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Cardiovascular disease is the leading cause of mortality worldwide, and approximately half of all
cardiovascular deaths are attributed specifically to coronary artery disease (CAD). Coronary artery
bypass grafting (CABG) and percutaneous coronary intervention (PCI) procedures play a prominent role
in managing the heavy burden of CAD. The purpose of this dissertation was to evaluate revascularization
treatment in patients with multivessel coronary disease. Specifically, predictors of long-term prognosis
and factors related to selection of revascularization strategy were investigated in the BARI and BARI 2D
cohorts, respectively.
In BARI, treatment with CABG was associated with a significantly lower risk of sudden cardiac
death, but did not impact any other causes of mortality. Moreover, protection conferred by CABG was
observed in patients regardless of diabetes status.
Following successful initial PCI in BARI, male gender, proximal LAD disease, and incomplete
revascularization were associated with an increased risk of a first subsequent revascularization event but
not latter events. Diabetes and extensive CAD, on the other hand, demonstrated an incremental impact on
the number of repeat procedures over 10 years of follow-up.
Among patients with diabetes and stable CAD in BARI 2D, angiographic features associated with
the extent and location of coronary disease greatly influenced the decision to perform CABG over PCI.
Geographic region, independent of patient characteristics, was also a driving factor in treatment selection,
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with a greater propensity to recommend PCI in the US. In all countries of origin, we observed substantial
variation across individual clinical sites in this decision-making process.
Results in the BARI cohort may have clinical implications on guiding initial revascularization
strategy and underscore the importance of intensive management of atherosclerotic risk factors in order to
limit disease progression. Our investigation of BARI 2D demonstrate the need for rigorous evaluation of
optimal CAD treatment approaches in diabetic patients and factors that guide this decision-making
process in current practice. Overall, these findings may be useful for devising long-term treatment
strategies that address the chronic, progressive, and systemic nature of coronary disease, which will be of
great public health importance as medical advances continue to extend the lives of individuals with CAD.
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1.0

DISSERTATION OVERVIEW AND OBJECTIVE

Cardiovascular disease (CVD) is the leading cause of mortality worldwide, and approximately half of all
cardiovascular deaths are attributed specifically to coronary artery disease (CAD).

Myocardial

revascularization has a prominent role in managing the heavy burden of ischemic heart disease and an
increasing number of these procedures are performed each year. Given the chronic and progressive
nature of atherosclerosis, long-term outcomes following coronary intervention are of great interest. On
the other hand, evolution of therapy, PCI in particular, requires continual reassessment of treatment
strategies and the factors related to their use.
The purpose of this dissertation is to evaluate coronary revascularization treatments in patients
with multivessel disease utilizing contemporary statistical methods. Specifically, the following questions
are addressed in a series of three research papers:

1.

In patients with treated diabetes, revascularization with CABG (versus balloon-only PCI) has
been shown to significantly increase long-term survival in the BARI trial, by conferring
protection against cardiac death. Although a modest survival benefit of CABG has been reported
in the overall coronary revascularization patient population, this finding has been less consistent
across clinical trials. What is the impact of treatment with CABG on specific causes of death?
Does CABG have a differential effect on cause-specific mortality?

2.

A recognized limitation of percutaneous intervention is the need for additional revascularization
procedures, which pose an increasing economic and health burden on individual patients as well
1

as health care systems. Among patients who undergo successful initial PCI, what factors are
associated with the need for additional revascularization treatments? Do these predictors have a
different effect on the number of repeat procedures?

3.

Advances in PCI technology and adjunctive therapies over the last decade have markedly lowered
rates of short-term complications and restenosis. As a result, percutaneous interventions are
increasingly used to treat select high-risk subsets of patients who have traditionally undergone
bypass surgery. In contemporary practice, what factors influence the selection of CABG over
PCI in patients with diabetes and stable coronary disease? Do practice patterns vary across
geographic regions?

Research questions for the first and second papers were evaluated in the Bypass Angioplasty
Revascularization Investigation (BARI), which compared an initial revascularization strategy of CABG
versus balloon PCI in patients with multivessel disease. Research questions for the third paper were
examined in the Bypass Angioplasty Revascularization Investigation 2 Diabetes (BARI 2D) trial, which
was designed to simultaneously compare diabetes and CAD treatment strategies in patients with diabetes
and stable coronary disease.

