945

Chronic kidney disease 18.8 (95/504) 18.6 (95/510) 19.7 (101/513) 0.901

LVEF (%) 57.6±13.5 58.8±12.9 59.1±12.5 0.314

Congestive heart failure 6.3 (34/544) 4.9 (27/547) 3.3 (18/543) 0.078

Clinical presentation       0.359

• Silent ischemia 12.3 (68/552) 14.7 (81/552) 16.5 (91/552) 0.143

• Stable angina 58.0 (320/552) 57.8 (319/552) 54.9 (303/552) 0.511

• Unstable angina 29.7 (164/552) 27.5 (152/552) 28.6 (158/552) 0.727

Disease type       0.571

• LMCAD only 5.8 (32/552) 4.7 (26/552) 4.2 (23/552)  

• LMCAD+1VD 8.7 (48/552) 7.8 (43/552) 6.7 (37/552)  

• LMCAD+2VD 12.7 (70/552) 11.4 (63/552) 13.0 (72/552)  

• LMCAD+3VD 12.0 (66/552) 15.8 (87/552) 15.9 (88/552)  

• 2VD (No LMCAD) 1.4 (8/552) 2.2 (12/552) 2.2 (12/552)  

• 3VD (No LMCAD) 59.4 (328/552) 58.2 (321/552) 58.0 (320/552)  

Number of lesions 4.3±1.8 4.3±1.8 4.4±1.8 0.375

Any total occlusion 25.5 (140/549) 23.5 (129/550) 21.4 (117/547) 0.275

Any bifurcation 71.8 (394/549) 71.6 (394/550) 74.0 (405/547) 0.605

Number of stents 4.4±2.3 4.6±2.2 4.7±2.3 0.408

Table S1 | Baseline characteristics according to the SF-36 PCS terciles (continued)

 
PCS 1st tercile

PCS ≤35.3
N = 552

PCS 2nd tercile
35.3< PCS ≤45.5

N = 552

PCS 3rd tercile
PCS >45.5
N = 552

P value

• ACEI 53.1 (282/531) 49.7 (267/537) 49.5 (269/543) 0.422

• ARB 12.1 (64/531) 9.1 (49/537) 8.8 (48/543) 0.153

PCS 29.1±4.6 40.4±3.0 51.7±4.4 <0.001

MCS 42.0±13.3 45.0±11.6 48.7±10.7 <0.001

Data are presented as mean ± standard deviation or percentage (number).
SF-36: 36-Item Short Form Health Survey; PCS: physical component summary score; MCS: mental component 
summary score; PCI: percutaneous coronary intervention; CABG: coronary artery bypass graft; MI: myocardial 
infarction; LVEF: left ventricular ejection fraction; LMCAD: left main coronary artery disease; 3VD: three ves-
sel disease; 2VD: two vessel disease; SYNTAX: Synergy between PCI with Taxus and Cardiac Surgery; ACEI: 
angiotensin-converting-enzyme inhibitors; ARB: angiotensin II receptor blocker.
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Table S2 | Baseline characteristics according to the SF-36 MCS terciles (continued)

 
MCS 1st tercile

MCS ≤39.9
N = 552

MCS 2nd tercile
39.9< MCS ≤52.3

N = 552

MCS 3rd tercile
MCS >52.3

N = 552
P value

Total stent length per patient 82.5±48.8 84.0±46.1 88.5±49.0 0.314

Off pump CABG 13.6 (38/279) 18.5 (45/243) 13.3 (35/264) 0.182

Number of total conduits 2.7±0.7 2.8±0.8 2.8±0.7 0.881

• Number of arterial conduits 1.4±0.6 1.4±0.7 1.4±0.6 0.354

• Number of venous conduits 1.4±0.9 1.4±0.9 1.3±0.9 0.657

Complete revascularization 57.2 (311/544) 62.7 (340/542) 60.1 (327/544) 0.174

Medication at discharge        

• Any antiplatelet therapy        

- Aspirin 93.0 (494/531) 93.3 (504/540) 94.6 (511/540) 0.520

- Thienopyridine 58.8 (312/531) 62.6 (338/540) 59.4 (321/540) 0.391

• Statin 83.1 (441/531) 82.4 (445/540) 82.0 (443/540) 0.907

• Beta blocker 80.4 (427/531) 82.8 (447/540) 80.6 (435/540) 0.537

• ACEI 53.7 (285/531) 48.7 (263/540) 50.0 (270/540) 0.242

• ARB 8.5 (45/531) 10.7 (58/540) 10.7 (58/540) 0.362

PCS 37.6±9.4 41.0±9.6 42.6±10.6 <0.001

MCS 31.1±6.7 46.3±3.5 58.3±4.0 <0.001

Data are presented as mean ± standard deviation or percentage (number).
Abbreviations as in Table S1.
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Table S5 | Risk differences of SF-36 PCS or MCS on all-cause mortality at 10 years, including the 
GDMT status up to 5 years as a time-dependent covariate.

All-cause death at 10 years
Adjusted model 3 Adjusted model 4

HR (95% CI) P value HR (95% CI) P value

Physical Summary score

PCS Continuous (per 10) 0.81 (0.69-0.94) 0.005 0.83 (0.71-0.96) 0.014

PCS Terciles        

1st Tercile (≤35.3) 1.41 (1.00-2.01) 0.052 1.31 (0.92-1.87) 0.133

2nd Tercile (>35.3-≤45.5) 1.02 (0.72-1.45) 0.910 0.96 (0.68-1.38) 0.843

3rd Tercile (>45.5) Reference Reference

Mental Summary score

MCS Continuous (per 10) 0.86 (0.76-0.96) 0.008 0.88 (0.78-0.98) 0.026

MCS Terciles        

1st Tercile (≤39.9) 1.66 (1.18-2.33) 0.004 1.54 (1.09-2.19) 0.014

2nd Tercile (>39.9-≤52.3) 1.13 (0.79-1.61) 0.509 1.11 (0.78-1.58) 0.568

3rd Tercile (>52.3) Reference Reference

In the model 3, adjusted covariates include age, sex, body mass index, medically treated diabetes, hyperten-
sion, dyslipidemia, current smoker, previous history of myocardial infarction, previous history of cerebrovas-
cular disease, peripheral vascular disease, chronic obstructive pulmonary disease, creatinine clearance, left 
ventricular ejection fraction, left-main coronary artery disease involved, anatomical SYNTAX score, and GDMT 
status as a time-dependent covariate collected at 6 timepoints (at discharge, 1 month, 6 months, 12 months, 
3 years, and 5 years). 
In the model 4, adjusted covariates include baseline PCS (for MCS) or MCS (for PCS) in addition to those of 
model 3.
GDMT: guideline-directed medical therapy; CI: confidence interval; Other abbreviations as in Table S1.
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Figure S1 | Kaplan-Meier curves for all-cause mortality up to 10 years between PCI and CABG 
when stratified by tercile of SF-36 PCS or MCS
When stratified by terciles of PCS or MCS, the significant survival benefit of CABG over PCI was observed in 
patients with the highest terciles of PCS or MCS.
SF-36: 36-Item Short Form Health Survey; PCS: Physical Component Summary score; MCS: Mental Component 
Summary score; PCI: percutaneous coronary intervention; CABG: coronary artery bypass graft.
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Figure S2 | Cumulative incidence of all-cause mortality up to 10 years after revascularization 
stratified by quartile of SF-36 PCS or MCS
When stratified by quartile of SF-36 PCS, the lowest quartile (PCS ≤32.8) had a significantly higher crude 
mortality risk at 10 years than the second, third, or fourth quartiles. Similarly, when stratified by tercile of 
SF-36 MCS, the lowest quartile (MCS ≤36.4) had a significantly higher crude mortality risk at 10 years than the 
second, third, or fourth quartiles.
Abbreviations as in Figure S1.



18
0 
| C

h
ap

te
r 

5

Figure S3 | Sensitivity analysis with stratified by quartile of SF-36 PCS or MCS
The sensitivity analysis with stratification by quartiles of SF-36 PCS and MCS showed the consistent results. 
All-cause mortality at 10 years was significantly lower in CABG than in PCI among patients with the highest 
quartile of PCS (>48.0) or MCS (>55.1), whereas the beneficial effect of CABG over PCI was not observed in the 
other groups with lower PCS or MCS, with statistically significant treatment-by-subgroup interactions. 
Abbreviations as in Figure S1.
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ABSTRACT

Intravascular ultrasound (IVUS) and optical coherence tomography (OCT) have been 

developed and improved as both diagnostic and guidance tools for interventional 

procedures over the past three decades. IVUS has a resolution of 100 μm with a 

high tissue penetration and capability of assessing the entire structure of a coronary 

artery including the external elastic membrane, whereas OCT has a higher resolu-

tion of 10–20 μm to assess endoluminal structures with a limited tissue penetration 

compared to IVUS. Recently, two companies, CONAVI and TERUMO, integrated IVUS 

and OCT into a single catheter system. With their inherent strength and limitations, 

the combined IVUS and OCT probes are complementary and work synergistically to 

enable a comprehensive depiction of coronary artery. In this review, we summarize 

the performance of the two intracoronary imaging modalities—IVUS and OCT—and 

discuss the expected potential of the novel hybrid IVUS–OCT catheter system in the 

clinical field.
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INTRODUCTION

History of Intracoronary Imaging Modalities
The history of percutaneous coronary intervention (PCI) started with the first coro-

nary balloon angioplasty performed by Andreas Grüntzig in 19771. In parallel with 

the remarkable evolution of PCI and the development of drug-eluting stents (DESs), 

the performance of intravascular imaging devices has been also improved. Figure 1 

summarizes the history of both interventional cardiology and intravascular imaging 

devices. Intravascular ultrasound (IVUS), as the first intravascular imaging device, 

was introduced by Yock et al. in the 1980s2. Optical coherence tomography (OCT) 

was introduced a few years later in the 1990s3,4. Although the two devices have the 

same basic principles and visualize the intracoronary structures by reconstructing 

images from signal waves scattered back from the vessel wall to the catheter, the 

utilized signals are different: ultrasound (wavelength 40–50 μm) in IVUS and low-

coherence light (wavelength 1.3 μm) in OCT5,6. The two modalities of imaging have 

advantages and disadvantages, which are described in the next chapter.

In 1999, the first DES was introduced that lowered the rate of in-stent reste-

nosis compared to bare-metal stents (BMSs)7–11. In the new era of DESs, not only 

simple lesions but also more complex lesions were treated by PCI; in this setting, 

intravascular imaging has played an important role as a clinical support tool for 

planning and assessing the final results of PCI12,13. In the IVUS-XPL trial, Hong et al. 

demonstrated that usage of IVUS significantly reduced 1- and 5-year major adverse 

cardiac events (MACE; cardiac death, target vessel myocardial infarction [MI], or 

ischemic-driven target lesion revascularization) in patients with long lesions im-

planted with second-generation DES, which proved the efficacy and safety of the 

usage of IVUS in complex PCI14,15. Moreover, Zhang et al. reported that IVUS-guided 

DES implantation significantly reduced target-vessel failure (TVF: cardiac death, 

target-vessel MI, or ischemic-driven target vessel revascularization) at 12 months 

compared to angiography-guided DES implantation in the ULTIMATE (Intravascular 

Ultrasound Guided Drug Eluting Stents Implantation in “All-Comers” Coronary Le-

sions) randomized controlled trial16. Those results support the use of IVUS as a PCI 

guidance tool in the contemporary PCI era.

In addition to conventional gray-scale IVUS assessment, analysis of the raw 

backscattered IVUS radiofrequency (RF) data can be also utilized for assessments of 

plaque morphology, tissue characterization, and vulnerable plaque detection17. In 

2011, Stone et al. reported the results of the PROSPECT (Providing Regional Observa-

tions to Study Predictors of Events in the Coronary Tree) study, demonstrating that 

a large plaque burden (≥70%) (HR: 5.03, 95% CI: 2.51–10.11) and a thin-cap fibroath-

eroma (TCFA) (HR: 3.35, 95% CI: 1.77– 6.36) detected by IVUS-RF as well as a minimal 
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lumen area <4.0 mm2 (HR: 3.21, 95% CI: 1.61–6.42) were independent predictors 

of MACE (cardiac death, cardiac arrest, MI, or rehospitalization due to unstable or 

progressive angina) in non-culprit lesions of patients presented with acute coronary 

syndrome (ACS)18. In this trial, the outcome of MACE was mainly driven by the 

incidence of rehospitalization due to unstable or progressive angina. Thereafter, the 

ATHEROREMO-IVUS (European Collaborative Project on Inflammation and Vascular 

Wall Remodeling in Atherosclerosis—Intravascular Ultrasound) study confirmed 

that the finding of VH-IVUS TCFA was independently associated with the compos-

ite of death and ACS19. Those trials unraveled the importance of assessing plaque 

characteristics in a high-risk population, and the efficacy of IVUS-RF on stratifying 

cardiovascular risk, apart from clinical and angiographic characteristics20.

The first-in-man OCT study was conducted in 200221. In the ILUMIEN II study, 

OCT-guided stent implantation showed comparable stent expansions (defined as the 

minimal stent area divided by the mean of the proximal and distal reference lu-

men areas) compared to those reported in the IVUS-guided group of the ADAPT-DES 

study (72.8 vs. 70.6%)22. Thereafter, the ILUMIEN III: OPTIMIZE PCI randomized study 

showed a comparative efficacy of OCT-guided PCI with a reference of IVUS-guided 

PCI in terms of a post-PCI minimum stent area (non-inferiority margin: 1.0 mm2, 

one-sided 97.5% lower CI: 0.70 mm2, P for non-inferiority = 0.001, P for superiority = 

0.42)23. With regard to clinical outcomes, the OPtical frequency domain imaging 

vs. INtravascular ultrasound in percutaneous coronary InterventiON (OPINION) 

randomized controlled trial showed that OCT-guided PCI was not inferior to the 

IVUS-guided PCI in terms of TVF (cardiac death, target-vessel MI, or ischemia-driven 

target vessel revascularization) at 12 months follow-up (HR: 1.07, upper limit of 

one-sided 95% CI: 1.80, P for non-inferiority = 0.042)24. The latest European Society of 

Cardiology (ESC)/EACTS guidelines updated the indication of usage of OCT for stent 

optimization as class IIa recommendation, corresponding with the same level of 

recommendation as IVUS25.

Recently, the CLIMA study demonstrated that the OCT-defined plaque vulnerabil-

ity features (MLA < 3.5 mm2, TCFA, lipid arc circumferential extension >180◦, and 

macrophage findings) in the left anterior descending artery (LAD) were significantly 

associated with the increased risk of a composite of cardiac death and target-segment 

(LAD) MI at 12 months among patients undergoing clinically indicated coronary 

angiography (HR: 7.54, 95% CI: 3.1–18.6)26. The results of the CLIMA study indicated 

the feasibility and efficacy of OCT for detecting high-risk plaques leading to adverse 

events. Further trials such as the ILUMIEN IV: Optimal PCI trial (NCT03507777) and 

October trial (NCT03171311)27 are expected to further demonstrate the clinical 

safety and efficacy of OCT in guiding PCI.
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IVUS and OCT have evolved in parallel over the last years. Recently, however, 

hybrid IVUS-OCT systems were developed to merge the advantages of both modali-

ties into a single catheter28–30.

This review aims to summarize the differences and complementary aspects of 

IVUS and OCT, and describe the novel hybrid IVUS–OCT catheter systems.

Basic Advantages and Disadvantages of IVUS and OCT
Although both IVUS and OCT have similarities, it is still controversial which intra-

vascular imaging modality is better to be used as either a diagnostic or guidance 

tool6,31. Multimodality invasive imaging assessments are not recommended due to 

the increased risk of complications and cost. Therefore, operators should be aware 

of each modality’s advantages and disadvantages, and select the imaging tool based 

on the clinical need, location of the segment of interest, angiographic appearance 

of the vessel, lesion characteristics, and operators’ experiences. In fact, a recent 

web-based survey suggested that most operators thought to use each imaging 

modality (IVUS and OCT) properly depending on the specific anatomic and patient 

characteristics32.

Imaging Acquisition
One of the disadvantages of OCT is the need for blood clearance during pull-back 

since the light signal is attenuated by the red blood cells6. Blood clearance is achieved 

by contrast injection. The total volume of the contrast medium tends to be higher in 

OCT-guided PCI than those without OCT. In the ILUMIEN III: OPTIMIZE PCI study, the 

contrast volume during the PCI was significantly higher in the OCT group compared 

to that of the IVUS group (median 222 vs. 190 ml, P = 0.004) or the angiography group 

(vs. 183 ml, P = 0.001)23. Therefore, in patients with renal impairment, IVUS should 

be preferred over OCT23,24. Studies suggested alternatives to contrast agents for blood 

clearance during OCT pull-back33, such as low-molecular-weight dextran (LMWD) to 

perform “zero-contrast PCI”34–37. On the other hand, IVUS does not require blood 

clearance, and it has been shown that it can minimize the contrast volume when 

compared to angiography-guided PCI38. In the ULTIMATE trial, however, IVUS-guided 

PCI was associated with significantly higher contrast volume than angiography-

guided PCI16. Since this paradox was possibly due to longer procedural time for stent 

optimization in the IVUS-guided PCI group, operators should pay attention to the 

use of contrast during IVUS-guided PCI as well.

Resolution and Penetration Depth
With respect to the imaging capabilities of intracoronary imaging, resolution, and 

penetration depth are recognized as two important factors (Figure 2). OCT has the 
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highest resolution among all the contemporary available coronary imaging modali-

ties (axial 10–20 μm and lateral 20–90 μm), which is ∼10 times greater than that of 

IVUS (axial 100– 150 μm and lateral 150–300 μm)4,39. The higher resolution of OCT 

enables more detailed evaluation than IVUS at the endoluminal level and for the 

superficial plaque (e.g., in detecting cavity formation of a plaque rupture, TCFA, 

and stent architecture)40. With regards to its diagnostic performance of functionally 

significant stenosis, Ramasamy et al. reported that OCT has a better accuracy than 

IVUS in non-left main stem lesions from the meta-analysis of 33 studies41. Moreover, 

the high resolution of OCT enables the identification of suboptimal PCI results 

such as coronary dissections, tissue protrusions, underexpansion, and stent struts 

malapposition more clearly than IVUS23. Furthermore, also in the long-term follow-

up, OCT can evaluate the neointimal proliferation, neoatherosclerosis, uncovered 

struts, persistent/late-acquired stent malapposition, and/or coronary evagination, 

which would be associated with adverse events42–44. In the consensus paper from 

the European Association of Percutaneous Cardiovascular Interventions (EAPCI) 

published in 2018, the use of OCT was highly recommended in the case of stent 

failures since most of the causes of those stent failures could be detected by OCT45,46.

In contrast to IVUS, OCT has lower tissue penetration depth (1–2 mm) than IVUS 

(5–6 mm), leading to incomplete visualization of the vessel wall especially in large 

vessels, or in case of an increased plaque burden47. In this context, IVUS enables 

assessment of the deeper layers of the vessel than OCT, including adventitia. Proper 

vessel and stent sizing are important parts for PCI optimization because the under- 

or overestimation of the stent size can lead to suboptimal results or complications 

such as major coronary dissection, perforation or extensive malapposition, and 

underexpansion42,48,49. In IVUS, the external elastic membrane (EEM)-based approach 

for sizing is often used, in which the smallest EEM diameter in the reference area is 

recommended as the stent reference diameter. The approach may not be always fea-

sible in OCT due to its limited penetration depth. In the ILUMEN III study, the distal 

EEM was visible for >180◦ in 76.8% cases by site-assessed and in 95.2% cases by core 

lab-assessed23. The measurement protocol of OCT for reference stent diameters is 

expected to be refined in further clinical studies. By using IVUS, we can assess all lay-

ers of interest of the vessel including vessel remodeling in the follow-up imaging50,51. 

Radiofrequency assessment or echogenicity may potentially help in differentiating 

the components of plaques52.

Calcification
Ultrasound is significantly influenced by the presence of calcium; calcified plaque 

scatters ultrasound signal, and therefore, the evaluation of plaque behind calcium 

is not feasible by IVUS53. On the other hand, with OCT, the calcified plaques are 
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recognized as low-intensity structures with clear demarcation of the calcific tissue 

borders54. In the context of clinical implication, Maejima et al. reported that a cal-

cium arc below 227 degrees and a calcium thickness below 670μm would suggest 

the use of cutting/scoring balloons55. Recently, an OCT-based calcium scoring system 

was developed to predict stent underexpansion56. The calcium score is composed 

of maximum angle of >180◦ (2 points), maximum thickness of >0.5 mm (1 point), 

and length of >5 mm (1 point). The calcium score of 4 was significantly associated 

with stent underexpansion when compared to a score of 0–3 (78 vs. 96%, p < 0.01), 

suggesting heavily calcified lesions that need debulking.

Three-Dimensional Reconstruction
Online three-dimensional (3D) reconstruction is one optional advantage of OCT. It 

can assist in understanding the complex structures in some specific cases (e.g., a 

stent fracture), which is difficult to be detected in cross-sectional two-dimensional 

images57–60. Although a 3D reconstruction image is also possible in IVUS, the tedious 

segmentation process and its poor resolution that does not allow sufficient strut-

level assessment render IVUS an unattractive modality of 3D vessel modeling61,62.

Physiological Assessment
Recently, physiological assessment of lesion severity was attempted by processing 

IVUS and OCT data using computational modeling63–67. The accuracy of these ap-

proaches strongly depends on the accuracy of the 3D imaging models. Therefore, 

OCT-derived fractional flow reserve (FFR) might be superior to IVUS-derived FFR or 

angiography-derived FFR. Although the clinical implication of these approaches still 

needs further validation, they may have the potential to enable a comprehensive 

assessment of the characteristics of a lesion and its hemodynamic severity using a 

single imaging technique68–70.

Bioresorbable Scaffold Implantation
In the treatment with bioresorbable scaffold (BRS), intravascular imaging played a 

major role in facilitating precise implantation of the device, which has thick and 

wide struts. OCT would be clinically more applicable for the optimized implantation 

than IVUS because the polymeric struts of BRS are scarcely visible by IVUS. Although 

the novel 60-MHz IVUS acquires higher-resolution (axial resolution <40 μm) images 

than conventional IVUS71, it is still inferior to OCT in terms of visualization of BRS 

struts72,73. In PCI with BRS, the importance of an optimized implantation technique, 

the so-called PSP (prepare the lesion, sizing appropriately, and post-dilation), has 

been suggested to avoid clinical adverse events74–76. Intravascular imaging is manda-

tory to fulfill these PSP criteria during PCI77. OCT can provide a clear visualization of 
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BRS struts, but it is unable to assess all vessel layers due to its low penetration depth. 

IVUS allows the visualization of the entire vessel wall enabling the calculation of 

its eccentricity and symmetry indices and the evaluation of vessel remodeling that 

subsequently occurs after BRS implantation. Serruys et al. demonstrated that BRS 

implantation was associated with a higher incidence of expansive remodeling and 

late lumen enlargement at 3 years compared to metallic stents in the ABSORB II 

trial51. Although this favorable effect was not consistent in other ABSORB trials78, it 

will be important to assess remodeling patterns at long-term follow-up after the full 

absorption of the deployed scaffolds.

Coregistration of IVUS and OCT
Several studies attempted to fuse IVUS and OCT images obtained by two different 

imaging catheters in a serial fashion and showed the synergistically high potential 

of multimodality imaging for the evaluation of plaque composition, but they also 

suggested the limitation to acquire strict coregistration images by separate two 

pullbacks79,80. To fuse IVUS and OCT images with two separate acquisition, it is 

necessary to detect several landmarks such as side branches and calcifications81. 

Thereafter, it also takes time and effort to combine the two imaging modalities into 

a single image, a fact that makes impossible the broad application of this approach 

in research. A hybrid IVUS–OCT catheter system is warranted to enable accurate 

online coregistration and fusion of high-quality images obtained by the two imaging 

probes during a single pull-back.

RECENT ADVANCES OF IVUS AND OCT, AND 
DEVELOPMENT OF THE HYBRID CATHETER

Development of a Hybrid IVUS–OCT Catheter
The first combined IVUS–OCT catheter was designed by Li et al.28 and Yin et al.30 and 

tested in a healthy rabbit aorta. However, the prototype had limitations that did 

not allow its use in clinical practice; the catheter was too large with a maximum 

outer diameter of 2.4mm (7.2 Fr.); it did not allow the accurate coregistration of the 

OCT and IVUS images, and the generated IVUS images had increased noise due to 

electromagnetic interference by the motor29,30. In 2011, Yin et al. reported a modi-

fied combined miniaturized OCT–IVUS probe82. The outer diameter was reduced to 

0.69 mm, which fit in a 3.6 Fr. (1.18 mm) catheter sheath; this was achieved by ar-

ranging the position of the OCT probe and the IVUS transducer to longitudinal offset 

(sequential arrangement: Figure 3C). They tested the IVUS–OCT system in vitro in 
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a human coronary artery specimen and in vivo in a rabbit abdominal aorta and a 

swine coronary artery83.

Li et al. introduced another hybrid IVUS–OCT system in 201284. They developed 

a coplanar IVUS–OCT hybrid catheter with a maximum outer diameter of 1.33 mm 

(4 Fr.) including the catheter sheath, allowing a more accurate simultaneous coreg-

istration of IVUS and OCT compared to the sequential IVUS–OCT system (Figure 3B), 

even in the presence of cardiac motion. Validation of the prototype using human 

coronary arteries demonstrated improved good tissue characterization and plaque 

feature identification using histology as the gold standard. A variant IVUS–OCT 

probe with a shorter length of the rigid part of the catheter tip of 1.5mm was shown 

by Li et al. and Ma et al. in 201385,86. That model had a back-to-back arrangement 

(Figure 3A) and allowed image acquisition at a higher frame rate of 20 fps compared 

to past models. In 2015, Li et al. showed an advanced IVUS–OCT prototype that 

acquired IVUS–OCT images with a frame rate of 72 fps, enabling assessment of a 72-

mm coronary artery segment in 4s; the prototype was validated in vivo in the aortas 

of atherosclerotic rabbits and ex vivo in cadaveric human coronary arteries87. In 

2018, the first clinical use of the hybrid IVUS–OCT catheter was reported by Sheth et 

al., showing beautiful coregistered images with clinically acceptable specifications 

with respect to the size, speed, and resolution.

CONAVI: The Novasight Hybrid System
The Novasight HybridTM System was developed by Conavi Medical Inc. (Toronto, 

Canada) and researchers at the University of Toronto (Figure 4). The product speci-

fications are shown in Table 1. The catheter has a 1.7 Fr. tip and a 2.8 Fr. imaging 

window distally (3.3 Fr. catheter shaft for the proximal and middle sections of the 

FIGURE 3 | Various types of arrangements of IVUS and OCT transducer. 
There were three types of arrangements of IVUS and OCT transducer; (A): back-to-back arrangement; (B): co-
planar arrangement; (C): sequential arrangement; (D): colinear arrangement. The colinear arrangement can 
acquire the strictest coregistration image of IVUS and OCT in three types of arrangements. 
IVUS, intravascular ultrasound; OCT, optical coherence tomography.
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FIGURE 4 | CONAVI Novasight hybrid imaging catheter; external appearances. 
(A) A whole appearance of system body. (B) Interface module. (C) Catheter technical specifications. (D) The 
transducer. IVUS, intravascular ultrasound; OCT, optical coherence tomography.

TABLE 1 | The specifications of CONAVI Novasight Hybrid and TERUMO Dual Sensor system.

 
CONAVI

Novasight
TERUMO

Dual sensor

Compatible wire size 0.014 inch 0.014 inch

Imgaging window profile 2.8 Fr. 2.6 Fr.

Catheter shaft profile 3.3 Fr. 3.2 Fr.

Usable length 149 cm 137 cm

Length from tip to sensor 12 mm 25 mm

  IVUS OCT IVUS OFDI

Frequency/wave length 40 MHz 1,310 nm 40 MHz 1,300 nm

Axial resolution NA 200 μm 15 μm

Lateral resolution NA 200 μm 30 μm

Frame rate -Single use 30 fps NA 30 or 100 fps 160 fps

Frame rate -Hybrid use 100 fps 100 or 160 fps

Pullback speed (mm/sec) 0.5, 1, 5, 10, 25 0.5, 1, 2, 3 at 30 
fps, 10 at 100 fps

0, 10, 20, 30, 40

For hybrid use, 0, 10, 20 at 100 fps, 
0, 10, 20, 30, 40 at 160 fps

Pullback length 100 mm 150 mm

IVUS-OCT fusion image NA °

IVUS RF analysis NA   IB-IVUS  

OCT 3D reconstruction   NA   °

IVUS, intravascular ultrasound; OCT, optical coherence tomography; RF, radiofrequency backscatter; IB-IVUS, 
integrated-backscatter IVUS; 3D, three dimensional; NA, not applicable.
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catheter), and is compatible with a 0.014-inch guidewire. Colinear imaging design 

with overlapping IVUS and OCT was adopted (Figure 3D), which allows the user to 

visualize the vessel wall with both modalities at the same time and to inherently 

acquire accurately coregistered images (Figures 5A,B). Lumen or vessel size can be 

measured based on both IVUS and OCT cross-sectional images (Figure 5C). Pullback 

speed can be selected from 0 (manual control), 0.5, 1.0, 5, 10, and 25 mm/s with 

a maximum pullback length of 100 mm. In case of standalone IVUS imaging, the 

frame rate is 30 or 100 fps. In case of combined IVUS and OCT imaging, the pullback 

will be performed with a frame speed of 100 fps after blood clearance. The system 

does not have a setting that allows for the acquisition of OCT only, as there is little, 

if any, anticipated disadvantage to collecting IVUS at the same time. The maximum 

field of view radius is 6 mm derived from IVUS.

The first clinical usage was reported by Sheth et al. in 201888. In that case, the 

Novasight system could provide coregistered and co-aligned IVUS and OCT images 

in a patient with recent ST-segment elevation MI (STEMI) followed by PCI for a non-

culprit lesion of the LAD. Lipid-rich plaques, bifurcations, and deeply embedded tis-

sues were more clearly identified by IVUS images than OCT, whereas calcifications, 

stent struts, and fine dissections were more clearly identified by OCT imaging.

FIGURE 5 | CONAVI Novasight hybrid imaging catheter; sample images. 
(A) Coregistered intracoronary images of superficial atheroma in IVUS (A-1) and OCT (A-2), and corresponding 
histopathology (A-3). (B) Preclinical in vivo images. (C) Measurements of lumen size by the coregistered image 
of IVUS and OCT. By default, any measurements (areas, distances) made in an IVUS image are automatically 
copied over into the OCT image and vice versa. The copied measurement can be removed. 
IVUS, intravascular ultrasound; OCT, optical coherence tomography.
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The Novasight system is currently FDA 510(k) cleared and has Health Canada 

approval. A prospective observational study using the Novasight hybrid imaging 

catheter has been completed and demonstrated its feasibility and efficacy for diag-

nostic purposes and PCI guidance in 20 patients with a chronic coronary syndrome 

or ACS (NCT03484975).

TERUMO: The Dual Sensor
The Dual Sensor hybrid IVUS–OCT catheter system is developed by TERUMO (Tokyo, 

Japan) by merging IVUS and optical frequency domain imaging (OFDI) probes, which 

are already clinically available and incorporated in the AltaView (PMDA approval) 

and FastView (PMDA and CE mark approval), respectively. A sequential arrangement 

of an IVUS transducer and optical lens with the distance of ∼0.3mm is adopted 

(Figure 3C). The catheter is compatible with a 0.014 guidewire and has a diameter 

2.6 Fr. (3.0 Fr. catheter shaft) (Figure 6). The preliminary product specifications are 

shown in Table 1. The IVUS probe has an axial resolution of 120 μm, while the OCT 

has an axial resolution of 20 μm (Figures 7A,B). The high frame rate of 100 or 160 fps 

enables a pullback speed of up to 40 mm/s (0, 10, 20, 30, and 40 mm/s) and studied 

segments with a length of 150 mm on IVUS and OCT. The image acquisition method 

of the simultaneous coregistration of IVUS and OCT is the same as that of OCT. The 

acquired images will be shown not only side by side but also in one fusional image 

of IVUS and OCT (Figure 7C). Integrated-backscatter IVUS (IB-IVUS) analysis will also 

be available, which will offer further information about tissue and plaque charac-

teristics (Figure 7D). Online OFDI 3D reconstruction will facilitate comprehensive 

evaluation of complex coronary artery structures.