2

2.0

2.1

2.1.1

BACKGROUND

CARDIOVASCULAR DISEASE

Epidemiology of Cardiovascular Disease

Cardiovascular disease (CVD) is the leading cause of death in nearly every region of the world according
to the World Health Organization, accounting for an estimated 30% of all mortality.1 In sub-Saharan
Africa, the sole exception, CVD is expected to surpass infectious disease, the current leading cause of
death in this region, within the next decade. A marked rise in the burden of CVD is anticipated globally,
as the proportion of cardiovascular deaths is projected to increase from 29% in 1990 to 36% in 2020.2
The detrimental impact of cardiovascular disease is far-reaching, and the notion that atherosclerosis is a
disease of affluent, industrialized countries is no longer accurate.
In the United States, cardiovascular disease affects an estimated 71.3 million individuals.3 As the
leading cause of mortality in both men and women, 37% of all deaths in 2003 were attributed to CVD.4
Coronary artery disease (CAD) comprises half of all cardiovascular events, including death, among adults
under 75 years of age.5 According to the National Health and Nutrition Examination Survey (NHANES
1999-2002), an estimated 53% of all cardiovascular mortality was due specifically to CAD, followed by
18% for stroke.6
The economic burden of cardiovascular disease further demonstrates the scope of CVD as a
major public health problem. In 2006, the direct and indirect cost of CVD is estimated at $403.1 billion,
of which $142.5 billion is for CAD alone.5 In a rating of the most costly medical conditions in the US,
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ischemic heart disease, the uncontested leader, was associated with an 8% increase in total healthcare
spending between 1987 and 2000.
Despite an increasing prevalence of CAD, mortality from coronary heart disease in the US has
actually declined in recent decades.3, 7, 8 From 1968 to 1981, age-adjusted CAD mortality decreased at a
rate averaging 3% per year.8 A steady decrease in stroke deaths during this period resulted in substantial
reduction in death rates from major cardiovascular and all causes, which was observed in all regions of
the country. According to more current estimates from the Framingham Heart Study, a 59% decrease in
CAD mortality was reported between 1950 and 1999.4 The sizable and sustained decline in CHD and
CVD mortality have been attributed largely to improved management of cardiovascular risk factors and
progress in the diagnosis and treatment of coronary disease over the last 3 decades.9, 10
As medical advances lead to increased longevity, the elderly will comprise a growing proportion
of the general population. According to the US Census Bureau, approximately 40 million Americans will
be over the age of 65 by 2010, which represents a dramatic demographic shift that has been underway
since the 1950s.6 Aging of the population is expected to be a driving factor in the escalating health and
economic burden of cardiovascular disease for years to come.

2.1.2

Risk Factors for Cardiovascular Disease

Extensive epidemiologic research has led to identification of cardiovascular risk factors. Determinants
with proven causality include: high low-density-lipoprotein (LDL) and low high-density-lipoprotein
(HDL) levels, type 2 diabetes (which is related to hyperglycemia and hyperinsulemia), hypertension,
cigarette smoking, and obesity.11-13 In recent years, studies carried out simultaneously in basic science
laboratories have identified a number of new candidate risk factors, including elevated levels of
prothrombotic factors (e.g. fibrinogen and PAI-1), inflammatory markers (e.g. C-reactive protein),
homocysteine, and lipoprotein(a).14, 15 Although causation has not yet been established between these
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emerging risk factors and cardiovascular disease, there is mounting evidence of a real cause-and-effect
relationship.14-17

2.1.3

Pathophysiology of Coronary Artery Disease

CAD generally refers to the pathological condition in which atherosclerotic progression in the coronary
arteries restricts blood flow to the myocardium. Early pathogenesis is characterized by endothelial
dysfunction, vascular inflammation, and build-up of lipids, calcium, and cellular debris in the intimal
lining of the vessel wall.18, 19 During positive remodeling, fibrous plaque deposits outside of the lumen
and extends outward, allowing the diameter of the lumen to be maintained.

With progression of

atherosclerosis, the plaque mass extends into the lumen, decreasing its diameter and obstructing blood
flow through the coronary arteries.20 Endothelial erosion or rupture of the fibrous cap can cause plaques
to become ‘vulnerable’ and encroached in the vessel wall.18,

19

Vulnerable plaques may not be

obstructive, and therefore remain undetected until they rupture and become clinically apparent. Severe
narrowing of the coronary arteries and rupture of vulnerable plaques ultimately lead to restricted blood
flow, and thus, inadequate oxygenation of the myocardium.