The device has been tested in postmortem coronary arteries, and its output was 

compared to contemporary IVUS as well as OCT (Figure 7). In this hybrid catheter, 

IVUS or OCT can be separately used. Operators can select those functions according 

to circumstances during the procedure. For instance, in a case of left main coronary 

artery disease, the operator can use the IVUS function for the purpose of assessing 

the severity and guide treatment25, whereas OCT can be utilized to assess the final 

results and detect and treat underexpansion/malapposition and/or carina shift in 

the bifurcation57,89,90. The cost is expected to be similar to that of OFDI.
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FIGURE 6 | TERUMO hybrid IVUS–OCT catheter system; external appearances. 
(A) A whole appearance of system body. (B) Interface module. (C) Catheter technical specifications. 
IVUS, intravascular ultrasound; OCT, optical coherence tomography.

FIGURE 7 | TERUMO hybrid IVUS–OCT catheter system; sample images. 
(A) Coregistered intracoronary imaging of thrombus in IVUS (A-1) and OCT (A-2) in a cadaver coronary artery. 
(B) Coregistered intracoronary imaging of calcification in IVUS (B-1) and OCT (B-2) in a cadaver coronary artery. 
(C) Fusion image of IVUS and OCT. (D) IB-IVUS image with OCT. 
IVUS, intravascular ultrasound; OCT, optical coherence tomography; IB, integrated backscatter.
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POTENTIAL CLINICAL APPLICATION OF A HYBRID IVUS–
OCT CATHETER

For Detecting “High-Risk Plaques”
Acute coronary syndrome (ACS) remains one of the leading causes of death even in 

the contemporary era91. It’s well-known that, in most cases, myocardial infarction 

can be caused not by the gradual progression of stenosis, but by a sudden throm-

botic occlusion92. Virmani et al. reported three major distinct processes of ACS in 

histopathological studies, which are plaque rupture, erosion of intima, and calcified 

nodule93,94. Among those, plaque rupture occurring in lesions with a TCFA phenotype 

is the most frequent cause of ACS and is responsible for 60–70% of all ACS94. Intensive 

medical therapies (e.g., aggressive LDL cholesterol lowering) and/or intensive life-

style changes can improve the outcomes of the patients with high-risk plaques95–98.

TCFA is recognized as a plaque with a necrotic core and an overlying thin fibrous 

cap with thickness of <65 μm that contains macrophages and smooth muscle cells99. 

Narula et al. reported in a postmortem study that plaques with fibrous caps thicker 

than 84 μm are stable plaques, and that in the majority of the cases, the cap thickness 

in TCFA ranged between 54 and 84 μm100. In any case, the evaluation of TCFA would 

be technically challenging by grayscale IVUS because of its limited spatial resolution 

of 100–150 μm, which exceeds the thickness of TCFA101. Radiofrequency analysis of 

IVUS (RF-IVUS, e.g., virtual histology IVUS [VH-IVUS] by Philips Healthcare) appears 

more accurate than grayscale IVUS in detecting plaque components. A classifica-

tion scheme has been proposed to define plaque phenotypes and detect TCFA using 

the RF-IVUS estimations and has been extensively used in prospective studies of 

coronary atherosclerosis102. Similar to the previously mentioned PROSPECT18 and 

ATHEROREMO-IVUS trials19, the VIVA (VH-IVUS in Vulnerable Atherosclerosis) study 

also showed that VH-IVUS TCFA was significantly associated with the increased risk 

of MACE103.

On the other hand, OCT has the highest spatial resolution (axial resolution 15–20 

μm) among intracoronary imaging devices, which enables the precise measurement 

of the cap thickness104–106. OCT has been well-validated, and its estimations corre-

lated well with the corresponding pathophysiological findings107,108. Furthermore, 

some studies reported that the OCT-detected TCFA was also clinically associated 

with the future occurrence of MACE26,109,110. However, OCT also has limitations as it 

has poor tissue penetration. In addition, the OCT signal is attenuated by lipid tissue 

and macrophages111. Therefore, OCT can often misclassify fibrotic rich plaques with 

increased superficial macrophage accumulations as TCFA. In addition, OCT cannot 

assess the plaque burden in lipid-rich plaques, which is a strong predictor of worse 

outcomes18,19,103.
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The quantitative analysis of plaque burden would be well-assessed by IVUS, espe-

cially by IVUS-RF analysis. Recently, near-infrared spectroscopy intravascular ultra-

sound (NIRS-IVUS) was introduced to more accurately detect lipid core plaques112–114.

Several previous studies reported the great benefit of the combined use of OCT 

and VH-IVUS for detecting TCFA compared to the single use of either OCT or VH-

IVUS107,111,115. Nakano et al. showed that the combined use of IVUS-RF and OCT gave 

the highest performance to detect TCFA (area under the curve [AUC] 0.93, 95% CI 

0.85–1.00) compared with standalone OCT (AUC 0.88, 95% CI 0.76–0.99) or RF-IVUS 

(AUC 0.82, 95% CI 0.68–0.95) in the ex vivo autopsy study116. Futures studies are 

expected to examine the efficacy of the combined IVUS–OCT imaging catheters in 

detecting vulnerable plaques.

In addition, wall shear stress would play an important role in both a plaque pro-

gression and a plaque rupture117–119. In the assessment of wall shear stress, the fusion 

of intracoronary imaging data and coronary angiography or computed tomography 

coronary angiography (CTCA) is needed to make a high-resolution coronary artery 

model120–122. The consensus paper on the assessment of wall shear stress stated that 

studies aiming to investigate the effect of wall shear stress on plaque progression 

and changes in plaque composition should preferably create coronary artery models 

using the fusion of IVUS/NIRS-IVUS and coronary angiography or CTCA123,124. On the 

other hand, studies aiming to investigate the influence of the local wall shear stress 

on plaque microcharacteristics should preferably create the 3D lumen using the fu-

sion of OCT and biplane angiography or CTCA125. The hybrid IVUS–OCT catheter also 

could allow one to make a more accurate coronary artery model and may provide 

new insight into the association between wall shear stress and a plaque progression/

regression.

Imaging During PCI and Stent Optimization
Although the routine use of intracoronary imaging is not currently recommended 

to guide PCI in simple lesions, it appears to be useful for optimizing PCI results in 

several clinical settings. The consensus document from the EAPCI recommended 

the use of intracoronary imaging in the setting of ACS, left main coronary artery 

(LMCA) disease, two stents bifurcation, implantation of bioresorbable scaffold, and 

patients with renal dysfunction (for IVUS)45,46. In the current ESC/EACTS guidelines 

of myocardial revascularization, the use of IVUS or OCT to optimize stent implanta-

tion is recommended in selected patients as Class IIa indication25.

Hybrid IVUS–OCT catheters have a high potential to support procedures in a 

wide range of circumstances by its high diagnostic efficacy derived from the combi-

nation of the two imaging modalities. Therefore, the hybrid catheter is expected to 

be widely utilized in daily clinical practice. In the following section, we describe the 
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potential value of this hybrid catheter in guiding PCI in the most challenging lesions 

such as LMCA disease and multivessel coronary artery disease (MVCAD).

Hybrid IVUS–OCT Catheter for Left Main Coronary Artery Disease
LMCA disease can involve either the ostium or the main vessel or its bifurcation; 

the left main stem supplies with blood most of the myocardium, and thus, treat-

ment failure can lead to critical peri-procedural complications during PCI126–129. In 

the EXCEL trial, PCI was non-inferior to CABG in terms of the primary endpoint 

(all-cause death, stroke, or MI) at 3 years (HR: 1.00, 95% CI 0.79–1.26)128 and at 5 

years (HR: 1.19, 95% CI 0.95–1.50)130 in patients with LMCA disease and low or in-

termediate SYNTAX scores. Of note, the rate of ischemia-driven revascularization 

was significantly higher in the PCI arm than in the CABG arm at 5 years (16.9% in 

the PCI arm and 10.0% in the CABG arm, HR: 1.84, 95% CI 1.39–2.44). Although IVUS 

guidance was strongly recommended in this trial, it was used only in 77.2% of the 

cases in the PCI arm.

Intravascular imaging is useful in assessing the stenosis severity and guiding 

PCI in patients with LMCA disease. As a threshold for revascularization, a minimum 

lumen area (MLA) of <6.0 mm2 by IVUS has been recommended131, which nearly 

corresponded to an FFR of <0.80 in Western countries25,132, whereas in the Asian 

population, the threshold of MLA is relatively smaller (4.5–4.8 mm2) compared to 

that of the Western population133,134. The sub-analysis of the MAIN-COMPARE (Re-

vascularization for Unprotected Left Main Coronary Artery Stenosis: Comparison of 

Percutaneous Coronary Angioplasty vs. Surgical Revascularization) registry clarified 

the favorable outcomes of IVUS-guided PCI compared to angiography-guided PCI in 

patients with unprotected LMCA disease126. Hernandez et al. also demonstrated that 

the use of IVUS significantly reduced MACE compared to those of PCI without IVUS 

guidance in a registry study127.

On the other hand, the value of OCT in LMCA disease is still unclear. The ESC/

EACTS guideline of myocardial revascularization recommended only IVUS for the 

assessment of the severity and treatment optimization in LMCA disease (class IIa 

indication), whereas OCT is not mentioned regarding LMCA disease25. OCT-guided 

PCI seems to be less feasible for LMCA disease than IVUS because of the large ves-

sel diameter and the limited penetration depth of OCT. Moreover, blood clearance 

can be sometimes difficult especially in proximal LMCA disease. Nevertheless, it 

has to be acknowledged that OCT usage may have some advantages. OCT in LMCA 

bifurcation PCI can assess acute incomplete stent apposition (ISA) after stent im-

plantation followed by the kissing-balloon technique (KBT)57,135. In order to avoid the 

so-called “metal carina,” the re-crossing wire following stent implantation should 

pass through the most distal cell of the stent on the jailed side-branch ostium in 
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most cases. OCT, especially 3D reconstruction, can show stent struts in detail with a 

high resolution89. In the OPTIMUM trial, Onuma et al. reported that 3D OCT-guided 

PCI and re-crossing through the optimal strut cell after stent implantation followed 

by KBT significantly reduced acute ISA at the bifurcation compared to angiography-

guided PCI (19.5 vs. 27.5%, P = 0.008) in patients with bifurcation lesion including 

LMCA disease (preliminary data)136,137. In addition, final stent optimization excluded 

the possibility of stent distortion, or stent underexpansion can be assessed easier in 

OCT that has a much higher resolution than IVUS. Furthermore, OCT-derived FFR 

can be utilized in the future to evaluate lesion severity and the residual ischemic 

risk after the procedure69,70.

By using hybrid IVUS–OCT systems, we can use each function according to the 

process comprehensively. For example, OCT will be utilized for re-crossing wire, 

the final stent optimization, and/or physiologically assessments, while IVUS will be 

utilized for the indication, the stent/balloon sizing, and/or deciding the location of 

the stent landing zone.

Hybrid IVUS–OCT Catheter for Multivessel Coronary Artery 
Disease
With regards to multivessel PCI, IVUS-guided PCI is recommended as Class IIa 

indication in the latest ESC/EACTS guideline of myocardial revascularization25. In 

the SYNTAX II trial, recent technical and procedural developments significantly 

improved clinical outcomes in terms of 1-year major adverse cardiac and cerebro-

vascular events [MACCE (composite of all-cause death, cerebrovascular event, any 

MI, and any revascularization)] compared to those of the PCI arm of the original 

SYNTAX-I trial (HR: 0.58, 95% CI 0.39–0.85), and those outcomes were equivalent to 

those of the CABG arm of the original SYNTAX-I trial (HR: 0.91, 95% CI 0.59–1.14), 

in patients undergoing multivessel PCI138,139. The difference in the results between 

SYNTAX-I and -II trials should be attributed to the differences in the treatment 

strategies between the SYNTAX II trial and the SYNTAX-I trial. In summary, there are 

six differences between the two studies: patient selection based on the SYNTAX II 

score, physiological assessment of stenotic lesion, use of intracoronary imaging for 

complex procedures, PCI of chronic total occlusion performed by an expert, use of 

current-generation DES, and optimal medical treatment before/after PCI140. In other 

words, PCI could become equivalent to CABG only in cases fulfilling these criteria in 

the field of MVCAD, and the use of an intracoronary imaging is mandatory in this set-

ting. MVCAD often shows a mixture of various types of lesions (e.g., with bifurcation 

lesion, severe calcification, and/or lipid-rich plaques); therefore, different strategies 

might be required according to each lesion characteristic. The hybrid IVUS–OCT will 

be able to assist operators to tailor treatment strategy according to lesion types. In 
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addition, intracoronary imaging-derived FFR may be used to assess lesion severity 

and identify those that need treatment, and estimate the residual ischemic risk after 

stent implantation, which is also one component of “best practice PCI” for MVCAD.

LIMITATION
Despite the fact that many interventional cardiologists are aware of the potential 

prognostic and clinical value of intravascular imaging-guided PCI, the application 

of intravascular imaging is still low in recent clinical practice especially in Western 

countries141. According to a web-based survey141, the most common reason for the 

underuse of intravascular imaging is its high cost (65.9%), followed by the prolonga-

tion of the diagnostic procedure or intervention (35.0%), albeit risk of complications 

(9.5%) and absence of established clinical value (8.3%) were, overall, the least com-

monly reported limiting factors. However, it was also reported that IVUS-guided 

PCI could contribute to the favorable incremental cost-effectiveness compared to 

angiography-guided PCI in the dedicated economic analysis142.

The hybrid catheter has a marginal incremental cost to build relative to a 

single modality imaging catheter that would not greatly impact the overall cost-

effectiveness of intravascular imaging. The consoles and patient interface modules 

have costs that are associated with supporting ultrasound electronics as well as the 

optical components for OCT, and thus have a more noticeable, yet still modest, 

incremental cost over single modality systems to provide this advanced dual modal-

ity imaging capability.

For the purpose of detecting a high-risk plaque, a recent LRP trial demonstrated 

the impact of a Lipid Core Burden Index derived from NIRS-IVUS on future car-

diac events, which was independent of intravascular ultrasound plaque burden or 

minimum lumen area113. Further clinical trials will be needed to compare the hybrid 

IVUS-OCT system vs. NIRS-IVUS in terms of the prognostic performance in patients 

at risk.

CONCLUSION

Although the routine use of intravascular imaging is not currently recommended143, 

its use is expected to reduce events in complex PCI. Moreover, in the era of emerging 

novel pharmacotherapies, a meticulous evaluation of plaque morphology would be 

required to discriminate the potential population in need144. The hybrid IVUS–OCT 

systems have the potential to assess plaque morphology and PCI results. “IVUS or 

OCT, which should be used?”—this question has been frequently repeated up to 

now6,145. The hybrid IVUS–OCT system could be the answer in the near future.
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ABSTRACT

Background: Angiography-derived physiological assessment of coronary lesions has 

emerged as an alternative to wire-based assessment aiming at less-invasiveness and 

shorter procedural time as well as cost effectiveness in physiology-guided decision 

making. However, current available image-derived physiology software have limita-

tions including the requirement of multiple projections and are time consuming.

Methods/Design: The ReVEAL iFR (Radiographic imaging Validation and EvALua-

tion for Angio-iFR) trial is a multicenter, multicontinental, validation study which 

aims to validate the diagnostic accuracy of the Angio-iFR medical software device 

(Philips, San Diego, US) in patients undergoing angiography for Chronic Coronary 

Syndrome (CCS). The Angio-iFR will enable operators to predict both the iFR and FFR 

value within a few seconds from a single projection of cine angiography by using a 

lumped parameter fluid dynamics model. Approximately 440 patients with at least 

one de-novo 40% to 90% stenosis by visual angiographic assessment will be enrolled 

in the study. The primary endpoint is the sensitivity and specificity of the iFR and 

FFR for a given lesion compared to the corresponding invasive measures. The enroll-

ment started in August 2019, and was completed in March 2021.

Summary: The Angio-iFR system has the potential of simplifying physiological 

evaluation of coronary stenosis compared with available systems, providing esti-

mates of both FFR and iFR. The ReVEAL iFR study will investigate the predictive 

performance of the novel Angio-iFR software in CCS patients. Ultimately, based on 

its unique characteristics, the Angio-iFR system may contribute to improve adoption 

of functional coronary assessment and the workflow in the catheter laboratory.
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The key principle behind guidance of percutaneous coronary intervention (PCI) 

using wire-based physiology is ensuring that revascularization is performed only 

in flow limiting coronary stenosis.1-3 Of note, in the recent guidelines of the Euro-

pean Society of Cardiology (ESC)/European Association for Cardio-Thoracic Surgery 

(EACTS) for the management of Chronic Coronary Syndrome (CCS), for patients with 

multivessel disease it was recommended to use wire-based pressure gradient assess-

ment for confirming the existence of and localizing functionally significant lesions, 

even when pre-procedural non-invasive imaging modalities such as scintigraphy 

have revealed the presence of myocardial ischaemia.2

Fractional Flow Reserve (FFR) is measured with a pressure wire, and calculated 

as the ratio of mean pressure distal to the coronary lesion to the mean aortic pres-

sure during the entire cardiac cycle under hyperemia, whereas the instantaneous 

wave-Free Ratio (iFR) is the ratio of pressure distal to the coronary lesion to aortic 

pressure selectively measured over the wave-free period of diastole under resting 

conditions. Both wire-based physiological parameters were endorsed in the ESC/

EACTS guidelines as criteria of PCI appropriateness in patients with CCS.2,3

More recently, image-derived physiological coronary assessment, based on either 

conventional angiography or multi-slice computed tomography (MSCT), has been 

developed and, subsequently, validated against wire-based FFR measurement.4-7 The 

current commercially-available angiography-derived FFR estimates rely on applying 

pressure and flow relations as derived by Gould L, et al. or Navier-Stokes equations in 

combination with three-dimensional anatomical models of the coronary vessel under 

study, which are generated from orthogonal angiographic views.8 A meta-analysis of 

11 studies investigating the diagnostic yield of this approach demonstrated that 

sensitivity and specificity of this kind of angiographic software to predict functional 

significance of lesions was 89% and 90%, respectively.5 FFRCT provides an estimate of 

FFR by using computational fluid dynamics under simulated hyperemic conditions; 

the simulation is applied to a three-dimensional MSCT coronary angiography. FFRCT 

received FDA clearance (de-novo Class II) in 2014 and is reimbursed by multiple US 

health insurance systems. These image-derived FFR applications may be advanta-

geous for patients as well as medical care providers since none require additional 

investigation with pressure wire, potentially reducing procedural time, risk, patient 

discomfort and cost.9

The Philips Angio-iFR medical software device (Philips, San Diego, US, Figure 1) is 

a novel medical software device that can provide both iFR and FFR estimates within 

seconds based on single angiographic projection, using a lumped parameter fluid 

dynamics model. The ReVEAL iFR (Radiographic imaging Validation and EvALua-

tion for Angio-iFR) clinical trial is being undertaken to demonstrate the diagnostic 

accuracy of angiographic-derived iFR and FFR estimates for identifying functionally 
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significant lesions as determined by wire-based iFR and FFR, respectively, in patients 

who have at least one epicardial coronary narrowing with a 40 to 90% diameter 

stenosis by visual angiographic assessment.

METHODS

Study design
The ReVEAL iFR study is a prospective, multi-center study with centralized off-line 

analyses in an independent Corelab (CORRIB Corelab, Galway, Ireland) to validate 

the novel Philips Angio-iFR medical software device (Figure 1) with wire-based physi-

ological assessment. Approximately 440 patients will be enrolled from 33 sites, in 

Europe (N = 14), Japan (N = 3), and United States (N = 16).

Study software for angiography-derived physiological assessment 
(Figure 1 and 2)
The Angio-iFR algorithm uses a lumped parameter fluid dynamics model employing 

an electric-hydraulic analogy10,11; the coronary hydraulic network model is created as 

an electrical circuit “powered” by the heart. The basic components of the coronary 

vasculature are modeled as follows: Volumetric Blood Flow (Q), Pressure (P), and the 

Vascular Resistance including coronary lesion (R) equates to electrical current (I), 

voltage (V), and resistance (R), respectively. In the hydraulic analog, a dynamic pump 

pushes a viscous fluid through pipes with various degrees of blockage or constric-

Figure 1 | Angio-iFR medical software. 
The image is preliminary, which may be changed in the commercial version.



22
1 
| R

at
io

n
al

e 
an

d 
de

si
gn

 o
f 

th
e 

R
eV

E
A

L 
iF

R
 s

tu
dy

tion. Figure 2 provides a diagram of the manner in which the coronary circulation 

is modeled.

Automated quantitative coronary angiography algorithms measure the luminal 

dimensions of coronary arteries and according to the measurement coronary arter-

ies are divided into segments in which each segment’s diameter is constant and does 

not change. The pressure drop associated with fluid passing through each segment 

can be derived via Poiseuille’s Law:

Figure 2. A lumped parameter fluid dynamics model of coronary circulation.  
(A) The correspondence between the vessel segmentation and the chain of resistors is 

illustrated for a small sample of cross sections. (B) Elements from the coronary artery 

system to the corresponding parts in the lumped model. The segmented coronary artery 

(blue) corresponds to the linear chain of resistors. Branching vessels (orange) correspond 

to orthogonal outlets. The microvascular resistance of the myocardium (green) is 

modeled as an outlet resistor. The venous system (black) corresponds to the electrical 

ground – or termination of all resistance. 

 
 
Study software for angiography-derived physiological assessment (Figure 1 and 2) 

The Angio-iFR algorithm uses a lumped parameter fluid dynamics model 

employing an electric-hydraulic analogy10,11; the coronary hydraulic network model is 

created as an electrical circuit “powered” by the heart. The basic components of the 

coronary vasculature are modeled as follows: Volumetric Blood Flow (Q), Pressure (P), 

and the Vascular Resistance including coronary lesion (R) equates to electrical current (I), 

voltage (V), and resistance (R), respectively. In the hydraulic analog, a dynamic pump 

pushes a viscous fluid through pipes with various degrees of blockage or constriction. 

Figure 2 provides a diagram of the manner in which the coronary circulation is modeled. 

Automated quantitative coronary angiography algorithms measure the luminal 

dimensions of coronary arteries and according to the measurement coronary arteries are 

divided into segments in which each segment’s diameter is constant and does not change. 
The pressure drop associated with fluid passing through each segment can be derived 

via Poiseuille’s Law: 
 

∆𝑃𝑃 =
8𝜂𝜂𝜂𝜂𝜂𝜂
𝜋𝜋𝑟𝑟4  

Where, ∆P is the pressure drop across the length of the vessel segment;

η is the dynamic viscosity of the blood moving through each vessel segment 

(represented by the variable, Poiseuille Friction, in Figure 2A);

L is the length of each vessel segment;

Q is the volumetric flow rate through each vessel segment; r is the radius of each 

vessel segment.

L and r are measured directly from the angiogram, and Q is a model parameter 

determined by the outlet conditions of the vascular system derived from the aortic 

pressure, and hence the pressure drop can be calculated. The equation does not 

hold, however, in very narrow segments, or for turbulent flow, close to the entrance 

of a vessel segment and after a focal lesion. These conditions are accounted for by 

extending the vascular resistance calculation with the Darcy-Weisbach friction and 

Figure 2 | A lumped parameter fluid dynamics model of coronary circulation. 
(A) The correspondence between the vessel segmentation and the chain of resistors is illustrated for a small 
sample of cross sections. (B) Elements from the coronary artery system to the corresponding parts in the 
lumped model. The segmented coronary artery (blue) corresponds to the linear chain of resistors. Branching 
vessels (orange) correspond to orthogonal outlets. The microvascular resistance of the myocardium (green) is 
modeled as an outlet resistor. The venous system (black) corresponds to the electrical ground – or termination 
of all resistance.
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Borda-Carnot expansion loss variables as noted in Figure 2A. The three resistance 

effects are combined in a weighted sum using free training parameters as weights. 

The pressure drop across the length of the interrogated coronary segment is thus 

equivalent to the sum of the pressure drops across each individual segment in the 

same manner that series resistors are treated in an electrical circuit. Branching ar-

teries are modeled as outlets reducing the local volumetric flow rate in the primary 

vessel, the microvasculature is modeled as an outlet resistor, and the venous system 

is treated as the electrical ground – or the termination of the circuit (Figure 2B). This 

lumped parameter modeling approach is computationally efficient, and therefore 

enables real-time analysis during the coronary catheterization.

The software is composed of two separate models for estimating the functional 

significance of a lesion by FFR and iFR separately. The basic premise for the iFR 

indices is that autoregulation of the microcirculation causes the flow across the 

stenosis to remain constant until the stenosis becomes critical. For simulation of 

FFR and iFR, different boundary conditions are used. For estimation of FFR the 

hyperemic flow state is assumed, myocardial resistance is taken to be minimal and 

independent of the lesions, and all flow variation is thus considered to be associated 

with the epicardial lesion. For estimation of iFR, however, the myocardial resistance 

varies with the lesion resistance and the simulated flow is almost independent of the 

resistance associated with the lesion until the lesion becomes critically narrowed. 

The algorithm for FFR estimates was trained using invasively measured reference 

values together with 2D fluoroscopic angiography projections from 39 datasets (39 

lesions in 28 patients). Variables were optimized to maximize the diagnostic ac-

curacy of the software estimates compared to the respective invasive FFR measures. 

The algorithm for iFR estimates was optimized for the invasive iFR values in the 

same 39 datasets.

Study population
The inclusion and exclusion criteria are listed in Supplemental Table. Briefly, the 

study population is those presenting with Chronic Coronary Syndrome (CCS), hav-

ing at least one epicardial coronary artery lesion with a 40-90% diameter stenosis 

by visual assessment on invasive coronary angiography. Angiographic exclusion 

criteria includes; left-main disease (isolated or non-isolated) when target vessel is 

left coronary artery; aorto-ostial right coronary artery disease when target vessel 

is right coronary artery; any (treated or untreated) chronic total occlusion (CTO) in 

the ipsilateral territory to the target vessel or untreated CTO in the contralateral 

territory to the target vessel; target vessel with severe tortuosity; target vessel with 

heavy calcification; target vessel with TIMI flow grade 1 or 0; target vessel with 

severe diffuse disease; bifurcation or trifurcation lesion; target lesion associated 
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with myocardial bridge; and any vascular abnormality precluding optimal contrast 

opacification (Supplemental Table).

Study procedure
After confirmation of eligibility criteria, the following angiographic acquisition and 

physiological assessment will be performed. The study procedure will be conducted 

by using a guiding catheter of ≥5 French size.

After the mandatory administration of intracoronary nitrates, a single projec-

tion angiography of the coronary lesion is acquired twice at least 30 degrees apart 

without any guidewires.

After equalization of the pressure between pressure-wire measurement and aor-

tic pressure, the pressure wire is further advanced into the target coronary artery 

beyond the lesion at least three times the length of the reference vessel diameter 

distal to the lesion, followed by acquisition of angiography in situ to be able to 

localize the exact position of the sensor of the pressure wire.

After the effect of any contrast or saline has abated, iFR spot measurements are 

recorded twice, as well as resting heart rate, Pd, Pa.

Intracoronary adenosine or other hyperemia agent is administered and once 

hyperemia is achieved, HR, FFR, Pd, and Pa measures are recorded to obtain FFR.

After hyperemia has abated, an iFR pullback is performed under continuous 

fluoroscopy, with iFR co-registration to the angiogram by the SyncVision system if 

it’s available.

Pressure drift is checked when the sensor of the pressure wire is pulled back to 

the vessel ostium. If pressure drift is significant (Pd/Pa <0.98 or >1.02), the physi-

ological measurements are repeated after second equalization.

Post procedure
Post-procedure care will be according to the institutional standard of care. Peri-

procedural adverse events will be collected in 48 hours after the index procedure. 

When patients discharged prior to 48 hours after the index procedure, the patients 

will be followed up by phone to capture peri-procedural events.

Angiographic and pressure curve analysis in independent 
Corelab
After the acquisition of the angiographic and physiological data, the anonymized 

data are transferred to the independent Corelab (CORRIB Corelab, National Uni-

versity of Ireland Galway, Galway, Ireland). A dedicated screener will review the 

quality of angiography and physiological recordings according to the pre-specified 

quality criteria. The minimal evaluable criteria shall be the two sets of baseline an-
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giograms documenting the target lesion/vessel with at least one matched iFR or FFR 

physiology record. Once the minimum evaluable criteria are confirmed, separate, 

dedicated analysts will perform the angiographic or physiological data analysis. The 

angiographic analyst will be blinded to the results of physiological data, whereas the 

physiological analyst will be blinded to the information derived from angiography. 

Invasive measurements of Pd, Pa, iFR and FFR will be confirmed using the Philips 

software (FFR v2.5 Modality of the s5/s5i/CORE and CORE Mobile Precision Guided 

Therapy System). The angiography is analyzed by the Philips Angio-iFR medical 

software device (Philips IGTD, San Diego, US). In order to compare the results to 

the conventional angiography, Quantitative Coronary Angiography (QCA) is also 

performed with CAAS software (Pie Medical Imaging, Maastricht, the Netherlands). 

To make accurate correlation between angiographic-derived versus wire-derived 

iFR/FFR, the recorded position of the pressure sensor is superimposed in the an-

giographic data for colocalization of measurement. The angiographic analyst will 

select and analyze the frame of analysis in diastolic phase either based on ECG or 

angiography with minimum overlap and foreshortening of the lesion. The selection 

of frame and analysis will be compared with the analysis based on the frame that is 

automatically chosen by the Angio-iFR medical software device.

The mean value of wire-based iFR measurements, which should be recorded 

twice, will be used in the final analysis comparing iFRref and iFRangio, taking into 

account the inherent measurement variability.

Endpoints
The primary endpoint of this imaging study is sensitivity and specificity of the 

image-derived iFR and FFR estimate for a given lesion compared to the correspond-

ing invasive iFR and FFR values. The study is considered positive when both the 

image-derived iFR and FFR yield a sensitivity ≥75% and specificity ≥80%.

The powered secondary endpoints include (1) measurement agreement between 

angiography-derived FFR/iFR estimates and their respective matched invasive mea-

sures as demonstrated by Bland Altman Limits of Agreement; (2) Specificity of iFR/

FFR estimates (dichotomized at the respective functional significance thresholds of 

0.89 and 0.80) over visual determination of stenosis severity of ≥50%.

The intra-observer variability, inter-observer variability between two Corelab 

analysts, and intra-vessel variability between two iFRangio/FFRangio values based on 

different angiographic projections of the same target vessel are evaluated in a 

pooled set of 100 cases with a similar prevalence of the study population, using 

McNemar test and measurement agreement using the Bland-Altman test and the 

intraclass correlation coefficient (ICC). The angiographic analysis will be repeated 

twice by one analyst for intra-observer variability according to the instruction for 
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use and Corelab standardized operational instruction, whereas a second analyst will 

perform analysis based on the same instructions to assess inter-observer variability. 

The intra-vessel variability will be assessed among cases which have at least two 

projections available for the analysis.

The other secondary endpoints are described in Supplemental Table II.

Sample size consideration
The study is powered to demonstrate the specificity of iFRangio and FFRangio compared 

to their respective invasive reference measures is ≥80%, and the sensitivity of iFRangio 

and FFRangio compared to their respective invasive reference measures is ≥75% using 

a two-sided binomial test with a significance level of 0.025 and power = 90%.

The variable disease prevalence based on positive FFR and iFR values impacts 

the sensitivity and specificity measures. The pooled DEFINE FLAIR and iFR SWEDE-

HEART demonstrated a prevalence of 50% and 55% according to iFR and FFR.12 In 

the DEFINE FLAIR trial,13 the prevalence of functionally significant coronary artery 

disease was 45% according to iFR, whereas in the FAVOR trial, the prevalence based 

on the invasive FFR was 32%.14

Based on these prevalence in the previous studies, minimum prevalence of the 

current study was assumed to be 30% regarding positive iFR measurement (iFR ≤0.89). 

Under this assumption, a sample size of 413 provides for a minimum power of 90% 

for both sensitivity and specificity with an alpha of 0.025. Supplemental Table 3 pro-

vides the actual power and alpha values for sensitivity and specificity for prevalence 

values ranging between 30 to 40% demonstrating increasing power for sensitivity 

but decreasing power for specificity associated with increasing prevalence.

The expected data quality failure rate is less than 15%, and the number of inter-

rogated lesions per patient is expected to be 1.1 based on the DEFINE PCI study.15 

Hence, a total of 486 (413/0.85) vessels are needed, and enrolling 442 (486/1.1) 

patients would allow for both the expected number of diseased vessels and either 

missing or unevaluable data.

Statistics analysis
Safety analysis will be performed on patients enrolled into study and in whom the 

intervention began with the introduction of a pressure wire (Intention to Treat 

(ITT) population). The primary and secondary analyses of performance data will 

be performed including all patients for whom matched pairs of data as described 

previously and visual estimation of stenosis severity (i.e., %DS) data are available 

(per-protocol (PP) population). All variables will be summarized by descriptive 

statistics. The statistics for continuous variables includes mean, median, standard 

deviation, 95% confidence interval for the means, and the number of observations. 



22
6 
| C

h
ap

te
r 

7

For categorical variables, number events, event rate, and 95% confidence interval for 

the event rate will be presented.

Subgroup analysis
The differences between the angio-derived iFR/FFR against invasive iFR/FFR will also 

be assessed in the subgroups with or without tandem lesions.

DISCUSSION

The main objective of the current study is to clinically validate the novel Angio-

iFR medical software device with a reference of wire-based iFR/FFR in CCS patients 

undergoing angiography.

The angio-based physiological assessment is of great interest in current clinical 

practice of interventional cardiology. The potential clinical advantages of angiog-

raphy-derived physiological assessment over wire-derived assessment are: (1) No 

requirement for a pressure wire and hyperemic agent; (2) Shorter procedure time; 

(3) Less patient discomfort; (4) Elimination of erroneous coronary pressure measure-

ment by pressure wire; (5) Post-stenting FFR/iFR value can be assumed at baseline, 

which facilitate the PCI planning; and (6) Analyses can be performed at the time of 

the diagnostic procedure as well as post-procedure.

Currently, four technologies are commercially available for the angiography-

derived physiological assessment: Quantitative Flow Ratio (QFR) (Medis Medical 

Imaging System, Leiden, the Netherlands, and Pulse Medical Imaging Technology, 

Shanghai, China); FFRangio (CathWorks, Kefar Sava, Israel); vessel FFR (Pie Medical 

Imaging, Maastricht, the Netherlands); and caFFR (RainMed Ltd., Suzhou, China) 

(Table).

Among those software packages, QFR is the most well studied one so far. A system-

atic review and Bayesian meta-analysis indicated that the diagnostic performance of 

angiography-derived FFR does not differ between methods for computation (compu-

tational fluid dynamics vs. mathematical formula), type of analysis (online or offline 

analysis), or software packages.5 The major limitation of angiography-derived FFR is 

thus far the lack of robust evidence in terms of clinical benefits that should be based 

on a prospective large randomized controlled trial (RCT) comparing established PCI 

strategies. However, the ongoing large RCTs (FAVOR III China, and FAVOR III EJ,) are 

expected to clarify the clinical efficacy of the angio-based physiological assessment. 

Another limitation is the requirement of two different projections to create a 3D 

vessel model, which could limit the utility of the technology especially in case of a 

retrospective analysis.
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The current Angio-iFR software is unique in that the algorithm uses an electrical 

lumped parameter model; the angiographic simulation is based on one projection 

with short computation time of few seconds. This fast calculation is achieved by 

the in-depth background calculation and interpretation of the cine angiography. 

Among currently available angiography-derived physiological assessment software 

packages, the measurement of QFR takes on average 5 minutes for computation,16,17 

whereas caFFR requires 4.54 minutes.18 FFRangio requires 2.7 minutes of computa-

tional time, without including manual processing time as well as data transfer.19

In addition, time to find another optimal projection for 3D vessel model recon-

struction and additional settings (for example, caFFR requires a disposable pressure 

sensor for each study) was not included in those computational time, which might 

require additional few minutes. Of note, Tu S, et al. recently reported that develop-

ment of a novel single-projection-derived QFR (μQFR) taking into account the side 

branches with the Murray law, which showed a substantially shorter computational 

time (67 ±22 seconds) than current available software (Table).20,21 It would be of true 

interest if the Angio-iFR software could achieve the similar, or even shorter, com-

Table | Current available angiography-derived FFR and Angio-iFR software

  Angio-iFR µQFR QFR FFRangio vFFR caFFR

Company Philips
Pulse 

Medical
Medis/Pulse 

Medical
CathWorks Pie Medical RainMed

Estimated 
reference

iFR and FFR FFR FFR FFR FFR FFR

Required angio 
projections

1 projection 1 projection

2 
projections
25 degrees 

apart

≥2 
projections
30 degrees 

apart

2 
projections

2 
projections
30 degrees 

apart

Required 
pressure data

No No No No Need Need

Side branches
Incorpo-

rated
Incorpo-

rated
Not incor-
porated

Incorpo-
rated

Not incor-
porated

Not incor-
porated

Studies ReVEAL iFR Tu S, et al.

FAVOR pilot
FAVOR II 

China
FAVOR II EJ

WiFi II
FAVOR III

FAST-FFR FAST FLASH-FFR

C-statistics
for predicting 

FFR≤0.8
NA 0.97 0.92-0.96 0.94 0.93 0.979

Time to 
computation

NA
(expected 
to be very 
short time)

67±22 
seconds

4.36 ± 2.55  
min

*2.7 min NA
4.54±1.48 

min

*Time for manual correction and lesion identification were not included.



22
8 
| C

h
ap

te
r 

7

putational time with the highly automated procedure compared to other software 

including μQFR, while maintaining the diagnostic accuracy.21

As described above, the analyzability and results of other commercially available 

software are strongly influenced by the acquisition of two projections, required to 

create 3D vessel model. Although prospective studies showed high analyzability of 

an angiography-derived FFR (90% - 99%), it is challenging especially in cases with 

complex diseases to acquire two separate angiographic projections without overlap 

or foreshortening. In fact, in the retrospective analysis of the SYNTAX II trial, the 

analyzability was 71.0% among patients with 3-vessel disease.22 In addition, the po-

tential efficacy of post-procedural QFR assessment in predicting recurrent cardiovas-

cular events was also reported, where the analyzability of QFR was approximately 

80%.23,24 If the novel Angio-iFR software could demonstrate improved analyzability 

based on single view, this could facilitate the adoption of angiography-derived physi-

ological assessment and post-PCI functional optimization in the catheter laboratory 

by integrating the assessments in a standard procedural workflow.15,25

In addition, this software provides simulated iFR values based on the resting 

coronary physiology and therefore may be able to provide further benefits over mod-

elling the FFR value. Since the algorithms behind angiography derived physiological 

assessment typically rely on predictions of hyperemic microvascular resistance, and 

as resulting trans-stenotic hyperemic flow, using resting indices might bring an 

advantage over hyperemic indices. In non-hyperemic conditions, because of the au-

toregulation of microvascular circulation, coronary flow remains constant and does 

not significantly change according to the degree of coronary narrowing. However, 

during hyperemia, coronary flow becomes unpredictable after passing through a 

coronary narrowing with a diameter stenosis ≥40%.8,26,27 For this reason, in case of a 

tandem lesions, iFR, but not FFR, can separately assess the functional severity of each 

individual stenosis in the same epicardial vessel.26 In the iFR GRADIENT registry, the 

difference between predicted post-PCI iFR and observed actual post-PCI iFR was only 

1.4% in tandem and diffuse coronary disease,28 which was lower than those of FFR in 

previous reports (4% -11%).27,29 Our subgroup analysis with or without tandem lesion 

may be able to clarify whether this benefit can be translated to angiographic-derived 

resting indices as well as the invasive indices.

Since this software can provide iFR and FFR based on a single view of angiography, 

it would be of great benefit for operators to visualize pressure gradients naturally 

co-registered in a working view during coronary intervention.
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Limitation
This is a technical or mechanistic study to compare the novel angiography-derived 

physiological assessment versus wire-derived physiological assessment. The impact 

of the simulation on clinical outcomes is not investigated.

CONCLUSIONS

This will be the first trial to evaluate the novel angiography-based physiological 

assessment software to predict both iFR and FFR values among CCS patients under-

going coronary angiography.
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SUPPLEMENTARY APPENDIX

Supplemental Methods

Power calculation for the powered secondary endpoints

Measurement Agreement

The study is powered to demonstrate measurement agreement between the an-

giographic derived instantaneous wave-free ratio (iFR) or fractional flow reserve 

(FFR) estimates and the reference invasive measure for the same lesion within the 

inherent measurement variability. Based on the standard deviation of 0.080 derived 

from the preliminary study, the equivalence limit was assumed to be ≤0.015. The 

statistical hypothesis of this endpoint is: 

The null hypothesis (H0): iFRref – iFRangio > ±0.015; or FFRref – FFRangio > ±0.015;

The alternate hypothesis (Ha): iFRref – iFRangio ≤ ±0.015; and FFRref – FFRangio ≤ 

±0.015;

Using the equivalence test for the difference between the means of two matched 

pairs, the sample size of 413 pairs will provide at least 88% statistical power under 

the assumed standard deviation ranging from 0.080 to 0.095 with an alpha of 0.05. 

The details of sample size power and standard deviation are presented in Supple-

mental Table 3.

The mean value of wire-based iFR measurements, which should be recorded 

twice, will be used in the final analysis comparing iFRref and iFRangio, taking into 

account the inherent measurement variability.

Superior Specificity over Visual Estimation

The study is powered to demonstrate that the specificity of the angio-derived iFR/FFR 

against invasive iFR/FFR (dichotomized at the 0.89 and 0.80 thresholds, respectively) 

is higher by ≥10% the specificity of visual estimate of ≥50% stenosis against invasive 

iFR/FFR, under the assumption that specificity of visual estimate is less than 70%1. 
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Supplemental Table 1 | Inclusion and Exclusion criteria of the ReVEAL iFR study

1. Inclusion Criteria 

All subjects must meet the following criteria for study inclusion: 

1) ≥18 years old 

2) At least 1 non-stented lesion in 1 or more major epicardial vessels of 40-90%* angiographic 
lesion with a reference vessel size ≥2.5mm in diseased segment by visual estimate 

3) Able and willing to provide informed consent 

2. Exclusion Criteria 

No subject may meet any of the following exclusion criteria: 

1) Presenting with an acute coronary syndrome (ACS), or documented ACS within 4 weeks 
prior to the scheduled index procedure 

2) Cardiogenic shock (sustained (>10 min) systolic blood pressure <90 mmHg in absence of 
inotropic support or the presence of an intra-aortic balloon pump) 

3) Presence of cardiac arrhythmias (e.g., atrial fibrillation, AV-block) 

4) Prior cardiac surgery or implant, including CABG, heart transplant, surgical heart valve 
replacement or repair, TAVI/TAVR, presence of an ICD or pacemaker 

5) Target vessel supplied by a left main coronary artery demonstrating any disease present 
(isolated or non-isolated)  

6) Target vessel supplied by right coronary artery demonstrating any ostial disease (located 
immediately at the origin of the coronary vessels from the aorta) 

7) Target vessel with Chronic Total Occlusion (CTO) in the ipsilateral territory or target 
vessel with an untreated CTO in the contralateral territory.  Note: if a CTO existing in the 
contralateral territory is successfully opened, the target vessel in the contralateral territory 
can be included following CTO treatment.

8) Target vessel with severe tortuosity (≥1 bends of 90° or more, or ≥3 or more bends of 45°- 
90° proximal to the diseased segment) 

9) Target vessel with heavy calcification (multiple persisting opacifications of the coronary 
wall visible in more than one projection surrounding the complete lumen of the coronary 
artery at the site of the lesion) 

10) Target vessel with TIMI flow grade 1 or 0 

11) Target vessel with severe diffuse disease (more than 75% of the length of the segment 
having a vessel diameter of 2mm, irrespective of the presence or absence of a lesion) 

12) Target lesion is at bifurcation/trifurcation 

13) Target arteries supplying akinetic or severely hypokinetic territories if already known based 
on prior imaging 

14) Target vessel is supplied by major collaterals 

15) Target stenosis associated with myocardial bridge 

16) Any vascular abnormality precluding optimal contrast opacification (e.g. thrombus, 
ulceration) 

17) Severe aortic or mitral valve disease 

18) Known ejection fraction ≤30% 

19) Known severe renal insufficiency (eGFR <30ml/min/1.72m2) 

20) Any fluoroscopic interference that renders the wire position unclear 

21) Contraindication for adenosine or other hyperemic agent (e.g. caffeine ingestion ≤18 hours, 
COPD, hypotension, AV-block) 

22) Known pregnancy or planning to become pregnant 

23) Participating in another interventional investigational study that may acutely impact 
microvascular function at the time of the physiology procedure 

*Ninety percent was selected as the upper bound, rather than the more typical 70% based on the 2018 ESC/
EAPCI guidelines on myocardial revascularization2.
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Supplemental Table 2 | Powered and Non-powered secondary endpoints of diagnostic agree-
ment measures

Powered secondary endpoints

Measurement agreement between iFRangio/FFRangio and their respective invasive measures

Specificity of iFR/FFR estimates over visual determination of stenosis severity ≥50%

Non-powered secondary endpoints Diagnostic agreement measures

Intra-observer variability and inter-observer variability

Diagnostic accuracy ((true positives + true negatives)/N)

Positive and negative predictive values

Area under the Received Operating Characteristics (ROC) curve (AUC)

Positive and negative likelihood ratio

Diagnostic odds ratio 

iFR: instantaneous wave-free ratio; FFR: fractional flow reserve; N: number.

Supplemental Table 3 | Power calculation based on the standard deviation of the difference 
between angio-derived iFR/FFR estimate versus wire-derived iFR/FFR

Standard Deviation
(iFR/FFRref - iFR/FFRangio)

Power

0.080 0.969

0.085 0.947

0.090 0.918

0.095 0.881

iFR: instantaneous wave-free ratio; FFR: fractional flow reserve.



23
5 
| R

at
io

n
al

e 
an

d 
de

si
gn

 o
f 

th
e 

R
eV

E
A

L 
iF

R
 s

tu
dy

SUPPLEMENTARY APPENDIX REFERENCES

1. Xu B, Tu S, Qiao S, Qu X, Chen Y, Yang J, et al. Diagnostic Accuracy of Angiography-Based 

Quantitative Flow Ratio Measurements for Online Assessment of Coronary Stenosis. J 

Am Coll Cardiol 2017;70(25):3077-3087.

2. Neumann FJ, Sousa-Uva M, Ahlsson A, Alfonso F, Banning AP, Benedetto U, et al. 2018 

ESC/EACTS Guidelines on myocardial revascularization. Eur Heart J 2019;40(2):87-165.





Chapter 8

One-year performance of biorestorative 
polymeric coronary bypass grafts in 
an ovine model: correlation between 
early biomechanics and late serial 
Quantitative Flow Ratio

Xinlei Wu*; Masafumi Ono*; Eric K.W. Poon; Neil O’Leary; Ryo Torii; Johannes 
P. Janssen; Shuang Jie Zhu; Yves Vijgeboom; Mohammed S. El-Kurdi; Martijn 
Cox; Jochen Reinöhl; Jouke Dijkstra; Peter Barlis; William Wijns; Johan H.C. 
Reiber; Christos V. Bourantas; Renu Virmani; Yoshinobu Onum; Patrick W. 
Serruys

*Drs Wu and Ono contributed equally to this work.

Eur J Cardiothorac Surg. 2022 May 27;61(6):1402-1411.



23
8 
| C

h
ap

te
r 

8

ABSTRACT

Objectives: This study aimed to investigate the impact of mechanical factors at 

baseline on the patency of a restorative conduit for coronary bypass grafts in an 

ovine model at serial follow-up up to 1 year.

Methods: The analyses of 4 mechanical factors [i.e. bending angle, superficial wall 

strain and minimum and maximum endothelial shear stress (ESS)] were performed 

in 3D graft models reconstructed on baseline (1-month) angiograms frame by frame 

by a core laboratory blinded for the late follow-up. The late patency was documented 

by Quantitative Flow Ratio (QFR®) that reflects the physiological status of the graft. 

The correlation between 4 mechanical factors and segmental QFR (∆QFR) were 

analysed on 10 equal-length segments of each graft.

Results: A total of 69 graft geometries of 7 animals were performed in the study. The 

highest ∆QFR at 12 months was colocalized in segments of the grafts with the largest 

bending angles at baseline. Higher ∆QFR at 3 months were both at the anastomotic 

ends and were colocalized with the highest superficial wall strain at baseline. High 

baseline ESS was topographically associated with higher ∆QFR at the latest follow-

up. Correlations of minimum and maximum ESS with ∆QFR at 3months were the 

strongest among these parameters (ρ = 0.30, 95% CI [-0.05 to 0.56] and ρ = 0.27, 95% 

CI [-0.05 to 0.54], respectively).

Conclusions: Despite the limited number of grafts, this study suggests an associa-

tion between early abnormal mechanical factors and late flow metrics of the grafts. 

The understanding of the mechanical characteristics could help to improve this 

novel conduit.
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INTRODUCTION

The inception of coronary artery bypass surgery was >5 decades ago, as one of the 

treatment potions for ischaemic heart diseases, especially for serious arterial disease. 

Intra-thoracic arteries, pedunculated or not, isolated radial arteries, gastroepiploic 

arteries, saphenous and tibial veins as well as synthetic grafts have been tested, ad-

opted and sometimes abandoned1. Autologous vessels have limited availability and 

conduit length, may be of poor quality, harvesting them might be time-consuming 

and their harvesting may result in additional morbidity2,3. Furthermore, the lack of 

available conduit was the reason for including 9.1% of the screened patients, who 

present with diabetes mellitus or possess a risk of wound complications, in the SYN-

TAX trial into a nested non-surgery (percutaneous coronary intervention) registry4.

The perfect conduit for coronary artery bypass surgery would ideally exhibit 

high long-term patency, be readily available without complication arising from the 

traditional harvest of autologous graft and be available in sufficient length to revas-

cularize all targets. Therefore, a restorative conduit, scalable in length and diameter 

to avoid a mismatch with the recipient native vessel and permanently available on 

the shelf, would be highly desirable as an alternative for autologous vessels. One of 

the major assets of the present polymeric conduit is its capacity to get biodegraded 

and to serve as a template for an indigenous, cellular and tissular restorative process 

that ultimately mimics the histological structure of native vessels. Previous pre-

clinical and clinical experience with intracardiac bioresorbable polymeric conduits 

(Fontan tube and pulmonary conduits) and valvular leaflets (transcatheter aortic 

valve implantation) has demonstrated the feasibility of the concept5.

Mechanical factors acting at the interface between graft and blood flow are be-

lieved to play a major role not only on the coverage of endothelial cells and neointi-

mal hyperplasia but also on the late progressive atherosclerosis and thrombogenicity 

of neo-tissue6. For example, endothelial cells are very sensitive to mechanical factors 

(e.g. endothelial shear stress) and a wide variety of cell functions can be influenced 

through the activation of mechanosensitive receptors and signalling pathways7. 

Currently, several techniques of computational modelling based on angiograms are 

developed to quantify the mechanical factors or physiological function of vessels 

in vivo, such as dynamic superficial wall strain (SWS)8, and endothelial shear stress 

(ESS)9, as well as quantitative flow ratio (QFR)10. Therefore, investigation of the im-

pact of these mechanical factors on the inter-lumen layer in vivo on the late patency 

might be helpful to optimal iteratively designing a novel biorestorative bypass graft.

In this study, we aim to investigate the potential association between mechanical 

factors in vivo at baseline (1 month) and haemodynamic performance at follow-

up in ovine models implanted with this novel biorestorative graft. The baseline 
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angiography was used to reconstruct 3D graft geometry and process these models 

with these computational techniques to assess bending angle, SWS and ESS and 

correlated these with segmental QFR (∆QFR) at late follow-up.

MATERIALS AND METHODS

Ethics statement
Angiography data at baseline and follow-up were acquired from the animals im-

planted with the biorestorative bypass graft (Xeltis BV, Eindhoven, Netherlands). The 

study was conducted in accordance with the Guide for Care and Use of Laboratory 

Animals and the ARRIVE guidelines (Animal Research: Reporting of In Vivo Experi-

ments) and was approved by the Test Facility’s Ethical Committee for compliance 

with regulations prior to study initiation (Protocols IQI001-IS02 and IQI005-IS02).

Study device
The biorestorative Xeltis coronary artery bypass graft (XABG) is composed of an 

electrospun supramolecular polymer that contained the ureidopyrimidinone supra-

molecular binding motif11. To prevent collapse and/or kinking of a bypass graft, 

micro-skeleton made of nitinol is encapsulated between the 2 layers of polymer and 

separated by a gap of 300 microns between each crown of nitinol. The length is 150 

mm and the inner diameter is 4 mm.

Animal models
All animals were pre-treated with dual anti-platelet therapy of aspirin (325 mg on 

day 1, and 81 mg daily thereafter) and clopidogrel (150 mg on day 1, and 75 mg daily 

thereafter). On the day of operation, animals were anaesthetized, and a left lateral 

thoracotomy was performed to allow access to the heart and descending aorta. 

Left anterior descending (LAD) and descending aorta were isolated and assessed for 

appropriate distal and proximal anastomoses. Once heparin anticoagulation was 

initiated, cannulas were placed, and cardiopulmonary bypass was initiated. Cardiac 

arrest was induced with Plegisol or Del Nido, and additional cardioplegia solution 

was administered every 20min as needed in order to prevent ischaemia.

The distal anastomosis was checked for hemostasis and clamped to prevent 

haemorrhage, while the aorta was punctured and anastomosed to the proximal end 

of the grafts. An arteriotomy was made in the partially occluded descending aorta 

using a stab incision and a 4–6-mm aortic punch to create the proximal anastomosis 

site. The graft was trimmed and sewn into the anastomosis. Prior to completion 

of the proximal anastomosis, air was evacuated from the graft by releasing the 
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bulldog-type clamp, and the proximal anastomosis suture was tied tight after all 

air had escaped. The distal anastomosis was carefully crafted with a long orifice 

and a length that is between 2 and 3 times larger than the diameter of the LAD. 

Blood flow was established in the graft and any additional required repairs to the 

anastomoses were made. After graft implantation was completed, the LAD was 

ligated a few millimetres upstream of the graft distal anastomosis. The heart was 

defibrillated (if needed) to establish a sinus rhythm, and cardiopulmonary bypass 

was discontinued. Protamine sulphate was administered as needed to control any 

haemorrhage associated with the procedure. As a reference, saphenous vein grafts 

(SVGs) were implanted in 3 other sheep according to the local standards of care.

Workflow of the study
Figure 1 shows the workflow of the analysis regarding the relationship between 

the mechanical factors at baseline (1month) and ∆QFR at follow-up (Supplementary 

Material, Appendix). Based on the facts that the restorative conduit exhibits a layer 

of neo-tissue already visible on the optical coherence tomography (OCT) images at 

1 month follow-up, angiograms at this point of time were analysed and referred as 

baseline for investigation of the mechanical factors.

Figure 1 | Workflow for the comparison between the local results of mechanical factors at base-
line (1-month) and delta quantitative flow ratio at late follow-up. 
The angiography-based reconstructed models at baseline (1-month) are used to perform the analyses of bend-
ing angle, superficial wall strain and endothelial shear stress frame by frame, which is blinded to quantitative 
flow ratio analysis at late follow-up. Each graft is divided into 10 segments. Finally, the segmental mechanical 
factors are compared to the delta quantitative flow ratio.
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Angiography and three-dimensional reconstruction
Serial angiography was planned at 1, 3, 6, 9 and 12months (Supplementary Material, 

Appendix). Three-dimensional reconstruction was performed using pairs of frames 

for the entire cardiac cycle. Post hoc synchronization between 2 projections was 

performed by ECG superimposed on the fluoroscopic images (n = 6) or by visual 

assessment at the time of early ventricular ejection (n = 1). All reconstructions ge-

ometry of grafts within cardiac cycle were used to analyse dynamic bending angle 

and SWS, while the geometry at end diastole was used to perform the ESS and QFR 

analysis.

Bending angle analysis
The bending angle was determined at sampling points along the centreline within 

10 mm length, by calculating the tangential vectors from 1 point to the consecutive 

centreline points (Supplementary Material, Figure. S1).

Superficial wall strain analysis
The motion function of the grafts within a cardiac cycle was extracted from an-

giography, which is determined by the pointwise mapping relationship between 

2 geometries at consecutive timepoints. The SWS was calculated by the variation 

of element lengths of meshes by an in-house algorithm (Supplementary Material, 

Appendix)8,12,13.

Endothelial shear stress analysis
Direct in silico measurements of ESS on bypass grafts were carried out by using an 

in-house algorithm9,14 (Supplementary Material, Appendix). ESS was computed on 

all surface mesh elements as the product of fluid viscosity and near-wall velocity 

shear rate in the last cardiac cycle (at matching time point to angiographic frame) 

to derive a coloured ESS map. The minimum and maximum ESS were defined when 

the inlet velocity was minimum and maximum, respectively.

Quantitative flow ratio analysis
Vessel QFR was analysed from the proximal ostium of the graft, up to the first distal 

anatomical landmark in the native vessel (e.g. septal or first diagonal side branch). 

QFR analysis was conducted using the contrast flow model based on flow velocity 

computed from contrast bolus frame count10 by QAngio XA 3D/QFR software (Medis 

Medical Imaging BV, Netherlands). ∆QFR was further derived by the difference 

between the values at the proximal and distal ends.
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Statistical analysis
Initial descriptive analyses were performed, as appropriate, to summarize the 

distributions of physiological and mechanical parameters; the type of descriptive 

statistic(s) will be specified where reported in the text or tables. Where multiple 

measures per animal per visit are included for the outcome variable, and models 

were not explicitly used to account for within-animal, within-visit correlation, con-

fidence intervals were generated using clustered bootstrap (resample by per animal). 

For descriptive purposes, Spearman’s rank correlation coefficient was estimated 

between each structural measure and the colocalized measurement in ∆QFR at 

follow-up.

Three linear, mixed-effects models including the mechanical factors at 1 month 

as fixed-effects were fitted involving: (i) no mechanical factors; (ii) mechanical factor 

averaged across the graft; and (iii) mechanical factors at corresponding colocalized 

segments. The adjusted R-squared from these models was used to compare the 

proportion of the variance in ∆QFR at late follow-up explained by theses combined 

4 mechanical factors at baseline. P-values and 95% confidence intervals were not 

adjusted for multiple comparisons, and no a priori primary outcome was selected, 

nor was a statistical sample-size calculation performed. As such, type 1 and type 2 

error were not strongly controlled for, and inferences drawn should be interpreted 

as exploratory rather than confirmatory (Supplementary Material, Appendix).

RESULTS

Fifteen animals were investigated for the primary end point in the preclinical study 

with XABG (n = 12) and SVG (n = 3) (Supplementary Material, Appendix). A total of 

69 graft geometries within 1 complete cardiac cycle were reconstructed from base-

line (1-month) angiography (Table 1). At 1-month follow-up, the minimum lumen 

diameter of the restorative conduits reduces to 2.66 ± 0.21 mm due to the formation 

of the layer of the neotissue, whereas the minimum lumen diameter of the SVG 

increases to 4.23 ± 0.24 mm due to slight expansion.

Characteristics of 4 mechanical factors at baseline
The segment-averaged maximum bending angles (mean ± standard deviation) were 

the highest at the distal anastomosis site (segment 10), followed by the middle 

part of the grafts (segment 4), and the lowest at the ostial site (segment 1): 19.36 ± 

7.85˚, 16.77 ± 5.44˚ and 8.65 ± 0.97˚, respectively (Supplementary Material, Figure 

S2). The segment-averaged SWS of grafts was significantly higher (P < 0.05) at the 

distal anastomotic sites (segment 10) and the aorto-ostial sites (segment 1) than in 
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the middle part of the grafts (Figure 2B). The segment-averaged minimum ESS at 

the distal anastomotic site (segment 10) was significantly higher than in the other 

segments; and the ESSs were similar in the other remaining segments (Figure. 2C). 

The segment-averaged maximum ESS at the distal anastomotic site (segment 10) was 

also significantly higher than in the other segments; whereas the ESS in the other 

segments fluctuated around 1.77–2.26 Pa (Figure 2D).

A representative example (Figure 3, right) shows that the highest SWS is located 

105.1 mm from the ostium and is increased up to 0.71 in segment 8 at end-systole 

(timepoint 8). Noteworthy, in this particular case, the site of the highest SWS at 

baseline was co-localized with the beginning of the severe stenosis noted on the 

6 months follow-up angiography (Figure 4A2). The time-varying ESS shows that 

relatively high values of ESS occurred at mid-diastole near distal anastomosis sites 

due to mild relative narrowing (Figure 3, middle, timepoints 2–5). Low ESS (<1 Pa) 

was found during other phases of the cardiac cycle. As expected, ESS was very low 

at the early-systole and a retrograde flow could be even documented (timepoint 9).

Table 1 | Three-dimensional quantitative coronary angiography within cardiac cycle at baseline

Cases Grafts ECG
Frames in one 
cardiac cycle

Length (mm) MLD (mm) DS%

1 XABG Yes 9 153.39±1.69 2.56±0.07 20.11±1.17

2 XABG Yes 9 142.60±1.66 2.69±0.38 23.11±4.73

3 XABG Major image vessel overlap

4 XABG Sacrificed at 3 months

5 XABG Yes 10 140.68±1.38 2.66±0.13 26.40±3.47

6 XABG

Unrecorded the information of angiographic projection angles7 XABG

8 SVG

9 XABG Yes 10 147.29±1.80 2.32±0.33 36.40±8.96

10 XABG Yes 10 142.52±1.52 2.84±0.19 20.33±5.32

11 XABG Yes 10 152.20±1.31 2.86±0.14 23.22±3.38

12 XABG
Major image vessel overlap

13 SVG

14 SVG No 11 139.33±0.81 4.23±0.24 24.36±4.30

15 XABG Unsuccessful surgery

Values reported are mean±SD.
aDS% is calculated as (1 - minimum lumen diameter/reference vessel diameter) * 100. Note that the MLD is 
located at the most stenotic site along the graft.
DS%: % diameter stenosis; ECG: electrocardiogram; MLD: minimum lumen diameter; SD: standard deviation; 
SVG: saphenous vein graft; XABG: Xeltis coronary artery bypass graft.
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Figure 2 | Four angiography-based mechanical factors at 1 month and delta quantitative flow 
ratio at final available follow-up by cases over 10 segments. 
(A) Maximum bending angle; (B) maximum superficial wall strain; (C) minimum endothelial shear stress; (D) 
maximum endothelial shear stress; and (E) delta quantitative flow ratio at final available follow-up. The local 
average across the vessel segment is shown for each variable (solid blue line), with the 95% confidence interval 
(grey-shaded region).
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Mechanical factors at baseline and delta QFR at follow-up
The fitted average line of ∆QFR along the grafts at the latest follow-up has a similar 

pattern as the one of SWS at 1month (Figure. 2B vs Figure. 2E). Table 2 summarizes 

the correlation between baseline mechanical factors and 3- and 6-month ∆QFR. Fig-

ure 5 shows the correlation between baseline mechanical factors and ∆QFR follow-

up for the 10-segment level analysis. Based on the fitted linear mixed-effects models, 

the adjusted R-squared indicated a marginal increase in the explained variance of 

follow-up QFR by using localized, baseline mechanical factors in this manner, with 

a progression in R2 from 0.12, to 0.14 to 0.16 with the inclusion of (i) no mechanical 

factors, (ii) mechanical factors averaged across the graft and (iii) mechanical factors 

at corresponding colocalized segments to follow-up ∆QFR measurements.