2.2

2.2.1

DIABETES AND CORONARY HEART DISEASE

Epidemiology of Diabetes and Coronary Disease

Type 2 diabetes is an established and powerful predictor of coronary disease that has evolved into a major
public health concern in recent years. Diabetes affects more than 150 million adults worldwide, and
prevalence is expected to reach 300 million by 2025.21 The rising burden of diabetes is even more
alarming in the US where prevalence is currently estimated at 17 million,22 representing a more than 2fold increase over the last decade.23, 24 The total economic burden of diabetes was estimated at $98 billion
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in 2003, accounting for approximately 1 of every 10 dollars allocated to health care. More than half of
this expenditure covered indirect costs (i.e. temporary or permanent disability and premature deaths), and
nearly one-fifth of the direct medical costs was for management of cardiovascular complications.5
Epidemiological studies have played an important role in elucidating the relationship between
diabetes and cardiovascular disease.

Diabetic individuals typically have an increased number of

atherogenic risk factors including hyperglycemia, insulin resistance, hypertension, dyslipidemia, heart
failure, autonomic dysfunction, peripheral vascular disease, cerebrovascular disease, microvascular
disease, a prothrombotic state, and nephropathy.25, 26 Diabetes has been associated with a 2- to 3-fold
increase in the risk of cardiovascular disease in the Framingham Study 27 and a 2- to 4-fold increase in the
risk of developing ischemic heart disease in the Atherosclerosis Risk in Communities (ARIC) study.28
Moreover, individuals with diabetes manifest symptoms earlier in life and more severely compared to
those without diabetes. In fact, it has been reported that diabetic patients without a history of MI have a
similar likelihood of experiencing an MI as non-diabetic patients with a prior MI, emphasizing the
importance of aggressive treatment of CVD risk factors in diabetic patients regardless of MI history.29
More than 80% of the diabetic population ultimately die as a result of CVD.26 The Multiple Risk Factor
Intervention Trial (MRFIT) reported that the absolute risk of cardiovascular mortality among men was 3times higher in diabetics compared to non-diabetics. Even after adjusting for effects of age, race, income,
blood pressure, cholesterol level, and smoking, diabetes remained a potent predictor of cardiovascular
disease.30
Recently, the NHANES cohort was examined to determine whether diabetic individuals benefited
from the decline in CAD mortality observed in the US population in recent decades.31 Between the early
1970s and 1980s, non-diabetic men experienced a 36% decline in age-adjusted CAD mortality compared
with only a 13% decline in those with diabetes. During the same period, the age-adjusted CAD death rate
among women decreased 27% in non-diabetic but increased 23% in diabetic women. Based on their
findings, the NHANES researchers concluded that improvements in treatment of CVD (which resulted in
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marked decline in CAD mortality in the overall population) appeared to be less effective in individuals
with diabetes, particularly women.

2.2.2

Pathophysiologic and Anatomical Features of CAD in Diabetes

Unique pathophysiologic and anatomical features of coronary disease in diabetic patients contribute to
their worse prognosis. Hyperglycemia is believed to play a central role in atherosclerotic progression by
contributing to endothelial cell dysfunction, which inhibits vasodilation and increases vascular smoothmuscle proliferation, thrombogenesis, and proatherogenic cellular processes.32

Enhanced platelet

aggregation mediated by increased expression of glycoprotein (Gp) IIb/IIIa receptors further contributes
to endothelial cell dysfunction, accelerated disease progression, and coronary thrombosis.33 Individuals
with diabetes have elevated levels of fibrinogen,34 coagulation factor VII,35 and von Willebrand factor.36
These haemostatic abnormalities lead to a prothrombotic state which likely contributes to the problem of
restenosis in diabetic patients. Dyslipidemia also plays a role in pathogenesis of CVD via glycosylation
of LDL particles which stimulate smooth muscle cell migration and proliferation.37 These are some of the
biological and metabolic abnormalities that are thought to promote restenosis and accelerate disease
progression in persons with diabetes.
Diabetic individuals typically bear a greater atherosclerotic burden that is characterized by
multivessel disease,38, 39 obstructions in left main coronary artery,40, 41 presence of diffuse lesions,42 more
totally occluded segments,43 and lipid-rich plaques vulnerable to rupture.44 In addition, diabetic patients
have an impaired ability to develop coronary collaterals45 and undergo favorable remodeling,46 which are
two intrinsic mechanisms for alleviating the burden of atherosclerosis. Taken together, these anatomic
features explain, at least in part, the more frequent and severe occurrence of ischemic coronary events and
a generally poor prognosis in patients with diabetes, particularly following cardiac intervention.
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2.3