Figure 3 | Time-varying boundary condition of velocity profile (left), endothelial shear stress 
(middle) and superficial wall strain (right) in a graft within 1 cardiac cycle at baseline (case 9). 
Individual pulsatile blood velocity was estimated by recording the frame-by-frame contrast filling along the 3D 
vascular centreline. The velocity was curve-fitted with a different velocity profile as the inflow boundary condi-
tion at the ostium. Specifically, there was back flow at the early diastole (left, timepoint 9). The relatively high 
endothelial shear stress occurred at early-middle diastole near distal anastomosis sites due to mild narrowing 
(timepoints 2–5), while low endo- thelial shear stress (<1 Pa) was found during other phases of the cardiac cycle 
(middle). The highest superficial wall strain is located 105.1 mm from the ostium and is increased up to 0.71 
at end-systole (right, timepoint 8).
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Figure 4 | Compared angiography and the maximum superficial wall strain at baseline with the 
angiography and quantitative flow ratio at 6-month follow-up (case 9). 
The maximum superficial wall strain derived from baseline angiography (A1) was found at the distance of 
105.1 mm from ostium (B1), which is co- localized with the beginning site of the narrowing segment of 102.5 
mm from ostium in the angiography at 6 months follow-up (A2). The quantitative flow ratio at 6 months was 
decreased from the narrowing site to the site of anastomosis of 0.78 (B2).

Table 2 | Correlation between the mechanical factors at baseline and the delta quantitative flow 
ratio at 3- and 6- month follow-up (correlation estimated using Spearman’s rank correlation 
coefficient)

Mechanical factors, 1 month ΔQFR, 3 months ΔQFR, 6 months

Bending angle 0.00 (-0.24, 0.30) -0.01 (-0.55, 0.30)

minimum ESS 0.30 (-0.05, 0.56) 0.03 (-0.18, 0.22)

maximum ESS 0.27 (-0.05, 0.54) -0.01 (-0.23, 0.28)

Maximum SWS 0.04 (-0.20, 0.28) 0.16 (0.05, 0.29)

ESS: endothelial shear stress; QFR: quantitative flow ratio; SWS: superficial wall strain.
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DISCUSSION

The long-term patency of synthetic biostable or bioresorbable coronary graft con-

duits implanted on a beating heart structure is a complex multifactorial process 

affected by various factors, involving biological and mechanical transductions. The 

present study focused on the mechanical factors and investigated the impact of local 

physical forces acting on a foreign conduit connecting the descending aorta and a 

ligated LAD artery of an ovine model. The findings of this study suggest that there is 

Figure 5 | Full pair-wise plot matrix of all mechanical factors and follow-up delta quantitative 
flow ratio. 
The univariate distribution of each variable is shown with a kernel density function along the diagonal. The 
scatter plots show between all pairs of variables with a fitted simple regression line (bottom left), while the 
Spearman rank correlation was shown for each pair of variables (top right).
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an association between mechanical factors at baseline and the localized alteration 

of QFR at follow-up.

The implanted grafts are subjected to 36 792 000 repeated systolic expansion 

and diastolic recoil per year (~70 heart rate * 60 min * 24 h * 365 days). In addi-

tion to the cyclic variation of intravascular blood pressure, the synthetic conduit is 

stretched downwards by the systolic contraction of the left ventricle and the lower-

ing of the diaphragm during the respiratory cycle, while the proximal anastomosis 

is subjected to the variation of the diameter and complex spatial motions of the 

descending aorta. Furthermore, multi-directional bending and stretching of the 

graft are unavoidable mechanical constraints.

The late patency of the graft at follow-up was assessed using QFR as this enables 

the colour-coded display of the pressure loss due to lumen narrowing observed 

during a pullback of a ‘virtual pressure wire’. That computed drop in pressure 

was segmented along the graft and expressed in ∆QFR in 10 segments of equal 

length. Thereby, co-localization and correlation between mechanical forces acting 

at 1month and late localized change in QFR were depicted, which led to a better 

understanding of the association between the impact of mechanical factors and the 

late lumen alteration of the graft at that particular site.

The observations can be summarized as follows: (i) higher ∆QFR at 12 months 

were located in segments of the graft with the largest static and dynamic bending 

angles at baseline; (ii) higher ∆QFR were found at 3 months at both anastomotic 

ends of the grafts which were colocalized with the highest SWS documented at 1 

month; and (iii) higher baseline ESS were in general associated with higher ∆QFR at 

latest follow-up.

The results of these dynamic morphological changes, captured in our frame-by-

frame analysis, showed that the bending was minimal in the mid-distal part of the 

graft (segments 6 and 7, Figure 2). In these segments, ∆QFR at the latest follow-up 

was not noticeable, suggesting that these segments are less subdue to the stress of 

bending. This may also be due to the uniform armoured structure in the straight 

graft segments, resulting in lower SWS and uniform distribution of ESS.

It has been reported that intimal hyperplasia (IH) is localized at the distal anasto-

mosis and is less prominent at the ostium sites15. At 1month, there was no pressure 

drop (∆QFR) along all the segments of the graft except for the distal anastomosis 

exhibiting a very low ∆QFR (<0.01). This indicates that the grafts are widely pat-

ent and that their patency has not been altered by an angiographically detectable 

thrombotic and/or inflammatory process at that time. At the latest available follow-

up, ∆QFR was the highest in the distal anastomotic segments, followed by the values 

observed at the ostium of the graft. Although both anastomosis could be smoothly 

transited between the biorestorative grafts and native vessels, relatively high SWS 
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still occurs at both ends of the grafts (Figure. 2B). This could be explained that both 

ends of the grafts with unsupported nitinol rings are subjected to excessive local 

deformation due to the relatively low mechanical stiffness. It could trigger IH and 

result in stenosis in the long-term. Note that the presence of Nitinol micro-skeleton 

in the middle part of graft maintains the mechanical stability and relieve the high 

strain of graft. The Nitinol micro-skeleton, encapsulated between the 2 layers of 

polymer, will be eventually embedded within native tissue even when the polymer 

is fully absorbed and, thus, could reduce the risk of stent thrombosis by preventing 

any direct contact with blood flow.

In this study, time-varying ESS of the graft was analysed frame by frame, and 

the most prominent variations in ESS were observed at the sites of the distal 

anastomoses (Figure. 2C and D). It possibly was related to the diameter mismatch 

between the grafts and native coronary arteries. In particular, ESS at 1 month was 

correlated to the magnitude of segment-averaged ∆QFR. These results confirmed 

that the well-established fact that both high and low shear stress could cause IH16,17, 

which is suspected to be responsible for the alteration of the graft patency following 

its implantation18.

Although the clustered bootstrap analysis showed that the confidence intervals 

of the estimated correlation coefficients are wide, there is some positive signal pro-

vided by these estimates. Furthermore, linear mixed-effects models, which included 

all available follow-up QFR and mechanical factors (Figure. 5), suggest that some 

additional information is provided by using localized mechanical factors in predict-

ing localized ∆QFR compared to mechanical factors averaged across the graft.

Whether these findings could suggest potential ‘remedies’ in the design of the 

graft and/or in its surgical technique of implantation remains hypothetical. Thicken-

ing of the graft wall in the vicinity of the distal and proximal anastomotic sites 

might be considered, to render that part of the graft less sensitive to mechanical 

strain, bending and potential kinking. Minimizing the mismatch between the graft 

and the grafted native vessel is highly recommended considering the large variation 

of shear stress at the site of the distal anastomosis. In addition, a less angulated im-

plantation of the graft on the native vessel with a shallow angle of implantation and 

with a large elliptical ostial attachment might be envisaged and has been advocated 

by some surgeons19, which could mitigate or even abate flow disturbances, thereby 

diminishing undesirable flow separation at the anastomosis, and preventing a less 

adverse flow-related shear stress distribution. Obviously, in the human configuration 

the graft will have a vertical orientation from top to bottom, from the ascending 

aorta to the anterior wall of the heart: a topographical orientation diametrically at 

variance with our ovine model in which the graft has to cross the chest cavity in a 

horizontal trajectory between the posterior descending aorta and the anterior left 
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ventricular wall. This will result in less bending compared to our ovine model in 

which the graft has to cross the chest cavity in a horizontal and curved trajectory 

between the posterior descending aorta and the anterior left ventricular wall. The 

mechanistic studies should be repeated on the angiographic analyses obtained from 

first-in-man implants of the novel XABG conduit.

Limitations
One of the limitations of the present study is the limited number of observations. 

This is due to the complexity of the surgical procedure and to the need for ap-

propriately recorded angiographic views that allow for optimal three-dimensional 

reconstruction of the graft lumen. Cumulative tests and computational modelling 

based on animal models could be a useful tool for assessing its performance and 

identifying the causes of late patency. Although the results provided by the present 

study are hypothesis generating and exploratory, they yielded potentially useful 

clues on how to improve not only the experimental setting, but also the device and 

the technique of implantation in this proof of concept. It remains to determine 

whether the biological process will not be overwhelmingly dominant in the late 

fate of the graft. Postmortem histomorphometry will provide a single snapshot view 

of a complex and evolutive biological process that combines biodegradation with 

biorestoration.

CONCLUSION

This study demonstrated that early mechanical factors were associated with late 

localized alteration of QFR. Among these mechanical factors, the baseline ESS was 

the strongest parameter correlated with ∆QFR at 3 months. This dynamic interplay 

between mechanical factors and luminal surfaces sheds light on the biomechanical 

factors that might contribute to the late patency of this bioresorbed bypass.
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SUPPLEMENTARY APPENDIX

Materials and Methods

Workflow of the study 
Each graft was divided equally in length into 10 segments along the graft. The 

mechanical factors at baseline, including bending angle, SWS, and ESS, were fur-

ther averaged within each segment. Delta QFR of these 10 segments was derived 

at serial follow-up. A spread-out (unrolled carpet) view for the ESS, SWS, and QFR 

was compared. All these analyses were delineated by fixed anatomic landmarks: the 

ostial graft anastomosis on the descending aorta and the first distal side branch of 

the LAD (septal or diagonal), as fiducial points of reference for the 3D geometries. 

The analysis of mechanical factors at baseline was blinded to the QFR analysis at 

late follow-up. 

Angiography and three-dimensional reconstruction
The femoral artery was punctured under general anesthesia and a 5-French sheath 

was inserted. Selective bypass angiography from the ostium of grafts in the de-

scending aorta was performed with a JR 4.0 catheter. Nitrates were given before 

the angiographic injections. X-ray angiograms were recorded at 15 frames/s. Two 

angiographic runs in the anterior-posterior and lateral views were obtained and 

converted to DICOM (Digital imaging and communications in medicine) format at 

a resolution of 512×512 pixels. Three-dimensional luminograms of the grafts were 

reconstructed from these two projections by using the validated QAngioXA 3D RE 

software (Medis Medical Imaging bv, The Netherlands). 

Superficial wall strain analysis 
Several key time-points of angiography during the cardiac cycle are identified from 

the electrocardiogram or according to the different stages of vessel motion during 

heart contraction and relaxation. The number of frames for cardiac cycle can be 

determined from one QRS wave to the next on the electrocardiogram, when avail-

able. Alternatively, the frame showing the initial clearance of contrast medium from 

the aorta by contrast-free blood during ventricular ejection identifies early systole. 

The combination of these signals is used to achieve time synchronization between 

frames from two single plane angiograms. The vessel geometries are reconstructed 

and then discretized into structured meshes with identical node dimensions. The 

point-wise displacements of the deformed arterial wall are determined based on the 

principle of minimum potential energy. A global displacement function between 

two consecutive time instants will have its minimum value when all nodes between 
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two consecutive configurations are matched to generate the one-to-one mapping 

relationship. The displacements of the vessel wall at the next specific time-point 

are determined by the mapping relationship. Similarly, the displacements of the 

vessel wall at subsequent time-points are determined until the next diastasis. The 

superficial wall strain can be calculated by dividing the element length of structured 

mesh at the next timepoint by that at the revious time-point. 

Endothelial shear stress analysis 
The reconstructed model of each bypass graft was discretized into ~1 million finite 

volume mesh elements (with at least 70 elements in the circumferential direction 

and 5 layers of boundary layer elements to adequately capture the near-wall flow 

physics). Individual pulsatile blood velocity over a heartbeat was estimated by 

recording the frame-by-frame contrast filling along the 3D model centerline. The 

recorded individual pulsatile blood velocity (Figure 4 Left panel) was curve-fitted and 

approximated as a time-dependent function with 16 Fourier coefficients (MATLAB 

2019b, Mathworks, Massachusetts, USA). The individual velocity waveform was used 

as the inflow boundary condition of each bypass simulation. The ESS computation 

were carried out for at least 3 cardiac cycles. Blood was supposed to have a constant 

blood density at 1060 kg/m3 and its shear-thinning behavior was modeled by the 

Quemada equation.

Statistical analysis
Further analysis was conducted to explore if there was meaningfully increased 

predictive information provided from colocalized baseline measures of mechanical 

factors, compared to a simple summary measure across the full section of graft. This 

involved fitting a linear, mixed-effects model of change in ∆QFR measured at every 

cross-section along the graft segment as the outcome variable under (1) a null model 

(no mechanical factors), (2) a model with the means of all baseline mechanical fac-

tors, and (3) a model with all baseline mechanical factors linked to each colocalized 

∆QFR measurement. All models included a random intercept for each animal, a 

random-intercept for each of 10 cross-sections across the graft segment, a separate 

mean fixed-effect for each follow-up time point (3, 6, 9, 12 months), and a natural 

cubic spline fixed-effect across the 10 cross-sections along the graft segment. The 

adjusted R-squared from these three models was used as a summary measure to 

compare the ability to explain variance in follow-up changes in ∆QFR with these 

mechanical factors and other fixed-effects included in the models. In addition, both 

Models 2 (global mechanical factors) and 3 (local mechanical factors) were compared 

against Model 1 (null) using a likelihood ratio test. The summary of data included in 

these models is given in Supplementary Table 1. 
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Based on these models, the adjusted R-squared (unconditional on random ef-

fects) for each model was as follows: Model 1 (the null model including fixed-effects 

for cross-section and follow-up time) had an estimated R2 of 0.12. Model 2 (Model 

1 with the addition of simple mean mechanical baseline variables as fixed-effects 

predictors) had an estimated R2 of 0.14. Model 3 (Model 1 with the addition of local-

ized, mechanical factors colocalized to follow-up ∆QFR observations as fixed-effects 

predictors) had an estimated R2 of 0.16. This indicates a marginal increase in the ex-

plained variance of follow-up ∆QFR by using localized, baseline mechanical factors 

in this manner. A likelihood ratio test of model 2 versus model 1 is not significantly 

different (p=0.46) and similarly for model 3 compared to model 2 (p=0.29). 

Results
Seven cases (6 XABG and 1 SVG) were retained in the biomechanical substudy for 

the following reasons: in 3 cases (Cases 6, 7, and 8) the information on angiographic 

projection angles was not recorded in the DICOM files; in 3 other cases (Cases 3, 12, 

and 13) major image grafts overlap made the 3D reconstruction unreliable, 1 animal 

(Case 4) was sacrificed at three months for an exploratory purpose (to analyze in 

anatomy and morphology of the distal anastomotic stenosis) and 1 animal (Case 15) 

was sacrificed before 1 month due to unsuccessful surgery that graft was sewn shut. 

Mechanical factors at baseline and delta QFR at follow-up
The correlation between baseline mechanical factors and 3-month and 6-month 

∆QFR is summarized in Supplementary Table 2 (using Spearman’s rank correlation 

coefficient). Minimum SWS and ∆QFR were positively correlated at 3 months (ρ=0.30, 

95% CI [-0.05 to 0.56]), as well as maximum ESS and ∆QFR at 3 months (ρ=0.27, 95% 

CI [-0.05 to 0.54]). A positive correlation was estimated between SWS and ∆QFR at 

3-month and 6-month follow-up (0.04 and 0.16, respectively). Although no marked 

correlation was found between bending angle and ∆QFR at 3-month and 6-month 

follow-up, higher ∆QFR at 12 months were located in the segments of the graft with 

the largest bending angles at baseline (ρ =0.12) (Supplement figure 2).
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Supplementary Table 1 | Available data for analysis of baseline mechanical factors and follow-
up QFR.

Animal
Mechanical 

Factors, 
1-month

QFR, 
3-months

QFR, 
6-months

QFR, 
9-months

QFR, 
12-months

Included in 
analysis

1        
2         
3          

4 Sacrificed at 3 months

5        
6         

7         

8          

9      
10      
11        
12         

13         

14        
15 Died before 1 month

 (red) means the latest follow-up. 
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Supplement Figure 1 | The definition of bending angle
(A) Curved vessel with a lesion; bending angle is defined around the obstruction marker (red circle). (B) Bend-
ing angle vectors. Vectors are calculated to each following arterial centerline point within 10 mm length, 
along the centerline in both the proximal and distal direction, starting at the obstruction point. The vectors 
are averaged at each direction, resulting in a proximal and distal vector. The bending angle is defined as 180° 
minus the angle between both vectors (a straight vessel has a bending angle of 0°). 
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Supplement Figure 2 | Bending angle of 3D reconstructed graft frame by frame (Case 10)
The bending angle changes along the graft within one cardiac cycle (red curve) with the four relatively high 
values (yellow arrows). 
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Supplement Figure 3 | Delta QFR on the 10 segments along the vessel at 3-, 6-, 9-, and 12-month 
follow-up. 
(A) 3-month; (B) 6-month; (C) 9-month; and (D) 12-month. The local average across the vessel segment is shown 
for each variable (solid blue line) with the 95% confidence interval (grey shaded region). 
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ABSTRACT

Aims: The objective of the study is to assess the efficacy and safety of the novel 

MagicTouch sirolimus coated-balloon (SCB) when compared to the SeQuent Please 

Neo paclitaxel coated balloon (PCB) for the treatment of de-novo small vessel coro-

nary artery diseases (SVD).

Study design: The TRANSFORM I study is a randomized, multicenter, non-inferiority 

trial with the intent to enroll a total of 114 patients with a de-novo SVD (≤2.5 mm). 

Vessel size will be pre-screened by on-line QCA. After successful pre-dilatation with-

out major coronary dissections (type C-F) nor Thrombolysis In Myocardial Infarction 

trial [TIMI] grade flow ≤2, patients will be enrolled in a 1:1 randomization to receive 

treatment with either the novel SCB balloon or the comparative PCB balloon. The 

balloon sizing will be selected according to the lumen-based approach derived from 

optical coherence tomography (OCT). The primary endpoint is 6-month mean net 

lumen diameter gain (6-month minimum lumen diameter [MLD] minus baseline 

MLD) assessed by quantitative coronary analysis (QCA) with non-inferiority margin 

of 0.3 mm in per-protocol analysis. The clinical follow-up will be conducted up to 

1 year. The enrollment started in September 2020 and will complete in April 2021.

Conclusions: The TRANSFORM I trial will assess the efficacy of novel SCB in terms 

of non-inferiority to conventional PCB with a novel OCT measurement approach in 

patients with a de-novo SVD.
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1. INTRODUCTION

The new-generation drug-eluting stents (DES) have shown exceptional anti-prolif-

erative efficacy and excellent long-term results. Their usage, however, results in 

permanent metallic implants within the vessels and therefore still has some limita-

tions, including risks of in-stent restenosis (ISR), neoatherosclerosis1, and very late 

stent thrombosis2. Currently, two different technologies, bioresorbable scaffold and 

drug coated balloon (DCB), have been developed to comply with the “leave nothing 

behind” strategy3. Previous studies have demonstrated the potential adverse effects 

of a permanent metal prosthesis at very long-term follow-up4,5.

DCBs first appeared in the European market in 2007, with the aim of being an 

alternative strategy for ISR instead of DES, and have shown favorable results6–10. 

Thereafter, DCBs have been extensively used for the treatment of de-novo coronary 

lesions in some specific settings including small vessel disease (SVD)9–15.

In SVD, the implantation of a metallic prosthesis could further increase the risk 

of restenosis even more than the large-caliber vessels. Although several past studies 

attempted the treatment strategy with DCB for SVDs, the results were discordant. 

This was possibly due to a learning phase during the early years of clinical experi-

ence with the DCBs and the fact that multiple different DCB devices were used with 

different drug dosages (Supplementary Appendix Table 1).

Until 2016, all DCBs marketed in Europe eluted paclitaxel due to its favorable 

pharmacokinetic properties. Paclitaxel is a lipophilic drug that rapidly crosses the cell 

membrane and binds to microtubules, thus inhibiting cell division and migration, 

and therefore cell proliferation16–18. Conversely, all currently available DES elute si-

rolimus or analogue drugs (the “-limus” drug class) due to improved outcomes when 

compared to paclitaxel-eluting stents (PES), including PCI of SVD19–23. Compared to 

sirolimus-eluting stent (SES) the PES had less efficacy in terms of risk reduction of 

target-lesion revascularization24. Moreover, the PES had a possible increased risk 

in stent thrombosis in comparison to SES or BMS25. Therefore, a sirolimus-coated 

balloon (SCB) may have the potential to reduce the thrombogenicity after the elu-

tion and to improve clinical outcomes compared to a conventional paclitaxel-coated 

balloon (PCB). Although sirolimus has well-recognized antiproliferative properties, 

it’s use on a drug coated balloon was hampered initially due it’s low lipophilicity 

and thus low penetration and retention in the target vessel wall.

The MagicTouch SCB (Concept Medical, Surat, India) was developed with novel 

technology of an encapsulation of low lipophilicity sirolimus into a protective lipo-

philic package26. The objective of this pilot study is to investigate the efficacy and 

safety of this novel SCB for de-novo SVD treatment compared to conventional PCB.
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2. METHODS

2.1. Study design
The TRANSFORM I study (ClinicalTrials.gov unique identifier: NCT03913832) is a 

prospective, randomized, multicenter, open-label non-inferiority trial, sponsored by 

the Concept Medicals. The intent is to conduct this trial in 6 interventional cardiol-

ogy centers in Italy, Poland, the United Kingdom, and Ireland. Additional sites will 

be included depending on the rate of enrolment. One hundred and fourteen patients 

with a de-novo SVD will be enrolled in a 1:1 randomization to receive treatment 

with either the study device (MagicTouch SCB) or the control device (SeQuent Please 

Neo PCB).

Male or female patients ≥18 years old who have at least one de-novo SVD (refer-

ence diameter ≤ 2.50 mm by quantitative coronary angiography [QCA]) with clinical 

presentation of stable coronary syndrome (CCS) or stabilized acute coronary syn-

drome (ACS) will be included in this study. The full inclusion and exclusion criteria 

are as shown in Table 1. Patients will be required to write informed consent before 

the index procedure to enroll into this study.

The study flowchart is shown in Figure 1. Vessel size will be pre-screened by 

on-line QCA pre-procedure. If, based on on-line QCA, the reference vessel size pre-

procedure is ≤2.5 mm, using the interpolated reference diameter of the stenotic 

lesion, if a successful pre-dilatation without major angiographic dissections (type C, 

D, E, or F) according to the National, Heart, Lung, and Blood Institute (NHLBI) clas-

sification27, without Thrombolysis In Myocardial Infarction trial [TIMI] grade flow 

≤2, and without residual angiographically significant stenosis (i.e. >30% stenosis), 

the patient will be randomized to receive either the treatment with MagicTouch 

SCB or SeQuent Please Neo PCB. Randomization is performed through the central 

randomization system with electronic case report form (eCRF). Optical coherence 

tomography (OCT) will be performed after pre-dilatation prior to DCB treatment. If, 

based on OCT, the vessel size following pre-dilatation is >2.5 mm, the “vessel” will 

be kept in the study and will be included in the primary analysis, however, one ad-

ditional non-powered subgroup analysis will be performed excluding those vessels. 

If applicable, other lesions will be treated with any other commercial devices such 

as DES.

2.2. Treatment devices
The MagicTouch is a sirolimus-coated balloon with a monorail delivery system 

compatible with 5-Fr. guiding catheters. The balloon is coated with sirolimus in a 

uniform manner through the use of a spray coating. The novel Nanolutè technol-

ogy specifically designed for this device consists in the encapsulation of sirolimus 
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Table 1 | Study enrolment criteria.

Detailed Inclusion and Exclusion Criteria for this study

1. Inclusion criteria

1) Male or female subjects ≥18 years

2) Subject with chronic stable angina or stabilized acute coronary syndromes with normal 
cardiac biomarker values
Note: For subjects showing elevated Troponin (e.g. non-STEMI patients) at baseline 
(within 72h pre-PCI) an additional blood sample must  be collected prior to 
randomization to confirm that:

• hs-cTn or Troponin I or T levels are stable, i.e. the value should be within 20% range of 
the value found in the first sample at baseline, or have dropped
• CK-MB and CK levels are within normal range
If hs-cTn or Troponin I or T levels are stable or have dropped, the CK-MB and CK levels 
are within normal ranges, and the ECG is normal, the patient may be included in the 
study.

3) The subject has a planned intervention in one or two separate major epicardial 
territories (LAD, LCX or RCA) and has at least one de-novo lesion in a small vessel 
(≤2.5mm by QCA prior to pre-dilatation)

4) Target lesion length ≤30 mm

5) Able to understand and provide informed consent and comply with all study 
procedures including 6 months angiographic follow-up

6) Subject must have completed the follow-up phase of any previous study

2. Exclusion criteria

Clinical Exclusion Criteria

1) Subject is a woman who is pregnant or nursing (a pregnancy test must be performed 
within 7 days prior to the index procedure in women of child-bearing potential)

2) Evidence of ongoing acute myocardial infarction (AMI) in ECG and/or elevated cardiac 
biomarkers (according to local standard hospital practice) have not returned within 
normal limits at the time of procedure

3) Known contraindication or hypersensitivity to sirolimus, paclitaxel, or to medications 
such as aspirin, heparin, and all of the following four medications: clopidogrel 
bisulfate, ticlopidine, prasugrel, ticagrelor

4) Subject suffered from stroke/TIA during the last 6 months

5) LVEF <30%

6) Platelet count <100,000 cells/mm3 or >400,000 cells/mm3, a WBC of <3,000 cells/mm3, 
or documented or suspected liver disease (including laboratory evidence of hepatitis)

7) Known renal insufficiency (e.g. creatinine clearance ≤30 mL/min), or subject on dialysis, 
or acute kidney failure (as per physician judgment)

8) Subject undergoing planned surgery within 1 month with the necessity to stop DAPT

9) History of bleeding diathesis or coagulopathy

10) The subject is a recipient of a heart transplant

11) Concurrent medical condition with a life expectancy of less than 12 months

12) The subject is unwilling/not able to return for angiographic recatheterisation at 6 
month follow-up

13) Currently participating in another trial and not yet at its primary endpoint.
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in a protective lipophilic package, which allows drug diffusion, penetration, and 

mid-term residency in the arterial wall during balloon inflation, overcoming the 

low lipophilicity of sirolimus (Supplementary Appendix Figs. 1 and 2). This pack-

age consists of microspheres of 100–300 nm diameter. The total dosage of the drug 

corresponds to 1.27 μg/mm2 of surface of the balloon, well within the therapeutic 

window of sirolimus (Supplementary Appendix Figure 3)26. In the MagicTouch SCB, 

the drug on the balloon is distributed circumferentially over the balloon surface. 

Approximately 66% of drug remains inside folds while only 34% drug is exposed to 

blood before dilation of the balloon. Therefore, drug loss during transit could be 

minimal in the MagicTouch SCB (Supplementary Appendix Figure 4). In a preclini-

cal study of Porcine ISR models, three-overlapping of MagicTouch SCB showed no 

pharmacokinetic reason for safety concerns (unpublished data).

The comparator device is a commercialized SeQuent Please Neo PCB, coated with 

3 μg paclitaxel/mm2. This device has been widely studied in preclinical and clinical 

studies and its behavior in terms of paclitaxel release and persistence in the vessel 

wall has been previously described16.

Table 1 | Study enrolment criteria.  (continued)

Detailed Inclusion and Exclusion Criteria for this study

Angiographic exclusion criteria

14) The subject has a planned intervention in three separate major epicardial territories (3 
vessel disease)

15) The subject has a planned intervention in the left-main plus two separate major 
epicardial territories (left-main plus 2 vessel disease)

16) Target vessel size >2.50 mm (by QCA)

17) Lesion is located within an arterial or saphenous vein graft or distal to a diseased 
arterial or saphenous vein graft.

18) Target lesion in left main stem

19) The target vessel contains a stent or previously treated with DCB 

20) The target vessel contains visible thrombus

21) Aorto-ostial target lesion (within 3 mm of the aorta junction)

22) Moderate-severe tortuous, calcified or angulated coronary anatomy of the target vessel 
that in the opinion of the investigator would result in suboptimal imaging or excessive 
risk of complication from placement of an OCT catheter

23) Lesion is located within an arterial or saphenous vein graft or distal to a diseased 
arterial or saphenous vein graft.

STEMI; ST-segment elevated myocardial infarction; hs-cTn: high-sensitivity cardiac troponin; CK: creatine-
kinase; ECG: electrocardiogram; LAD: left anterior descending artery; LCX: left circumflex artery; RCA: right 
coronary artery; QCA: quantitative coronary analysis; TIA: transient ischemic attack; LVEF: left ventricular 
ejection fraction; WBC: white blood cell; DAPT: dual-antiplatelet therapy; DCB: drug-coated balloon; OCT: opti-
cal coherence tomography.
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2.3. Predilatation
Predilatation will be performed according to the local investigator’s discretion. A 

conventional semi-compliant balloon with size of the balloon-to-vessel ratio 0.8–1.0 

and more than nominal inflation pressure will be recommended for the predilata-

tion28.

2.4. Pre-DCB OCT assessment
OCT assessment will be conducted after the randomization. OCT pullback is 

performed beyond the target lesion, from a distal landmark (e.g. side-branch) to 

proximal fiducial landmark. The proximal and distal reference diameters will be 

measured at the proximal and distal segment of the target lesion, where the healthy 

3-layer of the coronary artery is visible in at least 3 quadrants.

2.5. Study balloon size selecting and ballooning
The OCT-derived lumen-based balloon-sizing approach will be adopted in this study 

(Figure 2). The diameter of DCBs will be selected according to two different strate-

gies related to the types of DCBs and based on the different balloon compliances in 

Figure 1 | Study flowchart. 
QCA: quantitative coronary angiography; SCB: sirolimus-coated balloon: PCB; paclitaxel-coated balloon; OCT: 
optical coherence tomography.
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bench tests (Supplementary Appendix Table 3). The MagicTouch SCB is less compli-

ant than the SeQuent Please Neo PCB. The purpose of these different approaches in 

selecting the balloon size for the two respective balloons is to avoid balloon-induced 

coronary dissection as well as to optimize the wall apposition and the transfer of 

the drug to the vessel wall from each respective balloon (Supplementary Appendix 

Figure. 4). The MagicTouch SCB size is selected with a diameter larger by <0.25 

mm than the distal reference diameter on OCT. For example, if the distal reference 

diameter is 1.98 mm, a 2.00 mm balloon will be selected (Figure 2). Whereas, the 

SeQuent Please DCB size is selected based on the mean reference diameter on OCT, 

and a size balloon with the closest to the mean reference diameter is selected. For 

example, if the mean diameter of proximal and distal reference area is 2.13 mm, a 

2.25 mm balloon will be selected (Figure 2).