MYOCARDIAL REVASCULARIZATION FOR TREATMENT OF CAD

Coronary revascularizations play a prominent role in managing the heavy burden of CAD and in 2003, an
estimated 467,000 coronary artery bypass grafting (CABG) surgeries and 664,000 percutaneous coronary
intervention (PCI) procedures were performed in the US.5 With mean costs exceeding $30,000 per
CABG and $12,000 per PCI (including hospital and physician fees), the total direct cost for coronary
revascularization in the US is more than $28 billion annually.47 Selection of the preferred strategy is
often determined by the severity of disease and feasibility of PCI based on coronary anatomy and lesion
morphology. Other factors, such as patient’s age and comorbidities, may also play a role in selecting the
more appropriate method of revascularization.48, 49

2.3.1

Coronary Artery Bypass Grafting Surgery

Approximately 10% of patients with coronary disease undergo CABG in the US,50 which is considered
the standard approach for treatment of significant left main disease and multivessel disease, especially
when the proximal left anterior descending (LAD) artery is involved. During surgical revascularization,
most of the epicardial vessel is bypassed, including symptom-causing culprit lesions and, more
importantly, “future” culprit lesions which are thought to be responsible for most mid- and long-term
coronary events.51 In this way, patients who are treated with CABG generally receive a more complete
and durable revascularization, particularly when internal mammary artery (IMA) grafts are used, and
therefore, less frequently need additional subsequent procedures. These benefits, however, come at the
cost of CABG being a major surgical procedure with attendant risks, including perioperative myocardial
infarction (MI), stroke, and death, as well as potential complications of general anesthesia and
cardiopulmonary bypass such as cognitive impairment.52

These factors translate into a longer

hospitalization and overall recovery and higher initial cost, compared to percutaneous intervention.
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2.3.2

Percutaneous Coronary Intervention

In the US, approximately 1 in 3 patients with CAD undergo less invasive percutaneous coronary
intervention which is directed at treating culprit lesions.50

For patients with extensive and diffuse

coronary disease, or complex lesions that are not amenable to treatment with balloon angioplasty or
stenting, PCI is a suboptimal strategy. But for suitable candidates, PCI offers the advantages of lower
periprocedural risk, shorter recovery, and lower initial cost. However, since the focalized approach
results in a less complete revascularization than bypass surgery, a major limitation of percutaneous
intervention is the need for additional procedures to address restenosis (re-narrowing of lumen to >50%
occlusion which occurs in 30% to 57% of patients after PCI)53-55 and atherosclerotic progression in native
vessels.
For many years, these two revascularization strategies have been considered complementary, with
the less invasive PCI generally well-suited for patients with limited lesions and CABG reserved for those
with more severe and extensive coronary disease. Advances in PCI technology and adjunctive therapy in
the last decade have narrowed this gap, and as a result, indications for percutaneous intervention have
expanded to include those who would have, historically, been treated with bypass surgery. Drug-eluting
stents have dramatically lowered incidence of restenosis,56 and use of Gp IIb/IIIa receptor inhibitors has
improved short-term event rates.57,

58

Furthermore, refinements in PCI devices and techniques have

enabled interventionalists to treat increasingly complex and severe lesions, leading to a drastic increase in
the number of PCI performed each year. In 2002, the number of PCI procedures performed in the US
reportedly increased 326% over the previous 15 years.5

2.3.3

Review of Randomized Trials Comparing CABG versus PCI

Randomized controlled trials (RCTs) conducted in the past two decades provide considerable evidence
regarding efficacy of CABG versus PCI procedures in the overall CAD patient population, and several of
the more prominent trials are briefly introduced in this section. Since these RCTs differ from each other
9

in terms of target study population, sample size, primary endpoint, and duration of follow-up, this review
is limited to randomized trials comparing CABG versus PCI (balloon-only and with stenting) in patients
with multivessel coronary disease, who are the focus of this dissertation.