Figure 2 | OCT guided vessel sizing and balloon sizing46. 
The OCT-derived lumen-based approach will be feasible in DCB trials. 
DCB: drug-coated balloon; SCB: OCT: optical coherence tomography; EEM: external elastic membrane.
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Ballooning is performed with a pressure between nominal and rated burst pres-

sure according to each compliance chart (Supplementary Appendix Table 2). The 

DCB should be delivered to the target lesion within 45 s after the DCB get in touch 

with blood, and a single dilatation of 60 s is recommended, irrespective of types of 

DCBs (SCB or PCB). If on OCT the lumen diameter tapers >0.25 mm in a lesion with 

an obstruction lesion length of >20 mm, two same-type DCB (SCB or PCB) with two 

different balloon sizes (small and large) and appropriate length to minimize the 

overlap may be used to reduce the cumulative dose of the drug.

2.6. Bail-out procedures
If there is deterioration of blood flow (TIMI grade flow ≤2) after DCB treatment, 

it is recommended to give intracoronary medication (e.g. nitroprusside, calcium 

antagonists, or nicorandil) and wait approximately 5 min before making the final 

assessment and considering a bail-out stenting. Furthermore, only in case of dissec-

tion type C or worse, and/or impaired distal flow a strategy of bailout stenting is 

recommended11.

For bail-out stenting, any drug-eluting stent is allowed according to the local 

practice. In case a vessel is too small to implant a stent, a repeat ballooning and 

administration of nitroprusside29/GP IIb/IIIa inhibitors30 is recommended according 

to local practice and experience.

2.7. DAPT and follow-up
All subjects must receive DAPT, being aspirin and either clopidogrel, ticagrelor or 

prasugrel for at least 1 month after index PCI, followed by aspirin monotherapy 

indefinitely in patients treated with DCB11. Detailed pre-procedural and post-proce-

dural antiplatelet regimen are shown in Supplementary Appendix Table 3.

Clinical follow-up will occur at 1, 6, and 12 months post-PCI. All patients will un-

dergo repeat angiography at 6-month follow-up. QCA assessment will be performed 

at pre-, post-procedure, and 6-month follow-up in single or multiple matched angio-

graphic projections.

2.8. Study endpoints
The primary endpoint of this study is set as angiographic in-segment (balloon treated 

area + 5.0 mm) net lumen diameter gain (mm) at 6 months, which is defined as the 

6-month minimum lumen diameter (MLD) minus the baseline MLD. The QCA assess-

ment will be analyzed in an independent core lab at follow-up by analysis blinded 

to the assigned treatment. The secondary endpoints are shown in Supplementary 

Appendix Table 4.
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2.9. Statistics analysis
The primary analysis of net gain will be based on the Per Protocol (PP) population, 

which will exclude subjects who do not receive the assigned treatment or receive 

additional bail-out devices. Whereas, the analysis of clinical secondary endpoints 

will be performed on the ITT population.

The trial is powered for testing non-inferiority for the primary endpoint at 

6-month angiographic follow-up. A net gain of 0.87 ± 0.51 mm is assumed as a refer-

ence at 6 months after treatment with DCB in both device groups, based on the net 

gain at 6-month in lesions treated with SeQuent Please PCB in the PEPCAD study31. 

The non-inferiority margin was set as 0.3 mm. Assuming an attrition rate of 10%, 

57 patients per arm is required to achieve more than 85% power to demonstrate 

non-inferiority with a one-sided type α error of 0.05.

3. DISCUSSION

The TRANSFORM I study is the first trial that randomizes patients with a de-novo 

SVD to either SCB or PCB.

In the field of ISR, the DCB treatment strategy is established and is indicated as 

class I recommendation in the latest guidelines32. Recently, Ali et al. reported that 

the results of the treatment with SCB (sirolimus-coated SeQuent Neo percutaneous 

transluminal coronary angioplasty balloon catheter) were equivalent to those with 

PCB (SeQuent Please Neo) in the QCA analysis at 6 months in patients with ISR33, 

indicating the acceptable performance of SCB in this clinical field. For the treatment 

of de-novo coronary artery lesions, several trials have demonstrated the efficacy and 

safety of DCB, in some specific settings such as patients with high-bleeding risk15, 

ST-segment elevation MI (STEMI)14, and SVD.

With regard to SVD, the BASKET-SMALL 2 trial was the largest randomized con-

trolled trial to compare PCB and second-generation DES in the all-comers population 

with de-novo SVD34. This trial demonstrated non-inferiority of PCB compared to DES 

in terms of 12-month major adverse cardiac events (MACE; cardiac death, MI, or 

target-vessel revascularization). Of note, complete vessel occlusion of the target 

lesion was seen in 8 patients with DES implantation whereas none was in patients 

with PCB (P = 0.009) at clinically indicated re-angiography analysis of this trial35. In 

the recently published SCAAR registry, in the DCB group most of the target lesion 

thromboses (94%, 15/16) occurred within the first 6 months, whereas in the DES 

group the rate of thrombosis gradually increased even after the first 6–12 months, 

underscoring the potential thrombogenic nature of the metallic cage in the long-

term follow-up36.
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Although the evidence of the clinical efficacy of SCBs for de-novo coronary artery 

lesions is currently sparse, the results from several registries (Nanolutè37, FASICO38) 

are quite encouraging for the safety of the MagicTouch SCB. While the first clinical 

data from the ongoing EASTBOURNE registry (NCT03085823) is also awaited, the 

TRANSFORM I trial will be worth elucidating the value of this novel SCB for SVD as 

a randomized controlled trial.

3.1. Advantage of using OCT in balloon sizing
One of the novelties of this trial is the OCT-guided sizing approach for the DCB 

treatment. OCT has the highest resolution among intracoronary imaging modali-

ties. While IVUS overestimates and QCA underestimates coronary lumen diameter, 

the measurement by OCT is the closest assessment of true “real dimension”39,40, 

resulting in a careful selection of the DCB size. The majority of former drug coated 

balloon studies in small vessels enrolled patients with lesions assessed by visual 

angiographic estimation of the vessel size.

The OCT-based sizing approach has been validated in a stent sizing with variety 

of criteria41,42. The balloon dilatation without stenting should be more carefully per-

formed than those with stenting to avoid coronary dissections resulting in bail-out 

procedures. Therefore, OCT-derived lumen-based approach is particularly suitable 

for DCB treatments (Figure. 2).

3.2. The endpoint of net gain and the primary analysis
In the treatment with DCB, small late lumen loss evolved somehow in parallel with 

a small acute gain (the so-called “the more you gain, the more you lose” law)43. 

In addition, late enlargement and remodeling are achievable in a non-caged vessel 

and will be accounted for after DCB treatments with the measurement of the net 

gain parameter44. Therefore, net gain is considered as more appropriate primary 

endpoint in this study (Figure 3). Assuming the net gain of control arm is 0.87 mm31, 

non-inferiority margin of 0.3 mm was selected (approximately 34% of absolute net 

gain)45.

The primary analysis of this study will be conducted in PP population without 

undergoing bail-out procedures. In the present trial, bail-out stenting due to com-

plication of drug-coated ballooning in both groups could confound and mislead 

the interpretation of efficiency of the DCB. If one arm has more complications and 

therefore results in more usage of drug-eluting stent due to dissection, the net-gain 

in intention-to-treat analysis could be paradoxically better for the device with more 

complications and the results could be biased in favor of the poorly performing 

DCB. Therefore, per-protocol analysis was selected as primary analysis method.
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3.3. Limitation
In this study, OCT is performed only during an index procedure following the ran-

domization, not in the follow-up, due to limited financial resources. In addition, the 

trial will not be able to be powered for clinical endpoints due to limited sample size 

for angiography endpoint.

4. CONCLUSIONS

The TRANSFORM I trial will assess non-inferiority of MagicTouch SCB compared to 

SeQuent Please PCB in terms of net gain at 6 months after PCI for coronary artery 

SVD with a novel OCT-based sizing approach. The novel SCB may become a good 

therapeutic alternative for treatment of SVD.

Figure 3 | Angiographically changes after treatments with a drug-coated balloon or a metallic 
stent47. 
Post stenting, there is a predetermined diameter of the metallic cage, implanted with only the biological op-
tion to develop intra-stent neointima with reduction of the lumen. However, in the absence of endoluminal 
prothesis, late enlargement is feasible and will be accounted for, by assessing the net gain (or acute gain + 
negative late loss)47. Therefore, net gain is suitable as a surrogate endpoint in DCB studies. 
DCB: drug-coated balloon; LLL: late lumen loss.
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SUPPLEMENTARY APPENDIX

Supplementary Appendix Figure 1 | Schematic illustration of the ultrastructure of the nanopar-
ticle containing sirolimus (nucleus, in green), incorporating the combination of two excipient 
carriers to allow penetration and release of the active agent1.
Excipient 1 is a lipid-based component with a hydrophilic head and two lipophilic tails, which is the basic 
unit of a bilayer membrane that encapsulates the drug (note the detail in the right upper panel). Excipient 2 
is integrated in the particle envelope, comprising ~5% of the coating mass. It is a calcium-phosphorus-based 
component with enhanced hemocompatibility that is readily absorbed into the vessel wall and releases the 
encapsulated drug on variation in pH. Reprinted from 1, with permission from EuroIntervention.
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9 Supplementary Appendix Figure 2 | Temporal penetration of DTF-labelled sirolimus nanopar-
ticles after drug-eluting balloon inflation, as assessed by confocal microscopy1.
The left panels show a diagrammatic representation and the mid and right panels the actual cross-sectional 
images. At 1 hour (upper panels), 60% to 70% of circumferential area was marked with DTF signal. No particle 
was seen below the internal elastic lamina. At 3 days (mid panels), 30% to 40% of circumferential area presented 
DTF signal. The majority of particles were below the internal elastic lamina (some positive signals deeper in 
media). At 7 days (lower panels), 30% to 40% of circumferential area had DTF signal. Particles primarily in deep 
media, with rare extension into adventitia. Reprinted from [1], with permission from EuroIntervention.
A: adventitia; EEL: external elastic lamina; IEL: internal elastic laminal; L: lumen; M: Media.
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Supplementary Appendix Figure 3 | Histogram of size distribution of the sirolimus nanocar-
rier.
Reprinted from 1 with permission from EuroIntervention.

Supplementary Appendix Figure 4  (A) Scanning electron micrography of the nanocarrier drug-
eluting balloon formulation in the folding balloon, (B) Cross-sectional image of the Magic Touch 
SCB.
©Concept Medical. Used with permission.
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Supplementary Appendix Table 2 | Balloon compliance charts of Magic Touch SCB and SeQuent 
Please Neo PCB.

Pressure
(atm)

Balloon Diameter

1.50 mm 2.00 mm 2.25 mm 2.50 mm 2.75 mm 3.00 mm

SCB PCB SCB PCB SCB PCB SCB PCB SCB PCB SCB PCB

6* 1.50 NA 2.00 2.00 2.25 2.25 2.50 2.50 2.75 2.75 3.00 3.00

8 1.54 NA 2.05 2.13 2.31 2.37 2.56 2.63 2.82 2.93 3.07 3.16

10 1.57 NA 2.09 2.21 2.35 2.47 2.61 2.72 2.87 3.05 3.13 3.28

12 1.59 NA 2.12 2.29 2.39 2.55 2.65 2.81 2.92 3.16 3.18 3.38

14** 1.62 NA 2.16 2.37 2.43 2.63 2.70 2.88 2.97 3.27 3.24 3.49

16*** 1.65 NA 2.20 2.46 2.48 2.72 2.75 2.97 3.03 3.38 3.30 3.59

SCB represents Magic Touch SCB. PCB represents SeQuent Please Neo PCB.
* Nominal pressure for both Magic Touch SCB and SeQuent Please Neo PCB.
** Rated Burst Pressure for SeQuent Please Neo PCB.
*** Rated Burst Pressure for Magic Touch SCB.
SCB: sirolimus-coated balloon; PCB: paclitaxel-coated balloon.

Supplementary Appendix Table 3 | Dual Antiplatelet Therapy regimen

  Pre-procedural Post-procedural

It is recommended that a loading 
dose of Aspirin AND a kind of P2Y12 
inhibitors are administered from 0 
hours to 24 hours before the procedure. 

All subjects must receive dual anti-
platelet therapy (DAPT), being aspirin and 
platelet aggregation inhibition therapy 
for at least 1 month after drug coated 
balloon PCI or according to standard local 
practice followed by ASA monotherapy 
indefinitely. However, in case subject is 
receiving additional drug-eluting stents 
DAPT must be given according to local 
standard of care. Extended DAPT will be at 
the discretion of the investigator.

Aspirin

Any subject not already taking daily 
chronic aspirin therapy will receive 300 
to 325 mg oral or 250 mg intravenous 
loading dose.

Indefinitely

P2Y12 inhibitors  

Clopidogrel

A peri-procedural loading dose of 
600 mg is recommended (for subjects 
already on chronic clopidogrel therapy 
[75 mg, ≥7 days], a loading dose of 300 
mg may be administered). 

A maintenance dose of 75 mg od.  

Prasugrel
A peri-procedural loading dose of 60 mg 
is recommended.

A maintenance dose of 10 mg od (the dose 
of prasugrel may be decreased to 5mg od 
in subjects with a weight <60 kg or age 
>75 years)

Ticagrelor
A peri-procedural loading dose of 180 
mg is recommended.

A maintenance dose of 90 mg bid. 

DAPT: dual-antiplatelet therapy; PCI: percutaneous coronary intervention; ASA: acetylsalicylic acid. 
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Supplementary Appendix Table 4. Outcome Measures

Primary Outcome Measures

1.Net Gain (mm) In-segment [Time Frame: 6 months]
The primary endpoint is in-segment (balloon treated area) Net Gain (mm) at 6 months post-
procedure.

Secondary Outcome Measures

1.Device success [Time Frame: Post procedure (Right after the treatment with drug coated balloon)]
Successful delivery and inflation within 45 seconds of the allocated DCB device at the intended 
target lesion during an attempt with a DCB not previously used (first use) and successful withdrawal 
of the device system with attainment of final in-lesion residual stenosis of <30% (by Quantitative 
Coronary angiography).

2.Procedure Success [Time Frame: Post procedure (Right after the treatment with drug coated 
balloon)]
Successful delivery and inflation within 45 seconds of the allocated DCB device at all intended target 
lesion(s) during an attempt with a DCB not previously used (first use) and successful withdrawal of 
the device system with attainment of final in-lesion residual stenosis of <30% (by QCA) without the 
occurrence of TLF during the index procedure hospital stay).

3.Acute/subacute/early/late vessel closure/thrombosis [Time Frame: 1, 6 months and 12 Months]
Closure by restenosis or thrombosis (diameter stenosis of 100% and/or TIMI grade 0).

4.Angiographic outcomes: late lumen loss [Time Frame: 6 months]
The difference between the minimum lumen diameter (MLD) immediately after index procedure 
and the MLD at follow-up as measured in (preferable) identical orthogonal views (post PCI MLD 
minus 6-month MLD).

5.Angiographic outcomes: Minimal lumen diameter [Time Frame: 6 months]
The smallest lumen diameter in the segment of interest

6.Angiographic outcomes: Percent diameter stenosis [Time Frame: 6 months]
The percentage of luminal narrowing of vessel segment of interest

7.Angiographic outcomes: Restenosis rate [Time Frame: 6 months]
Restenosis is defined as ≥50% diameter stenosis at 6-month follow-up.

8.Device oriented Composite Endpoint (DoCE / TLF): Cardiac death [Time Frame: 1, 6 months and 12 
Months]
Any death due to proximate cardiac cause (e.g. MI, low-output failure, fatal arrhythmia), 
unwitnessed death and death of unknown cause, all study procedure related deaths including those 
related to concomitant treatment.

9.Device oriented Composite Endpoint (DoCE / TLF): Target vessel: myocardial infarction (TV-MI) 
[Time Frame: 1, 6 months and 12 Months]
The term myocardial injury should be used when there is evidence of elevated cardiac troponin 
values (cTn) with at least one value above the 99th percentile upper reference limit (URL) TV-MI: 
Myocardial Infarction not clearly attributable to a non-target vessel.

10.Device oriented Composite Endpoint (DoCE / TLF): clinically indicated target lesion 
revascularization (TLR) [Time Frame: 1, 6 months and 12 Months]
TLR is defined as any repeat percutaneous intervention of the target lesion or bypass surgery of the 
target vessel performed for restenosis or other complication of the target lesion.

DCB: drug-coated balloon; QCA: quantitative coronary analysis; TLF: target lesion failure; TIMI: Thrombolysis 
In Myocardial Infarction; MLD: minimum lumen diameter; DoCE: Device oriented Composite Endpoint; MI:; 
ARC: academic research consortium; TVMI: target-vessel myocardial infarction; TLR: target lesion revascular-
ization.



28
8 
| C

h
ap

te
r 

9

SUPPLEMENTARY APPENDIX REFERENCES

1. Lemos PA, Farooq V, Takimura CK, Gutierrez PS, Virmani R, Kolodgie F, et al. Emerging 

technologies: polymer-free phospholipid encapsulated sirolimus nanocarriers for the 

controlled release of drug from a stent-plus-balloon or a stand-alone balloon catheter. 

EuroIntervention. 2013;9(1):148-56. 

2. Unverdorben M, Kleber FX, Heuer H, Figulla HR, Vallbracht C, Leschke M, et al. Treat-

ment of small coronary arteries with a paclitaxel-coated balloon catheter. Clin Res Cardiol. 

2010;99(3):165-74. 

3. Cortese B, Micheli A, Picchi A, Coppolaro A, Bandinelli L, Severi S, et al. Paclitaxel-coated 

balloon versus drug-eluting stent during PCI of small coronary vessels, a prospective 

randomised clinical trial. The PICCOLETO study. Heart. 2010;96(16):1291-6. 

4. Latib A, Colombo A, Castriota F, Micari A, Cremonesi A, De Felice F, et al. A randomized 

multicenter study comparing a paclitaxel drug-eluting balloon with a paclitaxel-eluting 

stent in small coronary vessels: the BELLO (Balloon Elution and Late Loss Optimization) 

study. J Am Coll Cardiol. 2012;60(24):2473-80. 

5. Zeymer U, Waliszewski M, Spiecker M, Gastmann O, Faurie B, Ferrari M, et al. Prospec-

tive ‘real world’ registry for the use of the ‘PCB only’ strategy in small vessel de novo 

lesions. Heart. 2014;100(4):311-6. 

6. Vaquerizo B, Miranda-Guardiola F, Fernandez E, Rumoroso JR, Gomez-Hospital JA, Bossa 

F, et al. Treatment of Small Vessel Disease With the Paclitaxel Drug-Eluting Balloon: 

6-Month Angiographic and 1-Year Clinical Outcomes of the Spanish Multicenter Regis-

try. J Interv Cardiol. 2015;28(5):430-8.

7. Jim MH, Fung RC, Yiu KH. Angiographic result of sirolimus-eluting balloon in de novo 

small coronary artery lesion (ARSENAL). Int J Cardiol. 2016;222:992-4. 

8. Sinaga DA, Ho HH, Watson TJ, Sim A, Nyein TT, Jafary FH, et al. Drug-Coated Balloons: 

A Safe and Effective Alternative to Drug-Eluting Stents in Small Vessel Coronary Artery 

Disease. J Interv Cardiol. 2016;29(5):454-60. 

9. Her AY, Ann SH, Singh GB, Kim YH, Yoo SY, Garg S, et al. Comparison of Paclitaxel-

Coated Balloon Treatment and Plain Old Balloon Angioplasty for De Novo Coronary 

Lesions. Yonsei Med J. 2016;57(2):337-41. 

10. Sim HW, Ananthakrishna R, Chan SP, Low AF, Lee CH, Chan MY, et al. Treatment of Very 

Small De Novo Coronary Artery Disease With 2.0 mm Drug-Coated Balloons Showed 

1-Year Clinical Outcome Comparable With 2.0 mm Drug-Eluting Stents. J Invasive Cardiol. 

2018. 

11. Jeger RV, Farah A, Ohlow MA, Mangner N, Mobius-Winkler S, Leibundgut G, et al. 

Drug-coated balloons for small coronary artery disease (BASKET-SMALL 2): an open-label 

randomised non-inferiority trial. Lancet. 2018;392(10150):849-56. 







Chapter 10

1-Year Patency of Biorestorative 
Polymeric Coronary Artery Bypass 
Grafts in an Ovine Model

Masafumi Ono; Shigetaka Kageyama; Neil O’Leary; Mohammed S. El-Kurdi; 
Jochen Reinöhl; Eric Solien; Richard W. Bianco; Mirko Doss; Bart Meuris; Renu 
Virmani; Martijn Cox; Yoshinobu Onuma; Patrick W. Serruys

JACC Basic Transl Sci. 2022 Nov 9;8(1):19-34.



29
2 
| C

h
ap

te
r 

10

VISUAL ABSTRACT



29
3 
| B

io
re

st
or

at
iv

e 
by

p
as

s 
gr

af
t 

in
 a

n
im

al
s

HIGHLIGHTS

• What are the feasibility and patency of a novel biorestorative polymeric graft 

implantation in animal models?

• The biorestorative grafts showed good patency out to 12 months, in a challeng-

ing ovine coronary artery bypass graft model. Saphenous vein graft showed 

progressive diffuse dilatation, while the reference diameter of biorestorative 

grafts remained stable.

• Serial angiography-based lumen and flow assessments in ovine models indicated 

the potential of this novel biorestorative bypass graft.

ABSTRACT

Many attempts have been made to inhibit or counteract saphenous vein graft (SVG) 

failure modes; however, only external support for SVGs has gained momentum in 

clinical utility. This study revealed the feasibility of implantation, and showed good 

patency out to 12 months of the novel biorestorative graft, in a challenging ovine 

coronary artery bypass graft model. This finding could trigger the first-in-man trial 

of using the novel material instead of SVG. We believe that, eventually, this novel 

biorestorative bypass graft can be one of the options for coronary artery bypass graft 

patients who have difficulty harvesting SVG.
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Decades of development of alternative treatments for coronary revascularization, 

including angioplasty and stenting, suggest that complete coronary revasculariza-

tion via coronary artery bypass grafting (CABG) using arterial grafts (left and right 

internal mammary arteries, radial artery, and/or gastroepiploic artery) provides 

the most durable solution.1-3 However, autologous saphenous vein grafts (SVGs) are 

still used in the majority of CABGs because of their availability, the familiarity of 

use, and historical convention.1 Because veins typically function in low-pressure 

hemodynamic conditions, arterial pressure can cause SVGs to distend and subse-

quently undergo dilation, yielding irregular lumen geometries. This action results in 

disturbances to hemodynamic factors that contribute to intimal hyperplasia (IH).4-6 

Reported SVG failure rates in CABG surgery are 10% to 30% at 1 year and ~50% at 10 

years.7-9

Despite suboptimal performance, ~80% of all CABG surgery includes SVGs.1,10 

Many attempts have been made to inhibit or counteract SVG failure modes, includ-

ing local delivery of genes11 and drugs,12 as well as improving the diameter and 

compliance mismatch at the anastomoses via external mechanical support.1,13-17 

However, to date, only external support for SVGs has gained momentum in clini-

cal utility. The work by Taggart et al1 has shown that by using external support 

to prevent dilation of SVGs, it was possible to reduce the rate of development of 

IH by attenuating hemodynamic disturbances caused by irregular lumen geometry. 

The impact of external stenting to SVG chronic performance in CABG has yet to be 

shown, and this will require long-term follow-up (~10 years) in a large population 

of patients.18,19

Harvesting of SVGs is associated with significant co-morbidity and poor quality 

of life due to the postoperative pain and distress felt by the patients in their legs at 

the harvest sites. Saphenous vein harvesting reportedly also causes severe scarring 

and additionally can lead to increased risk of infection due to poor wound healing 

in patients with poor peripheral circulation.20,21 Although external stenting could 

improve the chronic durability of SVGs used in CABG, and thereby reduce the re-

operation and/or re-intervention rates, the need to harvest the saphenous vein will 

remain.

An off-the-shelf, small-diameter vascular graft, that remains patent in the CABG 

circulation, could provide a valuable treatment alternative for millions of patients, 

annually. There are clinical reports of expanded polytetrafluoroethylene (ePTFE) 

grafts being used with some success in CABG,22-26 but there are currently none ap-

proved for CABG use. This unmet clinical need persists because of the complex and 

elusive combination of polymer characteristics, material architecture, and surface 

modification needed to produce a graft that achieves chronic patency in CABG to 

match that of SVGs. All attempts to date have met with the same fate: inadequate 
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thromboresistance with poor chronic patency. It is known that ePTFE grafts are 

rarely endothelialized >2 cm from each end, and this endothelial coverage is trans-

anastomotically derived.27 There is proof that a 4-mm inner diameter ePTFE graft, 

with a preseeded autologous endothelium, achieved chronic patency in clinical 

CABG.23 This finding illustrated that if a graft could naturally grow an endothelium 

in situ, then the thromboresistance problem could be overcome. The architecture 

of ePTFE (and other synthetic) grafts prevents the development of a confluent en-

dothelium via transmural microvessel delivery of endothelial cells or transluminal 

seeding of endothelial progenitor cells.27-30 Transmural microvessel connectivity be-

tween surrounding tissue and the graft lumen is needed to supply endothelial cells 

with sufficient density to form a confluent endothelium that is capable of providing 

chronic thromboresistance.

To create the necessary porous architecture for transmural and transluminal 

endothelialization, we proposed a restorative vascular graft (RVG), using electros-

pinning as the manufacturing method.29 The polymer fiber morphology, interfiber 

bonding, and pore interconnectivity were controlled to promote microvessel growth 

through the wall to supply endothelial cells to populate the length of the graft with 

a confluent endothelium. Using a sheep CABG model, the present study evaluated 

the feasibility of implantation, and the evaluation of lumen geometry via serial 

angiographic assessment, of the RVG compared with an SVG control. The study was 

also intended to provide data to inform future development of this approach toward 

clinical use.

METHODS

Ethics statement 
Angiography data at baseline and follow-up were acquired from the animals 

implanted with the biorestorative bypass graft (Xeltis BV, Eindhoven, the Nether-

lands). The study was conducted in accordance with the Guide for Care and Use 

of Laboratory Animals and the ARRIVE guidelines (Animal Research: Reporting of 

In Vivo Experiments) and was approved by the Test Facility’s Ethical Committee 

for compliance with regulations before study initiation (Protocols IQI001-IS02 and 

IQI005-IS02).

Device manufacturing
The 4-mm inner diameter, 500-μm wall thickness, 15-cm long grafts used in this 

study were constructed from 2 main components, the electrospun biorestorative 

polymer scaffold and an embedded nitinol micro skeleton. First, an inner electro-
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spun layer was deposited onto a cylindrical target; the micro skeleton was then 

deployed over the inner layer, and then an outer electrospun layer was deposited 

over the micro skeleton, embedding it within the polymer scaffold. The distal 2-cm 

end of the graft does not have an embedded nitinol micro skeleton and was fully 

trimmable for creating the distal anastomosis. The proximal end of the graft has a 

series of 5 embedded nitinol rings, which provided some length trimmability for 

length adjustment and trajectory planning. The graft was trimmed close to one of 

the rings, and the ring was sewn into the proximal anastomosis.

Animal study design
A total of 16 sheep were used in this study: 13 were implanted with an RVG, and 

3 were implanted with an SVG. Only 1 graft was implanted per animal as shown 

in Figure 1. All animals were given dual antiplatelet therapy of aspirin (325 mg 

on day –4, and 81 mg on day –3 and daily thereafter) and clopidogrel (150 mg on 

day –4, and 75 mg on day –3 and daily thereafter), in line with previous reports.31 

The sheep CABG model that was used in this study is based on the model used by 

Shofti et al.30 Briefly, a left lateral thoracotomy was routinely performed, and the 

pericardium was opened and cradled. Graft placement was between the descend-

ing aorta and the left anterior descending coronary artery (LAD). Once heparin 

anticoagulation was initiated, and an activated clotting time of approximately 350 

Figure 1 | Illustration of Implant Configuration and Implant Angiography
A total of 16 sheep were used in this study: 13 were implanted with a restorative vascular graft and 3 with a 
saphenous vein graft. Only 1 graft was implanted per animal.
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seconds was achieved (and maintained throughout the procedure), cannulas were 

placed, and cardiopulmonary bypass (CPB) was initiated. Cardiac arrest was induced 

via use of Plegisol (Pfizer) or del Nido (Nephron Pharmaceuticals) solutions, and 

additional cardioplegia solution was administered every 20 minutes as needed. The 

distal end of the RVG was trimmed and prepared for implantation. An arteriotomy 

was performed in the LAD artery, and the RVG was sewn in an end-to-side fashion 

to create the distal anastomosis. The graft was then retrograde flushed with blood 

and isotonic fluids to test patency and sealing of the suture line. To allow creation of 

the proximal anastomosis, a bulldog-type clamp with protective boots was applied 

to the distal portion of the graft. An aortotomy was made in the partially occluded 

descending aorta using a stab incision and a 4- to 6-mm aortic punch to create the 

proximal anastomosis site. The graft was trimmed and sewn into the anastomosis. 

Before completion of the proximal anastomosis, air was evacuated from the graft 

by releasing the bulldog-type clamp, and the proximal anastomosis suture was tied 

tight after all air had escaped. Blood flow was established in the graft, and any ad-

ditional required repairs to the anastomoses were made. After graft implantation 

was completed, the LAD was ligated a few millimeters upstream of the graft distal 

anastomosis. The heart was defibrillated (if needed) to establish a sinus rhythm, and 

CPB was discontinued.

The RVGs were implanted after unpacking, as intended. The autologous saphe-

nous veins required harvesting before implantation, as follows. A medial longitu-

dinal skin incision was made between the hock and the stifle on 1 hind-limb. The 

saphenous vein was identified and isolated via dissection. Side veins, if present, 

were ligated routinely by using 4-0 polyester suture. The distal aspect of the vein 

segment was ligated, and the proximal aspect of the vein segment was clamped. 

The SVG segment was cannulated at the proximal end of the graft segment (distal 

to clamp). The graft was then excised and placed in heparinized isotonic fluid until 

time of implantation. The SVGs were implanted by using an identical technique as 

for the RVGs. Wound closure and postoperative care were according to the standard 

of care.

Animals were initially intended to be euthanized after 6 months’ survival, and 

the safety of the RVG was to be compared vs that of the SVG control. However, by 6 

months, there were few complications and also very promising angiographic results. 

Thus, the advisory board recommended extending the study beyond 6 months in an 

exploratory effort to maximize the learnings from the study. 

Angiography imaging methods
Arterial blood pressure was recorded during all angiographic imaging to help ensure 

that dimension measurements were not affected by blood pressure. Each animal 
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was administered a single dose of heparin (50 IU/kg) and had continuous monitoring 

of activated clotting time values. A reduced heparin administration approach was 

used to limit postprocedural hemorrhage.

A 5-F sheath and catheter were placed in the femoral artery, either via cut-down 

or percutaneously, for angiography. Either the right or left femoral artery was used. 

A diagnostic catheter (over a guidewire) was passed to the proximal aspect of the 

graft. The graft was intubated and contrast was injected to assess the graft and distal 

perfusion run-off. Selective bypass angiography from the ostium of the RVG was 

performed with a JR 4.0 catheter (Medtronic). The angiography was obtained in at 

least 2 orthogonal angiographic views (antero-posterior and left anterior oblique 

90˚) to assess the graft ostium, the full graft body, and the distal anastomosis for 

quantitative coronary angiography (QCA). Sufficient run-off was documented. All 

filling defects present were also noted. All data acquisition parameters were docu-

mented to aid with subsequent analysis as described in the following sections.

Angiographic analysis
QCA with edge detection (interpolated reference diameter, minimal lumen diam-

eter, and diameter stenosis) and videodensitometry (minimal luminal area, refer-

ence area, and area stenosis), quantitative flow ratio (QFR), mean flow velocity, and 

volumetric flow (mean area * mean flow velocity) were analyzed by an independent 

core laboratory (CORRIB Corelab, National University of Ireland Galway).32,33 In the 

QCA analysis, the reference diameter is determined according to the interpolated 

technique excluding the narrowed segments using an end-diastolic angiographic 

frame.

Aneurysmatic dilatation was defined as focal dilation of at least 1.5 times the 

adjacent normal segment.34 Diffuse dilatation was defined when one-third of the 

whole graft length at follow-up exceeded the baseline (1-month) mean diameter of 

the SVG or the nominal diameter of the RVG by 50%.35

Mean blood velocity was assessed by using the Thrombolysis In Myocardial 

Infarction frame count.36 The total number of frames was counted, from the initial 

complete opacification of the proximal anastomosis of the graft, to the frame where 

dye first enters the native coronary artery at the distal anastomosis. Then mean 

volumetric flow was calculated by multiplying the mean blood flow velocity by the 

reference lumen area of the graft.37

Offline QFR analysis was performed with the QAngio XA 3D software version 2.0 

software package. The QFR calculation is based on the 3-dimensional QCA recon-

structed from 2 angiographic projections separated by an angle ≥25˚ (in the present 

case, 90˚), and flow velocity is computed from the contrast bolus frame count. In 

cases with only single analyzable projection, single-projection QFR based on bifurca-
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tion fractal law (μQFR) was used instead.38 Although conventional edge and video 

densitometric QCA were analyzable in a single projection, QFR was not available 

in 3 grafts (2 RVG and 1 SVG) because the grafts had been filmed without isocenter 

calibration.39 One SVG had a poor angiographic image quality (poorly selective injec-

tion) precluding precise contour delineation. In case of graft occlusion, QFR was 

considered as 0.

Vessel QFR was analyzed from the ostium of the bypass graft, through the anas-

tomosis, up to the first distal anatomical landmark in the native vessel (eg, as a first 

side branch of the LAD, major or minor).

Patency evaluation
At each time point of angiography follow-up, patency of grafts was assessed as a 

binary condition. The grafts were evaluated as either patent or occluded. The ag-

gregated patency rates were calculated for both RVGs and SVGs, at both 6 and 12 

months, as the ratio of patent grafts to total number of grafts implanted, multiplied 

by 100%.

Statistics
In descriptive statistics, categorical variables were expressed as counts with percent-

ages and continuous variables are presented as the mean ± SD or median with the 

25th and 75th percentiles (quartile 1, quartile 3).

Given our aims to examine differences in each angiography-derived parameter be-

tween groups (RVG and SVG) and across 1-year of follow-up, we chose an approach 

that could provide inference on these factors simultaneously and which could use 

all available data in an imbalanced data structure that was reasonably robust to the 

occasional missing follow-up data in the study. Thus, we used a linear mixed effects 

model for each angiography-derived parameter with group (2-level factor) and time 

(5-level factor [1 level per follow-up assessment]) as the 2 fixed effects and animal 

as a random intercept. A likelihood ratio test of both factors for each parameter 

model provided the degree of evidence for a difference between groups or over 

time. A time-group interaction effect was also assessed by inclusion in models for 

parameters in which the main effects of time and group differences were found to 

be statistically significant.

Given the volume of parameters assessed, we also adjusted test inferences to 

control for a false-positive rate within each family of hypotheses (group differences 

and differences across time) using the Holm-Bonferroni method.

Serial follow-up data were plotted for each parameter and separated by group 

with a locally estimated scatterplot smoothing curve fitted to characterize any 

changes over time and between groups.
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All statistical tests were 2-tailed, and a P value of 0.05 was considered as statisti-

cally significant, after adjustment for multiple testing outlined earlier. Statistical 

analyses were performed by using R version 4.1.2 (R Foundation for Statistical 

Computing).

RESULTS

Device characterization
All devices were grossly free of defects (as assessed via unmagnified, corrected vision 

under illumination per ISO 7198,40 such as the presence of holes and other discon-

tinuities or imperfections of fabrication, and for the presence of dirt, soiled areas, 

spots, stains, or loose particles). A representative photograph of an RVG is presented 

in Figure 2, along with a representative scanning electron photomicrograph of the 

outer surface of a device. The device exhibits a highly porous morphology character-

ized by bonded overlapping fibers ~5 μm in diameter.

Figure 2 | Image of RVG With Blow-Up to Show SEM Morphology
A representative photograph of a restorative vascular graft (RVG) is presented in the left upper panel. A repre-
sentative scanning electron photomicrograph of the outer surface of a device is shown in the lower left. The 
device exhibits a highly porous morphology characterized by bonded overlapping fibers w5 mm in diameter. 
RVG = restorative vascular graft; SEM = scanning electron microscopy.
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Animal studies
All animals (N = 16) were implanted successfully, except for a technical error in 1 

animal, which resulted in the distal anastomosis being sewn closed. Angiography 

showed that the graft was occluded in this animal, and the anastomosis was not 

repairable, and thus the animal was euthanized. Another animal also did not survive 

the implantation procedure due to severe blood loss during the graft sealing step. 

The porosity of the experimental graft required it to be sealed with blood intraop-

eratively, which was typically completed just before weaning from CPB. However, 

assessment of this particular animal’s baseline blood cell count showed that the 

animal had too few platelets to generate a reliable value, and graft sealing was not 

possible. The animal was euthanized and replaced with another backup animal.

Four RVG animals were euthanized early (before the final 12-month follow-up) 

to better understand angiographic observations. One animal had an occluded graft, 

and one animal showed a distal stenosis at the 3 months’ follow-up angiogram. One 

animal had a nonruptured aneurysm in the body of a patent graft at the time of the 

6-month follow-up angiogram (Supplemental Figure 1). Finally, optical coherence 

tomography (OCT) disclosed at 6 months in one animal a neointimal delamination, 

which was likely iatrogenic (either caused or aggravated by insertion of the OCT 

catheter) (Supplemental Figure 2). All 4 animals were euthanized to allow explant 

analysis of the grafts and to help determine the etiology of the angiographic and/or 

OCT observations.

All 3 SVG control animals were implanted successfully and survived to their 

intended termination time point of 1 year. The aggregated patency rate at 6 months 

was 90.9% (10 of 11) for the RVGs and 100% (3 of 3) for the SVG controls. Based 

on the encouraging results at 6 months with only few complications, the original 

endpoint of 6 months was extended in an exploratory effort to maximize learnings. 

Ultimately, 72.7% (8 of 11) of the implanted RVGs were patent when considering all 

surviving RVG animals in aggregate after 1 year of implantation. The study design 

and timeline are described in the schematic diagram in Figure 3.

Qca and qfr analyses
Qualitative angiographic assessment of all RVGs, which survived to the 12-month 

time point, revealed smooth and uniform luminal geometries throughout the study. 

In stark contrast, the SVGs displayed irregular and severely dilated geometries. 

Representative snapshots from angiograms of all RVGs and SVGs in animals that 

survived to 12 months are shown in Figure 4 (snapshots in all animals are shown in 

Supplemental Figure 3).
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QCA (Table 1, Supplemental Tables 1 and 2, Figures 5 and 6) showed that RVGs 

had geometric stable reference diameters at baseline (3.76 ± 0.84 mm; n = 8), 1month 

(3.59 ± 0.31 mm; n = 11), 3 months (3.54 ± 0.48 mm; n = 10), 6 months (3.46 ± 0.32 

mm; n = 9), 9 months (2.94 ± 0.22 mm; n = 6), and 12 months (3.29 ± 0.33 mm; n = 5). 

SVG reference diameter showed progressive diffuse dilatation at baseline (4.29 mm; 

n = 1), 1 month (5.82 ± 0.55 mm; n = 3), 3 months (7.37 ± 1.61 mm; n = 3), 6 months 

(8.56 ± 2.29 mm; n = 3) and 12 months (9.47 ± 1.88 mm; n = 3) as shown in Figures 5A 

and 6. RVG minimum lumen diameter decreased from 1 month (2.67 ± 0.30 mm; n = 

11) to 3 months (2.13 ± 0.40 mm; n = 10) and remained stable thereafter: 6 months 

(2.13 ± 0.40 mm; n = 9), 9 months (1.93 ± 0.46; n = 6), and 12 months (2.24 ± 0.46 mm; 

n = 5). SVG minimum lumen diameter progressively increased: 1 month (2.81 ± 0.72 

mm; n = 3), 3 months (3.96 ± 1.69 mm; n = 3), 6 months (3.78 ± 0.93 mm; n = 3), and 

12 months (4.69 ± 0.66 mm; n = 3) (Figures 5B and 6, Table 1).

Figures 5B and 6 show that between 1 and 3 months, in the RVGs, the flow veloc-

ity increased (mean 7.9 to 14.9 cm/s); thereafter, there were no significant changes in 

flow velocity. Figures 5B and 6 also show that flow velocities remained low (2.3 cm/s 

at 1 month and 3.4 cm/s at 12 months) in the SVGs.

At 1 month, QFR was not analyzable in 4 cases (2 in RVG, 2 in SVG) due to lack 

of isocenter calibration or because of a poor angiographic image quality. Figures 5D 

Figure 3 | Study Flowchart
The study design and timeline are described in the schematic diagram. FU = follow-up; OCT = optical coherence 
tomography; RVG = restorative vascular graft; SVG = saphenous vein graft.



30
3 
| B

io
re

st
or

at
iv

e 
by

p
as

s 
gr

af
t 

in
 a

n
im

al
s

and 6 present the QFR values for both RVGs and SVGs. Despite the lower flow speed 

in the SVGs compared with the RVGs, the QFR values are similar for both. Figure 7 

displays one representative case of an RVG and SVG, respectively, with serial QFR 

follow-ups out to 12 months. Between 1 month and 3 months, there was a significant 

decrease in QFR for the RVGs (n = 10) (mean: 0.98 to 0.78). From 3 months (n = 10) to 

12 months (n = 5), the QFR in the RVGs exhibited an increasing or stable trend up to 

12 months (QFR: 0.93). In the SVGs, none of the QFR measurements was below 0.80.

Figure 4 | Serial Angiography Snapshot Images of All RVGs and SVGs in Animals That Survived 
to the 12-Month Follow-Up
Representative snapshots from angiograms of all RVGs and SVGs in animals that survived to 12 months are 
presented. N/a = not applicable; other abbreviations as in Figure 3.
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Figure 5 | Serial Plots of Angiographic Parameters for All Animals
Serial changes of reference diameter (A), minimal lumen diameter (B), flow speed (C), and quantitative flow 
ratio (QFR) (D) in both RVGs (blue) and SVGs (red). Bars are the SD of the mean. One occluded RVG (restorative 
vascular graft) (3-month follow-up) was not included in the graphs (19S0204).
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Figure 5C-D
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Figure 6 | Series of All Measurements for Each Angiography-Derived Parameter Over Follow-Up 
Period
Measurements are color-coded by group (RVG and SVG) with a smoothed average (locally estimated scatterplot 
smoothing) over time plotted for each group to illustrate group differences and changes over time. AS = area 
stenosis; DS = diameter stenosis; MLA = minimum lumen area; MLD = minimum lumen diameter; Ref. Diam. 
= reference diameter. 
Abbreviations as in Figures 3 and 5.
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DISCUSSION

The present study was an investigation of an electrospun, polymeric, restorative 

graft intended for coronary artery bypass surgery as an alternative to SVGs. We ob-

served that the device exhibited adequate patency and superior flow and diametrical 

uniformity, compared with SVG controls, in an ovine CABG model with survival to 1 

year. There were animal model–related complications that resulted in animals being 

implanted but did not survive, which required them to be replaced with additional 

backup animals. There were other animal model complications that resulted in 

animals being euthanized before their intended time points.

The ovine CABG model is challenging, which is exemplified by scarcity of scien-

tific literature, especially on synthetic graft evaluation.41,42 The only paper identified 

on 12 months of follow-up with a synthetic graft lacked important metrics on study 

design, which makes it difficult to judge on its merits.43 Even with less challenging 

arterial bypass models (carotid interposition, femoral-femoral, or iliac-femoral), and 

relatively short graft lengths (typically 5-7 cm), patency on small-diameter synthetic 

grafts (≤4 mm internal diameter) has been reported between 0% and 25% in studies 

extending beyond 1 month of follow-up.41 Saphenous vein grafting for CABG has 

been reported in literature for sheep44,45 and baboon.46 Reported patency and dila-

tion of SVGs appears to be in line with the present study findings. In this light, the 

aggregated patency at 6 months’ follow-up of 91% (10 of 11) in the present study for 

the RVG, especially given implant length (~15 cm) and location, was considered a 

very promising result. Besides 1 occlusion, only 1 animal was euthanized before the 

Figure 7 | Representative Examples of Serial QFR in Cases of RVG and SVG
This figure shows one representative case of an RVG and SVG, respectively, with serial QFR follow-ups out to 
12 months. 
Abbreviations as in Figures 3 and 5.
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6-month follow-up with an apparent distal stenosis in the RVG. Autopsy revealed 

a luminal protrusion of the implant material at the distal anastomosis as a result 

of suboptimal suture placement as the most likely nidus for the neointima forma-

tion, resulting in the observed stenosis. Of the 2 animals that were euthanized at 

the 6-month follow-up, one had a graft aneurysm shown on angiography, which 

was later confirmed by histopathology. It was postulated that it could be related to 

local high curvature and dynamic bending along the graft trajectory, likely due to 

the specifics of the animal model (grafting from the descending aorta to the LAD 

and bending around the pulmonary artery). A more detailed analysis of the impact 

of mechanical factors (ie, bending angle, superficial wall strain, minimum and 

maximum endothelial shear stress) at baseline on late flow metrics of the grafts has 

been published separately.47 The other 6-month explant had revealed neointimal 

delamination during the 6-month OCT follow-up, which was suggested to be due to 

an interaction between the catheter and locally high graft curvature (Supplemental 

Figure 2). This graft was patent at euthanasia. Although this cautions the use of OCT 

in tortuous segments in the early remodeling, it should be noted that the tortuosity 

is considered a feature of the preclinical model and could be avoided clinically with 

careful case planning.

Based on positive angiographic assessment of the remaining RVGs (n = 7) and 

SVGs (n = 3) at 6 months’ follow-up, it was decided to extend the study to an explor-

atory 12-month endpoint, to maximize learning. During this exploratory phase, 2 

unscheduled deaths for the RVG animals were noted. One was shortly before the 

9-month angiography; autopsy revealed a recanalized thrombus in the distal graft, 

shortly distal to a mild stenosis observed at the 6-month angiography. The other 

at 10 months’ follow-up revealed a mid-graft occlusion, co-locating with an area of 

potential neointima denudation during the intravascular imaging performed at 6 

months’ follow-up. Of note, distal and proximal anastomoses in both grafts were 

widely patent.

A critically important result of this study was that 5 of 7 RVGs remained pat-

ent out to 1 year follow-up, thus pushing the frontier on preclinical evaluation of 

small-diameter grafts in a preclinical CABG model. Although the SVGs also remained 

patent, it is believed that this finding is partly attributable to their progressive 

diffuse dilation. Micro–computed tomography analysis of SVG 12-month explants 

confirmed a nonuniform dilated lumen, with indications of neointimal tissue build-

up near the distal anastomosis. Histopathology confirms similarity to the clinical 

disease process that has been described for SVGs, which eventually leads to distal 

anastomotic IH and eventual occlusion.1 RVG 12-month explant micro–computed 

tomography and histopathology in contrast shows a more uniform lumen with no 

apparent changes at the anastomoses (Figure 8). It is suggested from the level of 
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distal anastomosis IH seen in the SVGs in this study that a progressive pathologic 

process is ongoing that could ultimately cause occlusions, which is in line with both 

preclinical and clinical evidence.41,48 Quantitative angiography revealed that RVGs 

maintained an overall uniform and nondilating lumen throughout the duration of 

the study. This is in stark contrast to the SVGs in this study, and as also reported in 

previous work, which showed that SVGs exhibited progressively increasing dilation 

over time, doubling the initial diameter by 1 year.31

A uniform diameter has been proposed to be a key factor in mitigating IH de-

velopment by maintaining a uniform shear stress on the graft lumen.13,49,50 Figures 

5 and 6 and Supplemental Table 2 present a comparison between an RVG and an 

SVG implanted for 1 year as an ovine CABG. The near doubling in diameter of the 

SVG relative to the RVG is noteworthy. Also worth noting is the dramatic increase 

in neointima formation in the distal anastomosis of the SVG compared with the 

stable neointima in the RVG. Although there was an initial period between 1 and 

3 months when the RVG minimal lumen diameter decreased and consequently so 

did the QFR, there appeared to be a stable or increasing trend in MLD and QFR over 

time. This mechanism is under further investigation and will be the subject matter 

of future reports.

Finally, RVGs that can maintain a controlled, uniform diameter could allow for 

improved size matching to the target artery and reduced flow disturbances, which 

could further attenuate IH.51-53 Diameter matching has also been reported to acceler-

ate in vivo re-endothelialization in arteries and vascular grafts.54,55 Thus, by prevent-

ing dilation, maintaining diameter uniformity, and improving diameter matching of 

the CABG (4 mm) to the target coronary artery (2 mm), the RVG maintained improved 

hemodynamics compared with SVG controls in this ovine model out to 1 year.

Figure 8 | Micro-CT Profile and Histologies at 12 Months
Micro–computed tomography (CT) profile at 12-month explant of RVG (upper left) and SVG (lower left). (Right) 
Histology cross-sections near distal anastomosis of each graft (upper right, RVG; lower right, SVG). 
Abbreviations as in Figures 3 and 5.
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Study limitations
We acknowledge that our study has several limitations. First, the current study was 

conducted in a limited sample size (XABG: N = 13, SVG: N = 3) and during a follow-up 

period of 12 months. The restorative process following the biodegradation of the 

polymer may take longer; therefore, late dynamic change of the graft may occur 

beyond 12 months.

Second, ovine with adverse findings such as aneurysmal or thrombotic change 

were euthanized shortly after the disclosure of these findings, in agreement with 

the advisory board. Therefore, the surviving cases might be biased towards good (or 

bad) outcomes especially in the late phases of the follow-up (6-12 months).

Third, the lumen and flow measurements at each time point were evaluated 

based on angiography without pressure- and velocity-wire insertion. Therefore, the 

various parameters derived from the angiography are highly dependent on the qual-

ity of angiography and were not validated with other modalities. There was only 

incidental use of optical coherence tomography.

Finally, the present study is a preclinical study with ovine model. The remodel-

ing response following implantation of grafts and late results may be different in 

other animal species and in human beings.

CONCLUSIONS

The ovine CABG model proved to be a demanding experimental set-up; however, it 

was a rigorous approach to prepare for clinical translation of this novel technology. 

The serial angiographic assessment of the RVGs in this study provided important 

data for the safety of the device, which will help to enable this clinical translation.
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SUPPLEMENTARY APPENDIX

Supplemental Figure 1 | Angiography (A), CT (B) and H&E section (C) of 6m graft with a local 
aneurysm mid-graft associated with local high curvature and dynamic bending along the graft 
trajectory, likely due to the specifics of the animal model (descending aorta to LAD, bending 
around the pulmonary artery). The associated local rise in tension resulted in an aneurysmatic 
dilation of the remodeling graft and neotissue.
Abbreviations: CT, computed tomography.
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Supplemental Figure 2 | OCT of a 6m elective sacrifice reveals neointimal lift (B) in the angu-
lated mid-graft section (A), likely caused by interaction between the OCT catheter and the wall 
in the tortuous graft segment. H&E section of location (C) confirms a discontinuity between 
neointima and graft wall.
Abbreviations: OCT, optical coherence tomography.
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Supplementary Figure 3 | Serial angiographic snapshots for full cohort
Abbreviations: N/a, not applicable.
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Supplementary Table 1 | Summary of 2D and 3D quantitative angiographic parameters in ani-
mal cases with RVG or SVG implantation followed up to 12 months.

Median (Q1-Q3);
Mean ± SD

Baseline 1 month 3 months 6 months 9 months 12 months

RVG

2D QCA

N 10 11 10 9 6 5

MLD, mm
3.12 (2.81-

3.41);
3.15±0.32

2.78 (2.52-
2.94);

2.67±0.30

1.68 (2.00-
2.48);

2.05±0.40

2.03 (1.80-
2.42);

2.13±0.40

1.89 (1.44-
2.35);

1.93±0.46

2.03 (1.80-
2.80);

2.24±0.46

Ref. D, mm
3.66 (3.50-

3.80);
3.67±0.28

3.61 (3.33-
3.81);

3.59±0.31

3.16 (3.52-
3.94);

3.54±0.48

3.53 (3.24-
3.68);

3.46±0.32

2.89 (2.73-
3.19);

2.94±0.22

3.37 (2.92-
3.63);

3.29±0.33

%DS
14.5 (8.8-

22.0);
14.3±6.8

21.0 (17.0-
31.0);

25.2±10.2

31.5 (46.5-
50.8);

41.4±13.3

39.0 (28.0-
48.0);

38.1±11.9

37.5 (23.0-
50.3);

34.7±16.6

38.0 (20.5-
41.0);

32.2±10.3

MLA circular, 
mm2

7.65 (6.19-
9.13);

7.86±1.60

6.07 (4.97-
6.79);

5.66±1.27

2.21 (3.13-
4.81);

3.42±1.30

3.24 (2.56-
4.63);

3.70±1.52

2.79 (1.62-
4.37);

3.08±1.64

3.23 (2.54-
6.15);

4.12±1.88

MLA video-
densitometry, 

mm2

7.12 (5.74-
8.78);

7.26±1.71

6.51 (5.83-
8.97);

7.09±2.21

1.32 (2.76-
5.36);

3.49±2.56

3.41 (1.68-
5.36);

3.61±1.86

2.56 (2.05-
3.38);

2.75±1.38

2.39 (2.10-
5.12);

3.36±1.61

Ref. A, mm2
10.49 (9.64-

11.44);
10.66±1.68

10.24 (8.71-
11.40);

10.17±1.82

7.83 (9.74-
12.22);

9.99±2.64

9.78 (8.23-
10.60);

9.50±1.81

6.56 (5.84-
8.03);

6.85±1.14

8.94 (6.70-
10.33);

8.60±1.89

%AS circular
27.0 (17.3-

39.0);
26.0±11.9

38.0 (31.0-
53.0);

42.8±14.4

52.5 (71.0-
75.8);

63.9±17.8

63.0 (48.0-
72.5);

60.3±15.0

60.5 (38.5-
75.3);

54.3±24.4

62.0 (37.0-
64.5);

53.0±14.1

%AS densitometry
28.5 (18.0-

43.0);
31.4±14.4

33.0 (16.0-
43.0);

30.5±14.8

30.3 (68.5-
81.3);

62.2±27.2

67.0 (41.5-
76.5);

61.6±18.0

63.5 (48.0-
74.0);

59.2±21.2

65.0 (48.0-
72.5);

61.2±12.1

Length, mm

116.5 
(111.7-
122.1);

115.9±9.4

126.2 
(107.6-
136.9);
122±16

123.8 
(140.7-
144.8);

135.1±12.9

138.3 
(128.3-
147.2);
138±11

114.2 
(106.8-
139.2);
119±18

130.0 (83.9-
138.4);
115±42

Flow velocity
cm/sec

12.6 (8.9-
18.5);

14.3±7.0

7.9 (6.8-9.6);
8.6±2.7

15.9 (8.3-
23.4);

16.2±8.2

14.2 (9.9-
22.9);

15.2±8.4

17.0 (13.5-
23.0);

18.2±5.8

14.3 (9.5-
18.5);

14.0±5.6

Volumetric flow
ml/min

74.4 (61.1-
133.0);

93.8±49.9

42.0 (36.7-
51.9);

47.4±19.9

61.3 (39.7-
91.4);

71.5±41.3

62.9 (47.5-
85.2);

66.2±20.2

43.6 (39.9-
74.9);

53.2±18.4

66.5 (25.0-
89.7);

59.2±37.0

FitzGibbon
Class A

100% 
(10/10)

100% (11/11) 64% (7/11) 78% (7/9) 67% (4/6) 100% (5/5)

FitzGibbon
Class B

0 0 27% (3/11) 22% (2/9) 33% (2/6) 0

FitzGibbon
Class O

0 0 9% (1/11) 0 0 0
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Supplementary Table 1 | Summary of 2D and 3D quantitative angiographic parameters in ani-
mal cases with RVG or SVG implantation followed up to 12 months. (continued)

Median (Q1-Q3);
Mean ± SD

Baseline 1 month 3 months 6 months 9 months 12 months

Focal dilatation 0 0 9% (1/11) 11% (1/9) 0 0

Diffuse dilatation 0 0 0 0 0 0

3D QCA/QFR

N 9 9 10 9 6 5

Vessel QFR
0.99 (0.99-

1.00)
0.99±0.01

0.99 (0.96-
1.00);

0.98±0.02

0.77 (0.66-
0.92);

0.78±0.16

0.81 (0.75-
0.97);

0.83±0.14

0.94 (0.65-
0.98);

0.84±0.19

0.94 (0.85-
1.00);

0.93±0.07

SVG

2D QCA

N 3 3 3 3 - 3

MLD, mm 4.21±0.16
2.91 (2.05-

3.47);
2.81±0.72

3.40 (2.62-
5.85);

3.96±1.69

3.70 (2.90-
4.75);

3.78±0.93
-

4.85 (3.97-
5.26);

4.69±0.66

Ref. D, mm 4.59±0.34
6.12 (5.18-

6.16);
5.82±0.55

7.52 (5.70-
8.90);

7.37±1.61

8.95 (6.10-
10.62);

8.56±2.29
-

9.13 (7.79-
11.50);

9.47±1.88

%DS 8.0±7.9
52.0 (44.0-

60.0);
52.0±8.0

54.0 (34.0-
55.0);

47.7±11.8

55.0 (52.0-
59.0);

55.3±3.5
-

42.0 (38.0-
65.0);

48.3±14.6

MLA circular, 
mm2

13.94±1.08
6.65 (3.29-

9.48);
6.47±3.10

9.08 (5.39-
26.83);

13.77±11.46

10.75 (6.62-
17.75);

11.71±5.63
-

18.44 
(12.40-
21.74);

17.53±4.74

MLA video-
densitometry, 

mm2
11.61±2.45

9.30 (2.90-
24.87);

12.36±11.30

7.84 (7.69-
23.54);

13.02±9.11

18.85 (7.13-
27.03);

17.67±10.00
-

34.84 
(21.58-
38.01);

31.48±8.72

Ref. A, mm2 16.59±2.39

29.40 
(21.04-
29.85);

26.76±4.96

44.45 
(25.54-
62.20);

44.06±18.33

62.87 
(29.27-
88.64);

60.26±29.77

-

65.46 
(47.68-

103.86);
72.33±28.71

%AS circular 14.7±13.6
77.0 (68.0-

84.0);
76.3±8.0

79.0 (57.0-
80.0);

72.0±13.0

80.0 (77.0-
83.0);

80.0±3.0
-

67.0 (61.0-
88.0);

72.0±14.2

%AS densitometry 30.0±10.4
68.0 (17.0-

86.0);
57.0±35.8

70.0 (62.0-
82.0);

71.3±10.1

70.0 (70.0-
76.0);

72.0±3.5
-

55.0 (42.0-
66.0);

54.3±12.0

Length, mm 100.0±1.0

114.6 
(101.6-
126.0);

114.1±12.2

112.8 
(112.0-
121.5);

115.4±5.3

115.2 (81.7-
124.1);

107.0±22.4
-

129.9 
(111.0-
131.5);

124.1±11.4

Flow velocity
cm/sec

5.8±2.0
2.5 (1.7-2.6);

2.3±0.5
1.6 (1.0-2.7);

1.8±0.9
3.2 (1.5-3.8);

2.9±1.2
-

3.7 (1.8-4.7);
3.4±1.5
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Supplementary Table 1 | Summary of 2D and 3D quantitative angiographic parameters in ani-
mal cases with RVG or SVG implantation followed up to 12 months. (continued)

Median (Q1-Q3);
Mean ± SD

Baseline 1 month 3 months 6 months 9 months 12 months

Volumetric flow
ml/min

65.3±26.0
32.0 (19.5-

42.9);
31.5±11.7

38.9 (28.6-
40.2);

35.9±6.3

50.7 (47.1-
108.6);

68.8±34.5
-

99.7 (70.1-
107.3);

92.3±19.7

FitzGibbon
Class A

100% (3/3) 33% (1/3) 33% (1/3) 0 - 67% (2/3)

FitzGibbon
Class B

0 67% (2/3) 67% (2/3) 100% (3/3) - 33% (1/3)

FitzGibbon
Class O

0 0 0 0 - 0

Focal dilatation - - 0 0 - 0

Diffuse dilatation - - 33% (1/3) 33% (1/3) - 33% (1/3)

3D QCA/QFR

N 2 1 3 3 - 3

Vessel QFR 0.99±0.02 0.88
0.95 (0.95-

0.97);
0.96±0.01

0.91 (0.86-
0.95);

0.91±0.05
-

0.81 (0.81-
0.99);

0.87±0.10

Abbreviations: RVG, Xeltis restorative vascular graft; N, number; Q1-Q3, quartile 1 to quartile 3; CI, confidence 
interval; 2D, two-dimensional; 3D, three-dimensional; MLD, minimum lumen diameter; Ref. D, reference di-
ameter; %DS, percent diameter stenosis; %AS, percent area stenosis; QCA, quantitative coronary angiography; 
QFR, quantitative flow ratio. 
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Supplementary Table 2 | Results of linear mixed-effects models of each angiography-derived 
parameter. 

Parameter
Group difference (RVG vs 

SVG)
p-value1

Time 
differences

p-value2

Time-group 
interaction

p-value3

Ref. Area (mm2) <0.001 0.17

AS circular (%) 0.19 <0.001

AS videodensitometry (%) 0.84 <0.001

DS (%) 0.10 <0.001

Flow velocity (cm/sec) 0.001 0.03 0.27

Length (mm) 0.05 0.17

MLA circular (mm2) <0.001 0.10

MLA videodensitometry 
(mm2)

<0.001 0.17

MLD (mm) <0.001 0.006 <0.001

Vessel QFR 0.84 0.001

Ref. Diam. (mm) <0.001 0.17

Volumetric flow (ml/min) 0.84 0.03
1 p-values adjusted for group differences across all parameters (within column)
2 p-values adjusted for differences over time across all parameters (within column)
3 p-values adjusted for all tested interaction effects differences (within column)
P-values are displayed for the two main-effects (1) group differences and (2) differences over time and are 
adjusted for multiple comparisons (within column) using the Holm-Bonferroni method. Tests for interaction 
effects are shown only where main effects were found to be statistically significant.
Abbreviations as in Supplementary Table 1.





Part E: 
Summary and future perspectives
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SAMENVATTING VAN HET PROEFSCHRIFT 

Hedendaagse revascularisatiestrategie en geavanceerde 
technologieën voor de behandeling van patiënten met coronaire 
hartziekte 

Deel A: Complexiteit en toekomstige uitdagingen in hedendaags beheer van 
coronaire hartziekte 
Kransslagaderlijden (coronary artery diseases, CAD) is de meest voorkomende 

vorm van hartziekte en wereldwijd een belangrijke doodsoorzaak. Sinds de eerste 

introductie van percutane coronaire revascularisatie door Andreas Grüntzig in 1977, 

zijn er de afgelopen 45 jaar talloze technologische ontwikkelingen ondernomen. 

Sommige ontwikkelingen hebben niet tot succes geleid, maar andere toepassingen 

hebben tot verbetering van de klinische resultaten van PCI geleid.  

In Hoofdstuk 2 hebben we de geschiedenis van PCI beschreven, vooral in relatie 

tot de resultaten van revascularisatie met behulp van coronaire bypasschirurgie 

(CABG). De meest opvallende verbetering van in PCI is de evolutie van de stent: van 

de introductie van de bare-metal stent (BMS) via de eerste generatie drug-eluting 

stent (DES) tot de nieuwere generatie DES. Bovendien hebben de opkomst en 

klinische toepassing van intravasculaire beeldvormende technieken, fysiologische 

metingen mbv voerdraden en nieuwe farmaca een belangrijke rol gespeeld in deze 

ontwikkeling. De resultaten van de SYNTAX II studie laat zien dat de evolutie van de 

“best practice” in PCI leidt tot verbeterde klinische resultaten. Desalniettemin is de 

rol van PCI in vergelijking met CABG of optimale medische therapie (OMT) ook nu 

nog steeds een punt van discussie. Hoewel meta-analyses waarin PCI met CABG werd 

vergeleken, specifieke subgroepen hebben geïdentificeerd met een beter resultaat 

na PCI of CABG is deze discussie niet afgerond, waardoor de rol van het hartteam 

voor besluitvorming omtrent revascularisaties belangrijker is geworden.