2.3.3.1 CABG versus Balloon-Only PCI
The Bypass Angioplasty Revascularization Investigation (BARI), the largest of these trials in the pre-stent
era, was designed to compare an initial revascularization strategy of CABG versus balloon-only PCI in
patients with multivessel disease amenable to treatment by both procedures. The main finding in BARI
was that mortality in the two treatment arms was not significantly different at 5 years (10.7% vs. 13.7%,
respectively; P=0.19)59 and significantly lower in the CABG group at 7 years (15.6% in CABG vs. 19.1%
in PCI; P=0.043).60 The Coronary Angioplasty versus Bypass Revascularization Investigation (CABRI)61
and the Emory Angioplasty versus Surgery Trial (EAST),62 which both enrolled patients similar to BARI,
reported that mortality was not significantly different following CABG versus PCI at 1- and 3- years,
respectively. Lack of a statistically significant difference in treatment effect was likely due, at least in
part, to insufficient power arising from small sample size and relatively short follow-up periods. In all
three trials, patients treated with CABG consistently reported a significantly lower recurrence of anginal
symptoms, and therefore, less frequent need for further revascularization.60-62 A meta-analysis which
included these and several other randomized trials evaluating patients with multivessel coronary disease
reported trend of a survival advantage of 2.3 percent at 5 years (P=0.03) and 3.4 percent at 8 years
(P=0.03) conferred by CABG.63

2.3.3.2 CABG versus PCI with Coronary Stents
In recent years, CABG versus PCI randomized trials have incorporated the use of intracoronary stents as
an adjunct to percutaneous intervention. In the Arterial Revascularization Therapy Study (ARTS), the
incidence of death, MI, or stroke as a combined endpoint at 1- and 3-years of follow-up was not
significantly different in patients assigned to CABG versus PCI with stenting; however, 1-year event-free
10

survival was significantly higher among surgically treated patients (87.8% vs. 73.8%).64 The Stent or
Surgery (SoS) trial also reported comparable rates of death or MI in the two treatment arms at 2 years
(P=0.80).65 In contrast, the Argentine Randomized Study: Coronary Angioplasty with Stenting versus
Coronary Bypass Surgery in Patients with Multivessel Disease (ERACI II) trial reported significantly
lower 1.5-year rates for death (3.1% vs. 7.5%, P<0.017) and MI (2.3% vs. 6.6%, P<0.017) in the PCI
versus CABG groups, respectively.66 Consistent with RCTs conducted in the pre-stent era, all three trials
reported significantly higher rate of repeat revascularization following PCI compared to CABG (ARTS:
16.8% vs. 3.5%; SoS: 21% vs. 6%; ERACI II: 16.8% vs. 4.8%; all P<0.01).

2.3.4

Coronary Revascularization in Patients with Diabetes

Diabetic individuals account for an increasing proportion of patients undergoing coronary
revascularization. Of the estimated 1.5 million revascularization procedures performed each year in the
US,67 approximately 25% are in diabetic patients who experience worse short- and long-term outcomes
after both CABG and PCI, compared to those without diabetes.68-70 In particular, diabetic patients have a
significantly higher risk of long-term mortality following coronary revascularization.71
An unexpected finding in BARI was that among patients with treated diabetes, a 15% absolute
survival advantage was associated with CABG versus balloon PCI (P=0.003).59, 60 Moreover, improved
survival in the CABG arm was attributed specifically to a reduction in cardiac deaths and was limited to
patients who received at least one IMA graft. Subgroup analyses of diabetic patients in the EAST and
CABRI trials also suggested trend of improved long-term survival following CABG (vs. PCI); however,
results were not statistically significant in either trial due to smaller sample sizes resulting in less
statistical power to detect treatment differences. Meta-analyses of these trials in the diabetes subset
revealed a trend toward reduction in mortality following revascularization with CABG versus balloononly PCI at 4 years (P<0.01) but not at 6.5 years (P=0.71).63
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2.3.5

Bypass Angioplasty Revascularization Investigation 2 Diabetes

Bypass Angioplasty Revascularization Investigation 2 Diabetes (BARI 2D) is a currently ongoing trial
based on the results of BARI regarding treatment of coronary disease in patients with diabetes. Using a
2x2 factorial design, patients with diabetes and stable coronary disease were randomly assigned to
intensive medical therapy alone versus intensive medical therapy plus immediate coronary
revascularization for treatment of CAD; and an insulin-sensitizing versus an insulin-providing strategy
for diabetes management.72 Although treatment strategy for coronary disease was dictated by random
assignment, selection of the mode of revascularization among patients randomized to the invasive
intervention arm was at the discretion of treating physicians. BARI 2D is expected to elucidate the
optimal timing of coronary revascularization in patients with diabetes and stable CAD with respect to
cardiac mortality.

2.4

APPLICATION OF CONTEMPORARY STATISTICAL METHODS

An appropriate and rigorous statistical analysis is an integral part of clinical research, and an important
feature of this dissertation was the application of contemporary statistical methods to the BARI and BARI
2D datasets. This section introduces the three research papers at the heart of this dissertation and
highlights the statistical procedure that was utilized in each.

2.4.1

Multiple Failure-Time Analyses

Extensions of traditional Cox proportional hazards regression were applied to model multiple competing
outcome events in Research Paper 1 and recurrent events of the same type in Research Paper 2. Figure
2.1 illustrates how these multiple failure-time models differ from standard Cox regression and how they
differ from each other.
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Figure 2.1 Schematic diagram of three time-to-event regression models

2.4.1.1 Modeling Multiple Competing Endpoints using WLW Regression
In Research Paper 1, the impact of treatment with CABG on specific causes of long-term mortality was
evaluated in the BARI cohort. Four causes of death were modeled simultaneously using Wei-LinWeissfeld (WLW) competing risks regression.73 Since causes of death are mutually exclusive competing
outcomes, the occurrence of one event type removes the individual from being at risk for all other events.
Therefore, patients were considered to be at risk for all four outcome events (or causes of death) until they
either: 1) died, at which time the patient was considered to have had the ‘event’ for a specific cause of
death and censored for the other 3 endpoints; or 2) stopped being followed in the study, at which time the
patient was censored for all 4 endpoints.
Fitting a single WLW model with four endpoints is, essentially, like fitting four separate Cox
models, one for each defined endpoint. A key advantage of WLW regression is that it allows multiple
endpoints to be modeled simultaneously in the presence of competing risks, efficiently and without losing
statistical precision. In addition, having multiple endpoints in the same model allows for statistical tests
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that would not be possible otherwise, such as testing whether the effect of a given predictor on each of the
defined endpoints are significantly different from each other.

2.4.1.2 Modeling Recurrent Events using PWP Regression
In instances where patients experience multiple adverse events of the same type, analysis of the time-tofirst event is commonly undertaken using Kaplan-Meier74 and Cox proportional hazards regression75
methods. However, by ignoring the subsequent events, this approach does not make full use of the
available data, and therefore, may not tell the full story of the treatment effect.
In Research Paper 2, predictors of repeat revascularizations after successful initial PCI were
examined in the BARI cohort. The number (or count) of subsequent procedures was modeled as a
recurrent events outcome using methods described by Prentice, Williams, and Peterson (PWP).76 PWP
‘conditional’ regression assumes that a patient cannot be at risk for a subsequent event until a prior event
has occurred, and in effect, estimates the probability of having a subsequent revascularization event
conditional on having experienced a prior event. Interpretation of PWP models provides the following
information: In patients who undergo successful percutaneous intervention, what is the probability of a
first subsequent revascularization event? Among patients who received one additional procedure, what is
the probability of a second repeat revascularization event? And among those who received at least two
subsequent procedures, what is the probability of a third event?

2.4.2

Multilevel Modeling using GEE

Multilevel models were first used by sociologists to examine how students’ educational achievement (a
student-level endpoint) is influenced by factors such as the student’s race, class characteristics, and racial
composition of the school (student-level and higher-level predictors).77 Similarly, multicenter studies also
give rise to a hierarchical structure in the data, where patients are nested in clinical sites. Data indicating
that patients in the same clinical site tend to be more similar with respect to the outcome of interest
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violates the assumption of independent observations, which is one of the most fundamental assumptions
underlying traditional linear and logistic regression methods. Ignoring correlation in the data leads to
underestimated standard errors, and therefore, erroneously low p-values and narrow confidence intervals.
Multilevel models take into account correlation in the data and provide correct parameter estimates.
In Research Paper 3, we evaluated what factors influence the selection of CABG over
contemporary PCI in patients with diabetes and stable multivessel disease in the BARI 2D trial.
Preliminary analyses indicated considerable correlation in the treatment selection outcome among patients
clustered in clinical sites, and variable degrees of correlation between sites. This led us to conclude that
multilevel modeling using generalized estimating equations (GEE)78 which accounts for correlation
within and between clinical sites would be the appropriate statistical procedure for multivariable analysis.
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3.1