Deel B: Stratificatie van hoogrisicopatiënten met coronaire hartziekte die 
revascularisatie ondergaan 
Een goede risico-inschatting van patiënten is van belang bij het selecteren van de 

optimale revascularisatiestrategie bij complex CAD. Revascularisatie mbv PCI of 

CABG hebben voor beide technieken voor- en nadelen. CABG is invasiever dan PCI, 

CABG kan ook effectiever zijn doordat het leidt tot meer complete revascularisatie. 

PCI is minder invasief dan CABG en kan worden uitgevoerd bij patiënten, die niet 

voor operatie in aanmerking komen. PCI vereist echter wel gebruik van contrast, 

blootstelling aan straling en gebruik van dubbele plaatjesaggregatieremmers (DAPT) 
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na stent-plaatsing. Verschillende klinische en anatomische risicofactoren zijn ge-

identificeerd als kritische factoren waarmee rekening moet worden gehouden bij 

het de keuze kiezen tussen PCI of CABG.  

Hoofdstuk 3 betreft de vooraf gespecificeerde leeftijdsspecifieke subgroep-

analyse van de SYNTAXES-studie, de verlengde 10-jarige follow-up van de originele 

SYNTAX studie waarin PCI versus CABG werd vergeleken bij patiënten met complex 

CAD. Patiënten werden verdeeld in twee groepen op basis van hun leeftijd op het 

moment van randomisatie met een vooraf gespecificeerde drempel van 70 jaar oud; 

oudere patiënten (>70 jaar oud) of niet-oudere patiënten (≤70 jaar oud). Onze studie 

toonde aan dat bij oudere patiënten met complex CAD, ernstige cardiale en cerebro-

vasculaire gebeurtenissen (MACCE) na 5 jaar niet significant verschilden tussen PCI 

en CABG (39,4% vs. 35,1%; hazard ratio [HR]: 1,18; 95% betrouwbaarheid interval [BI]: 

0,90 tot 1,56), en na 10 jaar was er ook geen significant verschil in overlijden door 

alle oorzaken (21,1% vs. 16,6%; HR: 1,30; 95% BI: 1,00 tot 1,69). Opmerkelijk is dat 

we ook de verschillen in levensverwachting en 5-jaars Quality of life (QOL)-status 

onderzochten volgens de Seattle Angina Questionnaire (SAQ) tussen PCI en CABG bij 

oudere patiënten, en die uitkomsten verschilden eveneens niet significant (gemid-

deld verschil in levensverwachting: 0,2 jaar in ten gunste van CABG: 95%-BI: -0,4 tot 

0,7). Benadrukt moet worden dat de bovengrens van het 95%-BI 0,7 jaar was in het 

voordeel van CABG. Voor oudere personen kan QOL belangrijker zijn dan een maxi-

male verlenging van de levensverwachting met 0,7 jaar (8,4 maanden) gedurende 10 

jaar follow-up. Bovendien bereikten de boven- en ondergrenzen van het 95%-BI voor 

het gemiddelde verschil in geen van de SAQ-subgroepen een klinisch belangrijk ver-

schil. Gezien de equivalente lange termijn overleving en QOL-status tussen PCI en 

CABG, concludeerden we dat een minder invasieve strategie mbv PCI in plaats van 

CABG de voorkeur verdient bij oudere patiënten. Hoewel de uiteindelijke behande-

lingsbeslissing op individuele basis moet worden genomen, rekening houdend met 

het verschil tussen eventuele klinische risico’s en levensverwachting in de context 

van kwaliteit van leven, suggereerden onze analyses dat het behandelingsdoel, dat 

niet altijd overleving is, maar soms verschilt per individu. 

Klinische factoren of geïntegreerde voorspellende modellen kunnen aan de ene 

kant clinici helpen om de prognose van de patiënt te voorspellen, maar aan de 

andere kant heeft deze risicostratificatie die slechts op een paar parameters berust 

ook het potentieel om de toestand van de patiënt niet goed weer te geven.

In Hoofdstuk 4 rapporteren we de klinische uitkomsten van patiënten met com-

plex CAD na PCI of CABG volgens de body mass index (BMI) en middelomtrek (WC) 

van de patiënt. Obesitas is wereldwijd een groot gezondheidsprobleem. Talrijke 

eerdere onderzoeken hebben echter een paradoxaal verband aangetoond tussen een 

hoge baseline BMI en een laag sterfterisico, de zogenaamde obesitas-paradox bij 
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patiënten die een PCI of CABG ondergaan. De meeste onderzoeken die de obesitas-

paradox ondersteunen, hebben lichaamsvet geëvalueerd door eenmalig gebruik 

van BMI zonder andere indices voor de lichaamssamenstelling, zoals WC, die kan 

worden beschouwd als een betrouwbaardere maat voor viscerale adipositas dan 

BMI. Wanneer patiënten met complex CAD werden gestratificeerd naar BMI en WC, 

hadden degenen met een hoge BMI maar een lage WC een significant lager risico 

op overlijden 10 jaar na coronaire revascularisatie in vergelijking met degenen met 

een hoge BMI/hoge WC (gecorrigeerde HR: 1,65; 95% BI: 1,09 tot 2,51), lage BMI/hoge 

WC (aangepaste HR: 2,74; 95% BI: 1,12 tot 6,69), of lage BMI/lage WC (aangepaste HR: 

1,59; 95% BI: 1,11 tot 2,27). Er kan worden aangenomen dat de patiënten met een 

hoge BMI/lage WC mogelijk meer vetvrije massa hebben, inclusief organen, botten 

en spiermassa, dan vetmassa. Daarentegen kunnen de patiënten met een hoge BMI/

hoge WC de groep met “echte obesitas” zijn met meer metabolische risico’s, waaron-

der insulineresistentie en pro-inflammatoire aandoeningen. We concludeerden dat 

het substantiële aantal patiënten met een hoge BMI/lage WC, met een lagere kans 

op sterfte, de obesitas-paradox zou kunnen verklaren. Onze studie suggereerde de 

mogelijkheid van onjuiste risicostratificatie door een enkele variabele te gebruiken 

zonder rekening te houden met de klinische betekenis ervan. Voor een betere risi-

costratificatie hebben we meer variabelen nodig, in plaats van een enkele parameter 

of een combinatie van enkele variabelen.

In Hoofdstuk 5 hebben we geprobeerd de fysieke en mentale gezondheidsstatus 

van patiënten te gebruiken om een optimale revascularisatiestrategie te selecteren 

in het SYNTAXES-onderzoek. De fysieke en mentale gezondheidsstatus werd beoor-

deeld als Physical (PCS) of Mental Component Summary (MCS) scores volgens de 

baseline 36-Item Short Form Health Survey (SF-36), een goed gevalideerde en veelge-

bruikte patiëntzelf- rapportage. Onze studie toonde aan dat zowel een hogere PCS 

als MCS onafhankelijk geassocieerd zijn met lagere 10-jaars mortaliteit (10-punts 

toename in PCS gecorrigeerde hazard ratio, 0,84 [95% BI, 0,73-0,97]; P=0,021; in MCS 

gecorrigeerde hazard ratio, 0,85 [95% BI, 0,76-0,95]; P=0,005). Een significant over-

levingsvoordeel van CABG ten opzichte van PCI werd waargenomen in de hoogste 

PCS (>45,5) en MCS (>52,3) tercielen met significante interacties per subgroep (PCS 

Pinteraction=0,033, MCS Pinteraction=0,015). Bij patiënten met zowel hoge PCS (>45,5) als MCS 

(>52,3) was de 10-jaars mortaliteit significant hoger na PCI in vergelijking met CABG 

(30,5% versus 12,2%; hazard ratio, 2,87 [95% BI, 1,55-5,30]; P=0,001), terwijl er onder 

degenen met een lage PCS (≤45,5) of lage MCS (≤52,3) geen significante verschillen 

waren in 10-jaars mortaliteit tussen PCI en CABG, resulterend in een significante 

interactie tussen behandeling en de subgroep (Pinteraction=0,002). Onze resultaten sug-

gereren dat de door de patiënt gerapporteerde fysieke en mentale gezondheid de 
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ideale risicobeoordelingsinstrumenten zijn om de kwetsbaarheid van de patiënt 

voor invasieve procedures uitgebreider te evalueren.

Deel C: Nieuwe beeldvormingstechnologieën voor het identificeren en lokaliseren 
van risicovolle kransslagaderlaesies 
Als volgende stap na de risicobeoordeling op patiëntniveau, speelt risicobeoorde-

ling op laesieniveau ook een belangrijke rol bij de behandeling van CAD-patiënten. 

Coronaire beeldvormingstechnieken hebben de visualisatie en detectie van risico-

volle kransslagaderlaesies mogelijk gemaakt. Van de huidige hulpmiddelen voor 

coronaire beeldvorming is intravasculaire beeldvorming de gouden standaard voor 

het beoordelen van de kenmerken van de laesie, en het evalueren van stentoptima-

lisatie in vivo. Er zijn twee standaard technieken: intravasculaire echografie (IVUS) 

en optische coherentietomografie (OCT). Hoewel beide beeldvormingsmodaliteiten 

ons in staat stellen om de gedetailleerde bevindingen in het bloedvat te observeren, 

hebben IVUS en OCT ieder eigen voordelen. 

In Hoofdstuk 6 introduceerden we de nieuwe beeldvormende modaliteit van 

een hybride IVUS-OCT-kathetersysteem. Met hun inherente kracht en beperkin-

gen zijn de gecombineerde IVUS- en OCT-catheters complementair en werken ze 

synergetisch samen om een uitgebreide weergave van een kransslagader mogelijk 

te maken. Tot nu toe hebben twee bedrijven, het hybride IVUS-OCT-systeem ontwik-

keld. Het Novasight-systeem (Conavi Medical Inc., Toronto, Canada) is al klinisch 

beschikbaar. Het hybride systeem zal een nauwkeurigere en gedetailleerdere evalu-

atie van de plaquemorfologie mogelijk maken. Bovendien zal het hybride IVUS-OCT-

systeem efficiënt zijn als catheter voor PCI om de behandelstrategie af te stemmen 

op de verschillende laesietypes en de klinische resultaten te verbeteren, vooral voor 

mensen met meervats-CAD. 

Functionele beoordeling van coronaire obstructies mbv fractionele flow reserve 

(FFR) is de standaard techniek geworden. Van angiografie afgeleide FFR is een alter-

natieve methode. Dit kan leiden tot een kortere proceduretijd en is mogelijk kosten 

effectiever. De momenteel beschikbare van angiografie afgeleide FFR- technieken 

hebben echter beperkingen, zoals afhankelijkheid van meerdere projectie richtin-

gen. Hoofdstuk 7 beschrijft een studie mbt de diagnostische nauwkeurigheid van 

het Angio-iFR systeem (Philips, San Diego, VS) aan te tonen met een nieuwe an-

giografisch afgeleide instantaneous wave-free ratio (iFR) en FFR-schatting software. 

Met de Angio-iFR systeem kunnen operators zowel de iFR- als de FFR-waarde binnen 

enkele seconden voorspellen op basis van een enkele projectie van cine-angiografie 

door gebruik te maken van een hemodynamisch model met gebundelde parameters. 

De ReVEAL iFR-studie zal de voorspellende waarde van de nieuwe Angio-iFR-systeem 

beoordelen bij 440 CCS-patiënten met ten minste één de-novo 40% tot 90% stenose. 
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Het primaire eindpunt van de studie is de sensitiviteit en specificiteit van de iFR en 

FFR afgeleide parameters, waardoor het in de toekomst mogelijk is om coronaire 

obstructies met alleen angiografie beter te beoordelen. 

In Hoofdstuk 8 rapporteren we de effectiviteit van op angiografie gebaseerde 

4-dimensionale superficiale wall strain and stress (SWS)-analyses op de late flow-

verslechtering van bypass-grafts. We hebben deze hemodynamische waarden 

beoordeeld met behulp van kwantitatieve stroomverhouding (QFR) als segmentale 

QFR (∆QFR) bij de follow-up na grafting. Onze studie toonde aan dat de hogere ∆QFR 

zich zowel aan de uiteinden van de anastomose bevond als op plaatsen met een hoge 

SWS in rust. De resultaten suggereren dat schuifspannings-analyse een hulpmiddel 

kan zijn om kwetsbare plekken van de epicardiale kransslagader of bypass-graft te 

identificeren.

Deel D: Nieuwe behandelingstechnologieën gericht op verbetering van klinische 
resultaten bij patiënten met ernstige coronaire hartziekte 
Naast zorgvuldige evaluatie van risicovolle laesies, moet revascularisatie worden 

beoordeeld in de context van de huidige klinische praktijk. Om de resterende pro-

blemen, zoals stenttrombose of vroege occlusie van vena saphena-transplantaten 

(SVG), te verbeteren zijn nieuwe technieken nodig. Op het gebied van PCI werd ver-

wacht dat bioresorbeerbare scaffolds (BRS) een nieuwe therapeutische verbetering 

kan geven door het principe “niets achter laten”. Grote gerandomiseerde klinische 

onderzoeken hadden echter aangetoond dat BRS-implantatie gepaard ging met een 

verhoogde incidentie op ernstige complicaties, met name scaffold trombose, verge-

leken met DES van de tweede generatie. Uiteindelijk werd BRS van de markt gehaald 

en is niet meer beschikbaar in de klinische praktijk. Ballonnen met medicijncoating, 

oorspronkelijk ontwikkeld voor de behandeling van in-stent restenose, zijn daarna 

ontworpen om te voldoen aan de “laat niets achter”-strategie voor patiënten met 

de-novo CAD.

In Hoofdstuk 9 betreft TRANSFORM I-studie, gericht op het onderzoeken van 

de werkzaamheid en veiligheid van een nieuwe met sirolimus gecoate ballon (SCB), 

de MagicTouch (Concept Medical, Surat, India) SCB, in vergelijking met een conven-

tionele met paclitaxel gecoate ballon (PCB) bij patiënten met de-novo small vessel 

disease (SVD). Patiënten die aan de inclusie- en exclusiecriteria voldeden worden 

1:1 gerandomiseerd naar behandeling met ofwel de nieuwe MagicTouch SCB of de 

vergelijkende PCB-ballon. Daarnaast wordt een OCT-geleide beoordeling van de 

DCB-behandeling toegepast. Het primaire eindpunt is de gemiddelde toename van 

de lumendiameter na 6 maanden. De studie zal inzicht geven in de therapeutische 

prestaties van de nieuwe SCB-ballon bij de-novo SVD 
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We introduceerden ook nog een nieuw concept in behandeling mbv bypass 

chirurgie. Hoofdstuk 10 heeft betrekking op het implanteren van een nieuw vascu-

laire transplantaat (RVG) in een diermodel. De RVG bestaat uit een supramoleculaire 

polymeervezelmatrix binnen een nitinol-microskelet. Vijftien schapen ondergingen 

een CABG-operatie met XABG (n=12) of SVG (n=3). In dit een schapenmodel toonde 

de RVG een acceptabele doorgankelijkheid na 12 maanden. Transplantaat van de 

vena saphena magna vertoonde progressieve diffuse dilatatie, terwijl de referentie-

diameter van bio- transplantaten stabiel bleef. Verdere studies, waaronder klinische 

proeven bij mensen, lijken gerechtvaardigd om de klinische haalbaarheid en presta-

ties van het nieuwe RVG-bypasstransplantaat te beoordelen.

Toekomstperspectieven 
In dit proefschrift hebben we nieuwe methoden voor risicostratificatie bij behan-

deling van complexe CAD onderzocht. De optimale revascularisatie mbv van PCI 

of CABG is afhankelijk van de kenmerken van het individu, inclusief de fysieke 

en mentale toestand van de patiënt. Daarnaast werd een risicobeoordeling op lae-

sieniveau verricht mbv IVUS-OCT hybride beeldvorming, fysiologische afgeleide 

angiografie en op angiografie gebaseerde 4-dimensionale wandspannings-analyses. 

Ten slotte hebben we, om de resterende problemen met betrekking tot stents en 

bypass- graft op te lossen, een nieuwe therapeutische benadering geïntroduceerd 

met geavanceerde technologieën zoals gecoate ballonnen en een nieuwe vasculaire 

graft voor CABG. 

Onlangs hebben de resultaten van de ISCHEMIA-studie en de REVIVED-BCIS2-

studie bezorgdheid doen rijzen over de klinische werkzaamheid van coronaire 

revascularisatie, met name PCI, voor CCS-patiënten.1,2 Bovendien onthulde de FAME 

III-studie dat PCI nog steeds niet de equivalente klinische resultaten van CABG kon 

bereiken, zelfs niet met de hedendaagse PCI-praktijk mbv fysiologische metingen.3 

Onlangs is de SYNTAX-score II opnieuw gebruikt om de SYNTAX-score II 2020 te 

berekenen, waardoor 10-jaars mortaliteit na PCI of CABG beter kon worden voor-

speld.4-6 Bovendien kan een voorspellingsmodel mbv machine learning nuttig zijn 

om klinisch significante factoren uit talloze variabelen te ontrafelen en patiënten 

gemakkelijker te stratificeren.7-10 Deze statistische modellen moeten echter herhaal-

delijk worden bijgewerkt afhankelijk van nieuwe inzichten. In deze context kan de 

door de patiënt gerapporteerde fysieke en mentale gezondheid het ideale risicobe-

oordelingsinstrument zijn dat de kwetsbaarheid van de patiënt kan kwantificeren. 

De zelfevaluatie van de patiënt kan ook patiënt-gerichte zorg en besluitvorming bij 

de behandeling van CAD vergemakkelijken.11 

Hoewel er voldoende bewijs is over het nut van coronaire beeldvormende tech-

nieken bij de behandeling van complexe CAD zoals in de onlangs gerapporteerde 
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RENOVATE-COMPLEX-PCI-studie,12 is de acceptatie van IVUS/OCT bij complexe PCI 

aanzienlijk laag gebleven. In de FAME III-studie werd alleen IVUS/OCT gebruikt in 

11,7% van de gevallen.3 Verschillende recente onderzoeken hebben gesuggereerd 

dat fysiologische beoordeling essentieel is, maar is niet voldoende om risicovolle 

laesies te identificeren die verband houden met toekomstige complicaties,13,14 die 

mogelijk wel kunnen worden geïdentificeerd door IVUS/OCT-apparaten of nieuwe 

technologieën zoals mechanische stressbeoordeling.15 Al deze factoren, inclusief 

nieuwe behandelingsopties, kunnen mogelijk de resultaten na PCI verbeteren. 

Zoals blijkt uit de geschiedenis van de interventiecardiologie gedurende de 

afgelopen 45 jaar, kan technologische vooruitgang een paradigma verschuiving 

teweegbrengen en onze klinische praktijk ingrijpend veranderen. De opkomende 

state-of-the-art technologie kan de klinische rol van PCI in de toekomstige medische 

praktijk herdefiniëren. 
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SUMMARY OF THE THESIS 

Contemporary Revascularization Strategy and State-of-the-Art 
Technologies for Treatment of Patients with Coronary Artery 
Disease

Part A: Complexity and Future Challenges in Contemporary Managements for 
Coronary Artery Disease
Coronary Artery Disease (CAD) is a common form of heart disease and a significant 

cause of death worldwide. Since the initial introduction of percutaneous coronary 

revascularization by Andreas Grüntzig in 1977, numerous technological develop-

ments and attempts have been made over the last 45 years. Unfortunately, some 

have resulted in failure, but others have succeeded in improving clinical outcomes 

and establishing current PCI strategies. 

In  Chapter 2, we reviewed the history of PCI, especially with the challenges 

to establishing its relative role compared to CABG. The most notable development 

in PCI is the evolution of the stent: from the introduction of the bare-metal stent 

(BMS), through first-generation drug-eluting stent (DES), to newer-generation DES. 

In addition, the emergence and clinical application of intravascular imaging devices, 

wire-based physiological assessment tools, and novel pharmacological agents have 

also played an important role in contemporary PCI practice. As represented by the 

results of the SYNTAX II study, the evolution of the “best practice” in PCI improved 

clinical outcomes remarkably. However, even nowadays, the respective role of PCI 

is still a matter of debate when compared with another revascularization mode 

of coronary artery bypass graft (CABG) or optimal medical therapy (OMT) alone. 

Although several pivotal trials and meta-analyses comparing PCI with CABG have 

identified specific subgroups that could receive the relative merits of one revascular-

ization strategy over the other, the decision-making methodology has not been fully 

established. In addition, PCI technology still continues to advance, which could be 

a game changer for managing CAD patients. Therefore, we should be aware of the 

contemporary risk stratification methodology and upcoming technologies to select 

the best treatment strategy and maximize the treatment effects for individual CAD 

patients.

Part B: Stratification of High-risk Patients with Coronary Artery Disease 
Undergoing Revascularization
Proper patient-level risk assessment is critical in selecting the optimal revasculariza-

tion strategy for patients with complex CAD. Each revascularization mode of PCI or 
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CABG has its advantages and disadvantages. For example, CABG is, on the one hand, 

more invasive than PCI, but on the other, CABG could have more effects on reducing 

myocardial ischemia or infarction by providing “surgical collateralization”. PCI is 

less invasive than CABG and could be performed even in frail patients with difficulty 

undergoing general anesthesia; however, PCI requires contrast media, radiation 

exposure, and dual-antiplatelet therapy (DAPT) following stenting. Several clinical 

and anatomical risk factors are identified as critical factors to consider when decid-

ing on a revascularization mode between PCI or CABG. Among them, age would be 

the most commonly regarded and widely used factor for decision-making. Chapter 

3 reported the prespecified age-specific subgroup analysis of the SYNTAXES study, 

which was the extended 10-year follow-up of the original SYNTAX study comparing 

PCI versus CABG among patients with complex CAD. Patients were divided into 

two groups according to their age at the time of randomization with a prespecified 

threshold of 70-year-old: elderly patients (>70 years old) or nonelderly patients (≤70 

years old). Our study showed that among elderly patients with complex CAD, major 

adverse cardiac and cerebrovascular events (MACCE) at 5 years did not significantly 

differ between PCI and CABG (39.4% vs. 35.1%; hazard ratio [HR]: 1.18; 95% confidence 

interval [CI]: 0.90 to 1.56), and at 10 years, there was also no significant difference in 

all-cause death (21.1% vs. 16.6%; HR: 1.30; 95% CI: 1.00 to 1.69). Noteworthy, we also 

investigated the differences in life expectancy and 5-year QOL status according to the 

Seattle Angina Questionnaire (SAQ) between PCI and CABG among elderly patients, 

and those outcomes did not differ significantly (mean difference in life expectancy: 

0.2 years in favor of CABG; 95% CI: −0.4 to 0.7). It should be emphasized that the 

upper bound of the 95% CI was 0.7 years in favor of CABG. For elderly individuals, 

QOL may be more critical than a maximum 0.7 years (8.4 months) prolongation of 

life expectancy during 10 years of follow-up. Moreover, the upper and lower bounds 

of the 95% CI for the mean difference in any SAQ subscales did not reach a clinically 

important difference of 10 points. Given the equivalent long-term survival risk and 

QOL status between PCI and CABG, we concluded that a less invasive strategy using 

PCI instead of CABG might be favored for elderly patients and actually preferred 

them. Although the final treatment decision should be made on an individual basis 

integrating the difference of any clinical risks and life expectancy in the context 

of QOL, our exploratory analyses suggested that the treatment goal, which is not 

always survival but sometimes differs depending on the individual, should be taken 

into account when selecting the treatment strategy.

Clinical factors or integrated predictive models may, on the one hand, help clini-

cians to predict the patient’s prognosis, but on the other hand, the risk stratification 

relying only on a few parameters also has the potential not to reflect the patient’s 

condition properly and to mislead the conclusion. In Chapter 4, we reported the 
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clinical outcomes of patients with complex CAD after PCI or CABG according to the 

patient’s body mass index (BMI) and waist circumference (WC). Obesity is a major 

health problem worldwide; however, numerous past studies have demonstrated a 

paradoxical association between a high baseline BMI and a low mortality risk, the 

so-called obesity paradox in patients undergoing PCI or CABG. Most studies support-

ing the obesity paradox have evaluated body fatness by a single use of BMI without 

other body composition indices such as WC, which can be regarded as a more reli-

able marker of visceral adiposity than BMI. When patients with complex CAD were 

stratified by BMI and WC, those with High BMI but Low WC had a significantly lower 

risk of mortality at 10 years after coronary revascularization compared to those 

with High BMI/High WC (adjusted HR: 1.65; 95% CI: 1.09 to 2.51), Low BMI/High WC 

(adjusted HR: 2.74; 95% CI: 1.12 to 6.69), or Low BMI/Low WC (adjusted HR: 1.59; 95% 

CI: 1.11 to 2.27). It can be assumed that the High BMI/Low WC patients might have 

more lean body mass, including organs, bones, and muscle mass, than fat mass. In 

contrast, the High BMI/High WC patients may be the “true obesity” group with more 

metabolic risks, including insulin resistance and proinflammatory conditions. We 

concluded that the substantial number of patients with High BMI/Low WC, who had 

the lowest mortality risk, could explain the obesity paradox. Our study suggested 

the possibility of misleading the risk stratification by using a single variable without 

considering its clinical significance.

Therefore, for the proper risk stratification, we need more comprehensive 

marker which can correctly reflect the patient’s systemic vulnerability and frailty, 

rather than a single parameter or a combination of a few variables. In Chapter 

5, we attempted to use physical and mental health status as comprehensive and 

narrative evaluation tools and decision-making aids to select an optimal revascular-

ization strategy in the SYNTAXES study. The physical and mental health status were 

assessed as Physical (PCS) or Mental Component Summary (MCS) scores according 

to the baseline 36-Item Short Form Health Survey (SF-36), which is a well-validated 

and widely used patient self-report form. Our study demonstrated that both higher 

PCS and MCS were independently associated with lower 10-year mortality (10-point 

increase in PCS adjusted hazard ratio, 0.84 [95% CI, 0.73–0.97]; P=0.021; in MCS ad-

justed hazard ratio, 0.85 [95% CI, 0.76–0.95]; P=0.005). A significant survival benefit 

with CABG over PCI was observed in the highest PCS (>45.5) and MCS (>52.3) terciles 

with significant treatment-by-subgroup interactions (PCS Pinteraction=0.033, MCS Pinterac-

tion=0.015). In patients with both high PCS (>45.5) and MCS (>52.3), 10-year mortality 

was significantly higher with PCI compared with CABG (30.5% versus 12.2%; hazard 

ratio, 2.87 [95% CI, 1.55–5.30]; P=0.001), whereas among those with low PCS (≤45.5) or 

low MCS (≤52.3), there were no significant differences in 10-year mortality between 

PCI and CABG, resulting in a significant treatment-by-subgroup interaction (Pinterac-
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tion=0.002). Our results suggested that patient-reported physical and mental health 

would be the ideal risk assessment tools to evaluate the patient’s frailty for invasive 

procedures comprehensively, and those assessments enable further accurate risk 

stratification and appropriate selection of an optimal treatment strategy. 

Part C: Novel Imaging Technologies to Identify and Localize High-risk Coronary 
Artery Lesions
As a next step following the patient-level risk assessment, lesion-level risk as-

sessment also plays a crucial role in the contemporary management practice for 

CAD patients. Coronary imaging modalities have enabled the visualization and 

detection of high-risk coronary artery lesions. Among current coronary imaging 

tools, intravascular imaging (IVI) is the gold standard for assessing the local lesion 

characteristics, identifying the event’s cause, and evaluating stent optimization in 

vivo. There are two standard IVI devices: intravascular ultrasound (IVUS) and optical 

coherence tomography (OCT). Although both imaging modalities allow us to observe 

the detailed findings inside the vessel, IVUS and OCT have each advantage over the 

other. In Chapter 6, we introduced the novel imaging modality of a hybrid IVUS-OCT 

probe as one single catheter system. With their inherent strength and limitations, 

the combined IVUS and OCT probes are complementary and work synergistically 

to enable a comprehensive depiction of a coronary artery. So far, two companies, 

Conavi and Terumo, have developed the hybrid IVUS-OCT system. Among them, 

the Novasight system (Conavi Medical Inc., Toronto, Canada) is already clinically 

available. The hybrid system will enable a more accurate and detailed evaluation of 

plaque morphology than using either IVUS or OCT alone. Moreover, the hybrid IVUS-

OCT system would be highly efficient as a PCI-guidance tool to tailor the treatment 

strategy according to the various lesion types and improve the clinical outcomes, 

especially for those with multivessel disease or left-main CAD.

Functional assessment by fractional flow reserve (FFR) has become the standard 

of care in identifying flow-limiting coronary stenoses and ensuring that revascular-

ization is performed only in those lesions. Angiography-derived FFR has emerged 

as an alternative to wire-based assessment aiming at less invasiveness and shorter 

procedural time, as well as cost-effectiveness in physiology-guided decision-making. 

However, currently available angiography-derived FFR tools have some limitations, 

including the requirement of multiple projections and time-consuming.  Chapter 

7 reported the rationale and design of the new undergoing trial to demonstrate the 

diagnostic accuracy of the Angio-iFR medical software device (Philips, San Diego, US), 

a novel angiographic-derived instantaneous wave-free ratio (iFR) and FFR estimation 

software. The Angio-iFR will enable operators to predict both the iFR and FFR value 

within a few seconds from a single projection of cine angiography by using a lumped 
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parameter fluid dynamics model. The ReVEAL iFR study will investigate the predic-

tive performance of the novel Angio-iFR software in 440 CCS patients with at least 

one de-novo 40% to 90% stenosis by visual angiographic assessment. The primary 

endpoint of the study is the sensitivity and specificity of the iFR and FFR for a given 

lesion compared to the corresponding wire-based measures. Ultimately, based on its 

unique characteristics, the Angio-iFR system may facilitate the functional coronary 

assessment and the workflow in the catheter laboratory.

In Chapter 8, we reported the efficacy of angiography-based 4-dimensional 

superficial wall strain and stress (SWS) analyses on the late flow deterioration of 

bypass grafts. We assessed the late hemodynamic performance using quantitative 

flow ratio (QFR) as segmental QFR (∆QFR) at follow-up after the implantation. Our 

study demonstrated that the higher ∆QFR were both at the anastomotic ends and 

were colocalized with the highest SWS at baseline. The results suggested that the 

superficial wall strain and stress analysis can potentially become an available online 

tool to identify the weak spot of the epicardial coronary artery or bypass graft by 

using angiographic data in the catheterization laboratory.