INTRODUCTION

Cardiovascular disease is the leading cause of mortality in western countries.1 The specific causes of
death vary and may be the result of sudden cardiac death, myocardial infarction (MI), and congestive
heart failure (CHF). Although the effect of coronary revascularization on all-cause and cardiac mortality
has been previously described,2-5 there are limited data on the effect of revascularization on specific
causes of death in patients with coronary artery disease (CAD). Results from CASS6 and other studies7, 8
indicate that revascularization with coronary artery bypass grafting (CABG) may impact specific causes
of mortality, in particular sudden death. Evaluation of cause of death may help elucidate the mechanism
of disease processes and have important clinical implications for developing optimal treatment strategies
to improve long-term survival after coronary revascularization.
The Bypass Angioplasty Revascularization Investigation (BARI) study has data for cause-specific
death in 3610 patients undergoing initial revascularization with either CABG or percutaneous
transluminal coronary angioplasty (PTCA).2 The main finding in the BARI randomized trial was a
significantly lower 7-year mortality in the CABG treatment arm compared to PTCA (16% and 19%,
p=0.04).9 Among patients with treated diabetes at baseline, 7-year mortality was also significantly lower
in those randomized to CABG versus PTCA (24% and 44%, p=0.001), which was attributed to a
reduction in cardiac deaths.10 However, there was no treatment difference in mortality among patients
without diabetes (14% in CABG vs. 13% in PTCA; p=0.72).
The purpose of this manuscript is to investigate the impact of revascularization with CABG on
specific causes of mortality in the BARI cohort.
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3.2

3.2.1

METHODS

Study Design

BARI was an IRB-approved, multicenter clinical trial designed to compare an initial revascularization
strategy of CABG versus PTCA on long-term mortality in selected patients with multivessel coronary
artery disease judged suitable for both procedures. A detailed description of the study aims, eligibility
criteria, and patient selection procedures has been published previously.11 In brief, symptomatic patients
with multivessel CAD were randomly assigned to treatment with either CABG or PTCA and followed
after revascularization. Eligibility criteria included clinically severe angina or evidence of ischemia
requiring revascularization and angiographically documented CAD involving 2 or 3 vessels amenable to
revascularization by either CABG or PTCA.
Participants were enrolled from 18 clinical sites in the United States and Canada between August
1988 and August 1991. Of the 4107 eligible patients identified, 1829 patients gave written informed
consent and were randomized to receive either CABG or PTCA.

Eligible patients who declined

randomization were given the opportunity to participate in the BARI “Eligible Not Randomized” (ENR)
registry, in which the patients and their physicians selected the initial treatment but had similar follow-up
schedules as the randomized patients. 2010 patients gave informed consent to participate in the BARI
ENR registry. The BARI cohort of revascularized patients is the focus of this analysis, specifically, those
who received their assigned revascularization treatment in the randomized trial and those who were
revascularized within 3 months of enrollment in the registry.
Identical baseline data were collected for all patients, which include demographic descriptors,
clinical history, 12-lead electrocardiogram (ECG), coronary angiography measurements, angina,
functional status, medications, risk factors, and quality of life. All ECGs were interpreted by a core
laboratory. Although angiograms were evaluated by a central laboratory for the randomized patients,
only clinical site evaluations were obtained for the registry patients; therefore, angiographic data based
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on clinical site interpretation were used in this analysis.

In this analysis, CABG was defined as

revascularization with CABG at any time during the BARI study. Thus, patients who initially received
PTCA, either by random assignment or by choice, and subsequently underwent CABG during follow-up
are classified as having received CABG.
Follow-up data were obtained at 4 to 14 weeks and at 1, 3, and 5 years, and telephone contacts at
6 months and at 2 and 4 years. After 5 years, follow-up contacts were made annually by telephone, and
vital status was obtained for 98% of the patients as of September 15, 1997.

3.2.2

Classification of Cause-of-Death Outcomes

Deaths were classified by an independent Mortality and Morbidity Classification Committee (MMCC)
using the following documents, if available: death certificate; report from the clinical site’s principal
investigator; coroner’s report; surgical and catheterization laboratory reports if death occurred within 30
days of a coronary revascularization procedure; ECG and cardiac enzyme levels measured within 24
hours of death; and in-hospital data ascertained from medical records.