Part D: Novel Treatment Technologies Aiming at Improvement of Clinical 
Outcomes in Patients with Severe Coronary Artery Disease
After meticulously evaluating high-risk lesions, revascularization should be 

performed in the context of the current best practice. However, to overcome the 

remaining issues related to the currently available devices, such as stent thrombosis 

or early occlusion of saphenous vein grafts (SVGs), a new device concept that could 

replace stents or SVGs may be needed. In the field of PCI, bioresorbable scaffolds 

(BRS) were expected to become a novel therapeutic approach to the principle of 

“leave nothing behind.” Large randomized clinical trials, however, had revealed 

that BRS implantation was associated with an increased incidence of major adverse 

events, especially scaffold thrombosis, in long-term follow-up, compared with 2nd 

generation DES. Eventually, BRS was withdrawn from the market and became 

unavailable in clinical practice. Drug-coated balloons, initially developed for the 

treatment of in-stent restenosis, have thereafter been designed to comply with the 

“leave nothing behind” strategy for patients with de-novo CAD. In Chapter 9, we 

introduced the rationale and design of the undergoing trial, named TRANSFORM 

I study, aiming at investigating the efficacy and safety of a novel sirolimus-coated 

balloon (SCB), the MagicTouch (Concept Medical, Surat, India) SCB, comparing with 

a conventional paclitaxel-coated balloon (PCB) in patients with de-novo small vessel 

disease (SVD). The TRANSFORM I study is a randomized, multicenter, non-inferiority 

trial intending to enroll 114 patients with a de-novo SVD (≤2.5 mm). Patients who 

fulfill the inclusion and exclusion criteria will be enrolled in a 1:1 randomization 
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to receive treatment with either the novel MagicTouch SCB or the comparative PCB 

balloon. Another novelty of this trial is the OCT-guided sizing approach for the DCB 

treatment. The primary endpoint is the 6-month mean net lumen diameter gain 

with a non-inferiority margin of 0.3 mm in the per-protocol analysis. The trial is 

expected to show the therapeutic performance of the novel SCB device to facilitate 

the “leave nothing behind” strategy for de-novo SVD.

We also introduced another new concept in treatment devices in the field of 

CABG.  Chapter 10  reported the feasibility of implanting the novel restorative 

vascular graft (RVG) in an animal model. The RVG comprises an electrospun su-

pramolecular polymer fiber matrix encapsulating a nitinol microskeleton for kink 

resistance. Fifteen sheep underwent CABG surgery either with XABG (n=12) or SVG 

(n=3). In a challenging ovine model, the RVG showed acceptable patency out to 12 

months, where only two unscheduled deaths for the RVG animals occurred. Saphe-

nous vein graft showed progressive diffuse dilatation, while the reference diameter 

of bio-restorative grafts remained stable. Serial angiography-based lumen and flow 

assessments in ovine models indicated the potential of this novel bio-restorative 

bypass graft. Further studies, including clinical trials in humans, are warranted to 

demonstrate the clinical feasibility and performance of the novel RVG bypass graft.

Future perspectives 
In this thesis, we investigated the novel risk stratification methodology and future-

oriented technologies to improve the assessment and treatment of complex CAD. 

First, the contemporary patient-level risk assessment could allow selecting the 

optimal revascularization mode of either PCI or CABG depending on the individual’s 

characteristics, including the patient’s physical and mental conditions. Second, as 

the subsequent risk assessment on the lesion-level, the novel imaging tools such as 

the IVUS-OCT hybrid imaging, the single angiographic view derived physiological 

evaluation, and angiography-based 4-dimensional wall strain and stress analyses, 

would enable the detection of high-risk lesions and maximizing the treatment ef-

fects of PCI and CABG. Lastly, to overcome the remaining issues related to the stents 

and graft conduits, we introduced a novel therapeutic approach with state-of-the-art 

technologies, including a sirolimus-coated balloon device for PCI and a restorative 

vascular graft for CABG.

Recently, the results of the ISCHEMIA trial and REVIVED-BCIS2 trial have raised 

concerns regarding the clinical efficacy of coronary revascularization, especially 

PCI, for CCS patients.1,2 Moreover, the FAME III trial revealed that PCI still could not 

achieve the equivalent clinical outcomes of CABG, even with the contemporary PCI 

practice, such as physiological guidance to identify flow-limiting lesions.3 However, 

the field of PCI has advanced rapidly and is still moving forward day by day. Recently 
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the SYNTAX score II has been re-developed to create the SYNTAX score II 2020 by 

replacing some variables and updating the formula, which enabled predicting 

10-year mortality after either PCI or CABG.4-6 Moreover, a machine learning predic-

tion model may be more beneficial to unravel clinically significant factors among 

numerous variables and stratify patients easily.7-10 Those statistical models, however, 

need to be updated repeatedly whenever new evidence or treatment is established, 

region or local practice is different, or the treatment goal is other than clinical 

endpoints. In this context, the patient-reported physical and mental health may be 

the ideal risk assessment tool that could quantify the patient’s vulnerability and not 

require an update, albeit the efficacy should be confirmed in external validation. 

The patient’s self-assessment may also facilitate patient-centered care and shared 

decision-making in the treatment of CAD.11

It is a fact that a thorough lesion-level risk assessment is not adequately adopted 

in coronary catheter laboratories. Although the sufficient evidence supporting the 

usefulness of coronary imaging devices in treating complex CAD, such as the recent-

ly reported RENOVATE-COMPLEX-PCI trial,12 the uptake of IVI in complex PCI has 

remained substantially low: in the FAME III trial, IVI was used only in 11.7% of cases.3 

Several recent studies have suggested that physiological assessment is essential but 

not enough to identify high-risk lesions related to future adverse events,13,14 which 

may be detectable by IVI devices or new technologies such as mechanical stress 

assessment.15 All these factors, including new treatment options, can potentially 

improve the outcomes following PCI.

As shown in the history of effort in interventional cardiology over the 45 years, 

technological advancement can cause a paradigm shift and dramatically change our 

clinical practice. The upcoming state-of-the-art technology may redefine the clinical 

role of PCI in the future practice of medicine.
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Online (1 poster)

2020 1.25

EuroPCR, Online (3 posters) 2021 2.0

European Association for Cardio-Thoracic Surgery (EACTS) 
annual meeting, Online (1 oral presentation)

2021 0.75

Transcatheter Cardiovascular Therapeutics (TCT), Online (1 
oral presentation, 4 posters)

2021 3.25

TCTAP, Online (1 oral presentation) 2022 1.25

Other academic activities

Local associated editor and regular reviewer for EuroInter-
vention and AsiaIntervention

2019 - 2021 3.0

*Presentation at scientific conference (oral or poster) = 0.5 ECTS, Visiting scientific conference (per day) = 0.25 
ECTS.
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LIST OF PUBLICATIONS

Included in thesis
1. Advances in IVUS/OCT and Future Clinical Perspective of Novel Hybrid Catheter 

System in Coronary Imaging. 

Ono M, Kawashima H, Hara H, Gao C, Wang R, Kogame N, Takahashi K, Chichareon 

P, Modolo R, Tomaniak M, Wykrzykowska JJ, Piek JJ, Mori I, Courtney BK, Wijns W, 

Sharif F, Bourantas C, Onuma Y, Serruys PW.

Front Cardiovasc Med. 2020 Jul 31;7:119.

2. A Prospective Multicenter Randomized Trial to Assess the Effectiveness of the 

Magic Touch Sirolimus-Coated Balloon in Small Vessels: Rationale and Design of the 

TRANSFORM I trial

Ono M, Kawashima H, Hara H, Katagiri Y, Takahashi K, Kogame N, Wykrzykowska JJ, 

Piek JJ, Doshi M, Sharif F, Onuma Y, Colombo A, Serruys PW, Cortese B.

Cardiovasc Revasc Med. 2021 Apr;25:29-35.

3. Impact of Body Composition Indices on Ten-year Mortality After Revascularization 

of Complex Coronary Artery Disease (From the Syntax Extended Survival Trial).

Ono M, Kawashima H, Hara H, O’Leary N, Gao C, Wang R, Takahashi K, Wykrzykows-

ka JJ, Piek JJ, Mack MJ, Holmes DR, Morice MC, Head SJ, Kappetein AP, Thuijs DJFM, 

Noack T, Friedrich MW, Davierwala PM, McEvoy JW, Onuma Y, Serruys PW.

Am J Cardiol. 2021 Jul 15;151:30-38.

4. 10-Year Follow-Up After Revascularization in Elderly Patients With Complex 

Coronary Artery Disease.

Ono M, Serruys PW, Hara H, Kawashima H, Gao C, Wang R, Takahashi K, O’Leary N, 

Wykrzykowska JJ, Sharif F, Piek JJ, Garg S, Mack MJ, Holmes DR, Morice MC, Head 

SJ, Kappetein AP, Thuijs DJFM, Noack T, Davierwala PM, Mohr FW, Cohen DJ, Onuma 

Y; SYNTAX Extended Survival Investigators.

J Am Coll Cardiol. 2021 Jun 8;77(22):2761-2773.

5. A prospective multicenter validation study for a novel angiography-derived physi-

ological assessment software: Rationale and design of the radiographic imaging 

validation and evaluation for Angio-iFR (ReVEAL iFR) study.

Ono M, Serruys PW, Patel MR, Escaned J, Akasaka T, Lavieren MAV, Haase C, Grass 

M, Kogame N, Hara H, Kawashima H, Wykrzykowska JJ, Piek JJ, Garg S, O’Leary N, 

Inderbitzen B, Onuma Y.

Am Heart J. 2021 Sep;239:19-26.
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6. Percutaneous Coronary Revascularization: JACC Historical Breakthroughs in 

Perspective.

Serruys PW*, Ono M*, Garg S, Hara H, Kawashima H, Pompilio G, Andreini D, Holmes 

DR Jr, Onuma Y, King Iii SB.

J Am Coll Cardiol. 2021 Jul 27;78(4):384-407.

7. One-year performance of biorestorative polymeric coronary bypass grafts in an 

ovine model: correlation between early biomechanics and late serial Quantitative 

Flow Ratio.

Wu X*, Ono M*, Poon EKW, O’Leary N, Torii R, Janssen JP, Zhu SJ, Vijgeboom Y, 

El-Kurdi MS, Cox M, Reinöhl J, Dijkstra J, Barlis P, Wijns W, Reiber JHC, Bourantas 

CV, Virmani R, Onuma Y, Serruys PW.

Eur J Cardiothorac Surg. 2022 May 27;61(6):1402-1411. 

8. Impact of Patient-reported Pre-procedural Physical and Mental Health on 10-year 

Mortality after Percutaneous or Surgical Coronary Revascularization

Ono M*, Serruys PW*, Garg S, Kawashima H, Gao C, Hara H, Lunardi M, Wang R, 

O’Leary N, Wykrzykowska JJ, Piek JJ, Mack MJ, Holmes DR, Morice MC, Kappetein AP, 

Thuijs DJFM, Noack T, Mohr FW, Davierwala PM, Spertus JA, Cohen DJ, Onuma Y; the 

SYNTAX Extended Survival Investigators.

Circulation. 2022 Oct 25;146(17):1268-1280. 

9. 1-Year Patency of Biorestorative Polymeric Coronary Artery Bypass Grafts in an 

Ovine Model

Ono M, Kageyama S, O’Leary N, El-Kurdi MS, Reinöhl J, Solien E, Bianco RW, Doss M, 

Meuris B, Virmani R, Cox M Onuma Y, Serruys PW

J Am Coll Cardiol Basic Trans Science. 2022 Nov 09

Published articles, not included in thesis (first authorships)
1. Ono M*, Chichareon P*, Tomaniak M, Kawashima H, Takahashi K, Kogame N, 

Modolo R, Hara H, Gao C, Wang R, Walsh S, Suryapranata H, da Silva PC, Cotton J, 

Koning R, Akin I, Rensing B, Garg S, Wykrzykowska JJ, Piek JJ, Jüni P, Hamm C, Steg 

PG, Valgimigli M, Windecker S, Storey RF, Onuma Y, Vranckx P, Serruys PW. The 

association of body mass index with long-term clinical outcomes after ticagrelor 

monotherapy following abbreviated dual antiplatelet therapy in patients undergo-

ing percutaneous coronary intervention: a prespecified sub-analysis of the GLOBAL 

LEADERS Trial. Clin Res Cardiol. 2020. Sep;109(9):1125-1139.
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2. Ono M, Onuma Y, Serruys PW, Wykrzykowska JJ. Will coronary artery bypass 

grafting remain a standard of care for elderly patients with multivessel disease in 

the contemporary era? Neth Heart J. 2020 Sep;28(9):457-459.

3. Impact of White Blood Cell Count on Clinical Outcomes in Patients Treated with 

Aspirin-Free Ticagrelor Monotherapy after Percutaneous Coronary Intervention: 

Insights from the GLOBAL LEADERS Trial.

Ono M, Tomaniak M, Koenig W, Khamis R, de Silva R, Chichareon P, Kawashima H, 

Hara H, Gao C, Wang R, Huber K, Vrolix M, Jasionowicz P, Wykrzykowska JJ, Piek JJ, 

Jüni P, Hamm C, Steg PG, Windecker S, Onuma Y, Storey RF, Serruys PW; GLOBAL 

LEADERS Study Investigators.

Eur Heart J Cardiovasc Pharmacother. 2022 Jan 5;8(1):39-47.

4. The State-of-the-Art Coronary Stent with Crystallized Sirolimus: The MiStent 

Technology and Its Clinical Program

Ono M, Takahashi K, Gao C, Kawashima H, Wu X, Hara H, Wang R, Wykrzykowska 

JJ, Piek JJ, Sharif F, Serruys PW, Wijns W, Onuma Y.

Future Cardiol. 2021 Jul;17(4):593-607.

5. The era of single angiographic view for physiological assessment has come. Is 

simplification the ultimate sophistication?

Ono M, Onuma Y, Serruys PW.

Catheter Cardiovasc Interv. 2021 May 1;97 Suppl 2:964-965.

6. External validation of the GRACE risk score 2.0 in the contemporary all-comers 

GLOBAL LEADERS trial.

Ono M, Kawashima H, Hara H, Gamal A, Wang R, Gao C, O’Leary N, Soliman O, Piek 

JJ, van Geuns RJ, Jüni P, Hamm CW, Valgimigli M, Vranckx P, Windecker S, Steg PG, 

Fox KA, Onuma Y, Serruys PW.

Catheter Cardiovasc Interv. 2021 Oct;98(4):E513-E522.

7. Coronary artery bypass grafting versus percutaneous coronary intervention in 

ischaemic heart failure. Can reliable treatment decisions in high-risk patients be 

based on non-randomized data?

Ono M, Garg S, Onuma Y, Serruys PW.

Eur Heart J. 2021 Jul 15;42(27):2665-2669.
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8. Angiography-Based 4-Dimensional Superficial Wall Strain and Stress: A New Diag-

nostic Tool in the Catheterization Laboratory.

Wu X*, Ono M*, Kawashima H, Poon EKW, Torii R, Shahzad A, Gao C, Wang R, Barlis 

P, von Birgelen C, Reiber JHC, Bourantas CV, Tu S, Wijns W, Serruys PW, Onuma Y.

Front Cardiovasc Med. 2021 Jun 18;8:667310.

9. Impact of major infections on 10-year mortality after revascularization in patients 

with complex coronary artery disease.

Ono M, Kawashima H, Hara H, Mancone M, Mack MJ, Holmes DR, Morice MC, Kap-

petein AP, Thuijs DJFM, Noack T, Mohr FW, Davierwala PM, Onuma Y, Serruys PW; 

SYNTAX Extended Survival Investigators.

Int J Cardiol. 2021 Oct 15;341:9-12.

10. Ticagrelor monotherapy versus aspirin monotherapy at 12 months after percu-

taneous coronary intervention: a landmark analysis of the GLOBAL LEADERS trial.

Ono M, Hara H, Kawashima H, Gao C, Wang R, Wykrzykowska JJ, Piek JJ, Garg S, 

Hamm C, Steg PG, Valgimigli M, Windecker S, Vranckx P, Onuma Y, Serruys PW.

EuroIntervention. 2022 Aug 5;18(5):e377-e388. 

11. Impact of proton pump inhibitors on efficacy of antiplatelet strategies with 

ticagrelor or aspirin after percutaneous coronary intervention: Insights from the 

GLOBAL LEADERS trial.

Ono M, Onuma Y, Kawashima H, Hara H, Gao C, Wang R, O’Leary N, Benit E, 

Janssens L, Ferrario M, Żurakowski A, Dominici M, Huber K, Buszman P, Garg S, 

Wykrzykowska JJ, Piek JJ, Jüni P, Hamm C, Windecker S, Vranckx P, Deliargyris EN, 

Bhatt DL, Storey RF, Valgimigli M, Serruys PW; GLOBAL LEADERS trial investigators.

Catheter Cardiovasc Interv. 2022 Jul;100(1):72-82. 

12. Mortality after Multivessel Revascularization Involving the Proximal Left Ante-

rior Descending Artery

Ono M, Hara H, Gao C, Kawashima H, Wang R, O’Leary N, Wykrzykowska JJ, Piek JJ, 

Mack MJ, Holmes DR, Morice MC, Head SJ, Kappetein AP, Noack T, Davierwala PM, 

Mohr FW, Garg S, Onuma Y, Serruys PW; the SYNTAX Extended Survival Investiga-

tors.

Heart. 2022 Oct 28;108(22):1784-1791. 
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13. Impact of residual angina on long-term clinical outcomes after percutaneous 

coronary intervention or coronary artery bypass graft for complex coronary artery 

disease.

Ono M, Serruys PW, Kawashima H, Lunardi M, Wang R, Hara H, Gao C, Garg S, 

O’Leary N, Wykrzykowska JJ, Piek JJ, Holmes DR, Morice MC, Kappetein AP, Noack 

T, Davierwala PM, Spertus JA, Cohen DJ, Onuma Y; SYNTAX Extended Survival Inves-

tigators.

Eur Heart J Qual Care Clin Outcomes. 2022 Aug 24:qcac052. 

Published articles, not included in thesis (co-authorships)
1. Randomized Comparison Between Everolimus-Eluting Bioresorbable Scaffold and 

Metallic Stent: Multimodality Imaging Through 3 Years.

Onuma Y, Honda Y, Asano T, Shiomi H, Kozuma K, Ozaki Y, Namiki A, Yasuda S, Ueno 

T, Ando K, Furuya J, Hanaoka KI, Tanabe K, Okada K, Kitahara H, Ono M, Kusano H, 

Rapoza R, Simonton C, Popma JJ, Stone GW, Fitzgerald PJ, Serruys PW, Kimura T.

JACC Cardiovasc Interv. 2020 Jan 13;13(1):116-127. 

2. Impact of renal function on clinical outcomes after PCI in ACS and stable CAD 

patients treated with ticagrelor: a prespecified analysis of the GLOBAL LEADERS 

randomized clinical trial.

Tomaniak M, Chichareon P, Klimczak-Tomaniak D, Takahashi K, Kogame N, Modolo 

R, Wang R, Ono M, Hara H, Gao C, Kawashima H, Rademaker-Havinga T, Garg S, 

Curzen N, Haude M, Kochman J, Gori T, Montalescot G, Angiolillo DJ, Capodanno D, 

Storey RF, Hamm C, Vranckx P, Valgimigli M, Windecker S, Onuma Y, Serruys PW, 

Anderson R.

Clin Res Cardiol. 2020 Jul;109(7):930-943. 

3. The year in review: coronary interventions.

Gao C, Wang R, Sharif F, Takahashi K, Ono M, Hara H, Tomaniak M, Kawashima H, 

Modolo R, van Geuns RM, Capodanno D, Byrne RA, Wijns W, Onuma Y, Serruys PW.

EuroIntervention. 2020 Apr 17;15(17):1534-1547.

4. DAPT Score and the Impact of Ticagrelor Monotherapy During the Second Year 

After PCI.

Chichareon P, Modolo R, Kawashima H, Takahashi K, Kogame N, Chang CC, Toma-

niak M, Ono M, Walsh S, Suryapranata H, Cotton J, Koning R, Akin I, Kukreja N, 

Wykrzykowska J, Piek JJ, Garg S, Hamm C, Steg PG, Jüni P, Vranckx P, Valgimigli M, 

Windecker S, Onuma Y, Serruys PW.

JACC Cardiovasc Interv. 2020 Mar 9;13(5):634-646.
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5. Usefulness of the updated logistic clinical SYNTAX score after percutaneous 

coronary intervention in patients with prior coronary artery bypass graft surgery: 

Insights from the GLOBAL LEADERS trial.

Hara H, Kogame N, Takahashi K, Modolo R, Chichareon P, Tomaniak M, Ono M, 

Kawashima H, Gao C, Wang R, Valkov VD, Vom Dahl J, Steinwender C, Geisler T, 

Lemos Neto PA, Macaya Miguel C, Garg S, Jüni P, Hamm C, Steg PG, Valgimigli M, 

Vranckx P, Windecker S, Farooq V, Onuma Y, Serruys PW; GLOBAL LEADERS Trial 

Investigators.

Catheter Cardiovasc Interv. 2020 Nov;96(5):E516-E526.

6. Statistical methods for composite endpoints.

Hara H, van Klaveren D, Kogame N, Chichareon P, Modolo R, Tomaniak M, Ono M, 

Kawashima H, Takahashi K, Capodanno D, Onuma Y, Serruys PW.

EuroIntervention. 2021 Apr 2;16(18):e1484-e1495. 

7. Influence of Bleeding Risk on Outcomes of Radial and Femoral Access for Percuta-

neous Coronary Intervention: An Analysis From the GLOBAL LEADERS Trial.

Gao C, Buszman P, Buszman P, Chichareon P, Modolo R, Garg S, Takahashi K, Ka-

washima H, Wang R, Chang CC, Kogame N, Tomaniak M, Ono M, Hara H, Slagboom 

T, Aminian A, Naber CK, Carrie D, Hamm C, Steg PG, Onuma Y, Geuns RV, Serruys 

PW, Zurakowski A.

Can J Cardiol. 2021 Jan;37(1):122-130. 

8. The impact of pre-procedure heart rate on adverse clinical outcomes in patients 

undergoing percutaneous coronary intervention: Results from a 2-year follow-up of 

the GLOBAL LEADERS trial.

Wang R, Takahashi K, Chichareon P, Gao C, Kogame N, Modolo R, Tomaniak M, 

Kawashima H, Ono M, Hara H, Schächinger V, Tonev G, Ungi I, Botelho R, Eeckhout 

E, Hamm C, Jüni P, Vranckx P, Windecker S, Garg S, Van Geuns RJ, Onuma Y, Serruys 

PW.

Atherosclerosis. 2020 Jun;303:1-7.

9. Drug-eluting bioresorbable scaffolds in cardiovascular disease, peripheral artery 

and gastrointestinal fields: a clinical update.

Kawashima H, Ono M, Kogame N, Takahashi K, Chang CC, Hara H, Gao C, Wang 

R, Tomaniak M, Modolo R, Wykrzykowska JJ, De Winter RJ, Sharif F, Serruys PW, 

Onuma Y.

Expert Opin Drug Deliv. 2020 Jul;17(7):931-945.
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10. Quantitative Assessment of Acute Regurgitation Following TAVR: A Multicenter 

Pooled Analysis of 2,258 Valves.

Modolo R, Chang CC, Abdelghani M, Kawashima H, Ono M, Tateishi H, Miyazaki Y, 

Pighi M, Wykrzykowska JJ, de Winter RJ, Ruck A, Chieffo A, van Mourik MS, Yamaji 

K, Richardt G, de Brito FS Jr, Lemos PA, Al-Kassou B, Piazza N, Tchetche D, Sinning 

JM, Abdel-Wahab M, Soliman O, Søndergaard L, Mylotte D, Onuma Y, Van Mieghem 

NM, Serruys PW.

JACC Cardiovasc Interv. 2020 Jun 8;13(11):1303-1311. 

11. Bioresorbable scaffolds versus everolimus-eluting metallic stents: five-year clini-

cal outcomes of the randomised ABSORB II trial.

Onuma Y, Chevalier B, Ono M, Cequier À, Dudek D, Haude M, Carrié D, Sabaté M, 

Windecker S, Rapoza RR, West NEJ, Reith S, de Sousa Almeida M, Campo G, Íñiguez-

Romo A, Serruys PW.

EuroIntervention. 2020 Dec 4;16(11):e938-e941.

12. Comparative Assessment of Predictive Performance of PRECISE-DAPT, CRUSADE, 

and ACUITY Scores in Risk Stratifying 30-Day Bleeding Events.

Kawashima H, Gao C, Takahashi K, Tomaniak M, Ono M, Hara H, Wang R, Chicha-

reon P, Suryapranata H, Walsh S, Cotton J, Koning R, Rensing B, Wykrzykowska J, de 

Winter RJ, Garg S, Anderson R, Hamm C, Steg PG, Onuma Y, Serruys PW.

Thromb Haemost. 2020 Jul;120(7):1087-1095. 

13. The Impact of Coronary Physiology on Contemporary Clinical Decision Making.

Kogame N, Ono M, Kawashima H, Tomaniak M, Hara H, Leipsic J, Andreini D, Collet 

C, Patel MR, Tu S, Xu B, Bourantas CV, Lerman A, Piek JJ, Davies JE, Escaned J, Wijns 

W, Onuma Y, Serruys PW.

JACC Cardiovasc Interv. 2020 Jul 27;13(14):1617-1638. 

14. Efficacy and safety of one-month DAPT followed by 23-month ticagrelor mono-

therapy in patients undergoing proximal LAD stenting: Insights from the GLOBAL 

LEADERS trial.

Takahashi K, Wang R, Kawashima H, Tomaniak M, Gao C, Ono M, Hara H, 

Wykrzykowska JJ, de Winter RJ, Werner N, Teiger E, Almeida M, Barraud P, Lantelme 

P, Barlis P, Garg S, Hamm C, Steg PG, Onuma Y, Vranckx P, Windecker S, Valgimigli 

M, Serruys PW.

Int J Cardiol. 2020 Dec 1;320:27-34. 
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15. Comparative Methodological Assessment of the Randomized GLOBAL LEADERS 

Trial Using Total Ischemic and Bleeding Events.

Hara H, van Klaveren D, Takahashi K, Kogame N, Chichareon P, Modolo R, Tomaniak 

M, Ono M, Kawashima H, Wang R, Gao C, Niethammer M, Fontos G, Angioi M, 

Ribeiro VG, Barbato E, Leandro S, Hamm C, Valgimigli M, Windecker S, Jüni P, Steg 

PG, Verbeeck J, Tijssen JGP, Sharif F, Onuma Y, Serruys PW; GLOBAL LEADERS Trial 

Investigators.

Circ Cardiovasc Qual Outcomes. 2020 Aug;13(8):e006660.

16. Sex Differences in All-Cause Mortality in the Decade Following Complex Coro-

nary Revascularization.

Hara H, Takahashi K, van Klaveren D, Wang R, Garg S, Ono M, Kawashima H, Gao 

C, Mack M, Holmes DR, Morice MC, Head SJ, Kappetein AP, Thuijs DJFM, Onuma Y, 

Noack T, Mohr FW, Davierwala PM, Serruys PW; SYNTAX Extended Survival Investi-

gators.

J Am Coll Cardiol. 2020 Aug 25;76(8):889-899. 

17. Impact of Bleeding and Myocardial Infarction on Mortality in All-Comer Patients 

Undergoing Percutaneous Coronary Intervention.

Hara H, Takahashi K, Kogame N, Tomaniak M, Kerkmeijer LSM, Ono M, Kawashima 

H, Wang R, Gao C, Wykrzykowska JJ, de Winter RJ, Neumann FJ, Plante S, Lemos 

Neto PA, Garg S, Jüni P, Vranckx P, Windecker S, Valgimigli M, Hamm C, Steg PG, 

Onuma Y, Serruys PW.

Circ Cardiovasc Interv. 2020 Sep;13(9):e009177.

18. The ultra-thin strut sirolimus-eluting coronary stent: SUPRAFLEX.

Gao C, Kogame N, Modolo R, Takahashi K, Wang R, Kawashima H, Ono M, Hara H, 

Tomaniak M, Zaman A, de Winter RJ, van Geuns RJ, Kaul U, Serruys PW, Onuma Y.

Future Cardiol. 2021 Mar;17(2):227-237. 

19. A randomised controlled trial of the sirolimus-eluting biodegradable polymer 

ultra-thin Supraflex stent versus the everolimus-eluting biodegradable polymer 

SYNERGY stent for three-vessel coronary artery disease: rationale and design of the 

Multivessel TALENT trial.

Hara H, Gao C, Kogame N, Ono M, Kawashima H, Wang R, Morel MA, O’Leary N, 

Sharif F, Möllmann H, Reiber JHC, Sabaté M, Zaman A, Wijns W, Onuma Y, Serruys 

PW.

EuroIntervention. 2020 Dec 18;16(12):e997-e1004. 
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20. Regional variation in patients and outcomes in the GLOBAL LEADERS trial.

Gao C, Takahashi K, Garg S, Hara H, Wang R, Kawashima H, Ono M, Montalescot 

G, Haude M, Slagboom T, Vranckx P, Valgimigli M, Windecker S, Hamm C, Steg PG, 

Storey R, van Geuns RJ, Tao L, Onuma Y, Serruys PW.

Int J Cardiol. 2021 Feb 1;324:30-37.

21. Aspirin-Free Prasugrel Monotherapy Following Coronary Artery Stenting in 

Patients With Stable CAD: The ASET Pilot Study.

Kogame N, Guimarães PO, Modolo R, De Martino F, Tinoco J, Ribeiro EE, Kawashima 

H, Ono M, Hara H, Wang R, Cavalcante R, Moulin B, Falcão BAA, Leite RS, de Almeida 

Sampaio FB, Morais GR, Meireles GC, Campos CM, Onuma Y, Serruys PW, Lemos PA.

JACC Cardiovasc Interv. 2020 Oct 12;13(19):2251-2262. 

22. Impact of Peri-Procedural Myocardial Infarction on Outcomes After Revascular-

ization.

Hara H, Serruys PW, Takahashi K, Kawashima H, Ono M, Gao C, Wang R, Mohr FW, 

Holmes DR, Davierwala PM, Head SJ, Thuijs DJFM, Milojevic M, Kappetein AP, Garg 

S, Onuma Y, Mack MJ; SYNTAX Extended Survival Investigators.

J Am Coll Cardiol. 2020 Oct 6;76(14):1622-1639.

23. Safety and Efficacy of 1-Month Dual Antiplatelet Therapy (Ticagrelor + Aspirin) 

Followed by 23-Month Ticagrelor Monotherapy in Patients Undergoing Staged Percu-

taneous Coronary Intervention (A Sub-Study from GLOBAL LEADERS).

Kawashima H, Tomaniak M, Ono M, Wang R, Hara H, Gao C, Takahashi K, Sharif 

F, Thury A, Suryapranata H, Walsh S, Cotton J, Carrie D, Sabate M, Steinwender 

C, Leibundgut G, Wykrzykowska J, de Winter RJ, Garg S, Hamm C, Steg PG, Jüni P, 

Vranckx P, Valgimigli M, Windecker S, Onuma Y, Serruys PW.

Am J Cardiol. 2021 Jan 1;138:1-10.

24. Ticagrelor monotherapy in patients with concomitant diabetes mellitus and 

chronic kidney disease: a post hoc analysis of the GLOBAL LEADERS trial.

Gao C, Tomaniak M, Takahashi K, Kawashima H, Wang R, Hara H, Ono M, Montale-

scot G, Garg S, Haude M, Slagboom T, Vranckx P, Valgimigli M, Windecker S, van 

Geuns RJ, Hamm C, Steg PG, Onuma Y, Angiolillo DJ, Serruys PW.

Cardiovasc Diabetol. 2020 Oct 16;19(1):179.
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25. Rationale and design of a randomized clinical trial comparing safety and efficacy 

of myval transcatheter heart valve versus contemporary transcatheter heart valves 

in patients with severe symptomatic aortic valve stenosis: The LANDMARK trial.

Kawashima H, Soliman O, Wang R, Ono M, Hara H, Gao C, Zeller E, Thakkar A, Tam-

burino C, Bedogni F, Neumann FJ, Thiele H, Abdel-Wahab M, Morice MC, Webster M, 

Rosseel L, Mylotte D, Onuma Y, Wijns W, Baumbach A, Serruys PW.

Am Heart J. 2021 Feb;232:23-38. 

26. Usefulness of updated logistic clinical SYNTAX score based on MI-SYNTAX score 

in patients with ST-elevation myocardial infarction.

Kawashima H, Hara H, Wang R, Ono M, Gao C, Takahashi K, Suryapranata H, Walsh 

S, Cotton J, Carrie D, Sabate M, Steinwender C, Leibundgut G, Wykrzykowska J, 

Hamm C, Jüni P, Vranckx P, Valgimigli M, Windecker S, de Winter RJ, Sharif F, 

Onuma Y, Serruys PW.
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