Each death was reviewed

independently by 2 members of the MMCC and classified into one of the following primary
classifications: direct or contributory cardiac, atherosclerosis-related non-cardiac, non-cardiac medical
(e.g. cancer, pulmonary disease), non-cardiac trauma, accident, suicide, and other, unknown, or
unclassifiable causes.11 Disagreements between reviewers on the primary cause of death were resolved
by full committee consensus.
Deaths determined to be of cardiac origin received one of the following secondary classifications:
sudden death, death secondary to MI, CHF, cardiogenic shock, unwitnessed beyond 1 hour, and other
documented cardiac causes. Agreement between the 2 reviewers on the secondary classifications was not
required in BARI, and thus 2 reviewers could assign different secondary causes to the same patient death.
For patients with multiple secondary causes, the following hierarchy was applied in order to determine the
cause of death classification to be used in this analysis: unwitnessed beyond 1 hour was preferred over MI
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death which was preferred over sudden death which was preferred over CHF and finally over other
cardiac causes. Using these classifications, the following 4 endpoints were defined for this analysis:
Sudden death includes deaths within 1 hour of the onset of cardiac symptoms and deaths
unwitnessed beyond 1 hour.
MI death includes deaths within 30 days of documented or probable MI, and deaths resulting
from cardiogenic shock.
CHF and other cardiac death includes deaths due to CHF and all other documented cardiac
causes.
Non-cardiac death includes deaths resulting from atherosclerosis-, medical-, and trauma-related
non-cardiac causes, accidents, suicides, and other, unknown, or unclassifiable causes.

3.2.3

Statistical Analyses

Baseline characteristics are presented by vital status and by cause of death. Statistical comparisons were
made between groups of patients defined by the 4 mutually exclusive causes of death (alive patients were
excluded). Chi-square test was used to compare categorical variables, and Wilcoxon non-parametric test
was used to compare continuous variables.
For all time-to-event analyses, the date of the initial revascularization procedure was considered
time “zero,” and patients remained in the “no CABG” group until the time that they received a CABG, at
which point they joined the “CABG” group. Cumulative mortality rates in the CABG and no CABG (i.e.
PTCA only) groups were estimated using the transient-state method12 and compared using the log-rank
test.13
Multivariate analysis was conducted using Wei-Lin-Weissfeld (WLW) competing risks
regression,14 which is an extension of the traditional Cox proportional hazards regression that allows
multiple competing outcomes to be modeled simultaneously.15 Patients were considered to be at risk for
all cause-specific mortality outcomes until the time of either censoring or death. Since the 4 causes of
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death are mutually exclusive endpoints, patients who died were considered to have had an “event” for the
specific cause of their death and censored for the other 3 endpoints at the time of death. An initial
competing risks model was constructed to estimate the unadjusted effect of CABG (vs. no CABG) on the
4 causes of death and to test for departures from the proportional hazards assumption. The multivariate
model was then built by allowing potentially confounding baseline characteristics to enter in using
forward selection (entry criterion p<0.05 for main effects). Known predictors of mortality,16 age, gender,
race, diabetes status, hypertension, CHF, renal dysfunction, peripheral vascular disease (PVD), and
malignancy, were forced in the model if they did not enter in during the forward selection procedure. The
time-dependent CABG variable was then added to the model, and covariates with p>0.01 were removed
using backward selection. Missing values (<3% of values for any variable) for clinical history variables
included in the final multivariate model were set to the mean value for continuous variables and zero for
binary variables; thus, binary covariates may be interpreted as the known presence of the respective risk
factors. Differential effects of CABG on the 4 cause-specific mortality outcomes were tested in the
multivariate model. Statistical interactions between CABG and diabetes status on each cause of death
were also tested. In the presence of any significant interactions, two separate multivariate models were
constructed, one for patients with diabetes and one for those without diabetes. Lastly, standard Cox
regression was utilized to estimate the independent effect of CABG on all-cause mortality.17
Estimates of relative risk (RR), 95% confidence intervals (CI), and p-values are reported. P<0.05
are considered statistically significant. All statistical analyses were performed using SAS version 8.2
(Cary, NC).

3.3

RESULTS

Three thousand-six hundred-and ten (N=3610) BARI participants underwent initial coronary
revascularization and were followed for an average of 7.7 years. Patients receiving CABG included those
21

who received CABG as the initial revascularization (n=1517), and those who received PTCA as the initial
procedure and “crossed over” to CABG during follow-up (n=722), 52% of which occurred within 6
months of initial treatment with PTCA. There were a total of N=1371 patients who received only PTCA
during the course of follow-up.

Sudden
Death
(n=107)

Alive
(n=2989)

Dead
(n=621)

83%

17%

→

17%
MI
(n=109)

Non-Cardiac
(n=337)
54%

18%

CHF
& Other
Cardiac
(n=68)

11%

Figure 3.1 Vital status and causes of death (among patients who died) over 7.7 years
of follow-up

At the end of the follow-up period, 83% of patients (n=2989) were alive and 17% (n=621) had died
(Figure 3.1). Three percent (n=107) of patients died of sudden cardiac death, 3% (n=109) MI, 2% (n=68)
CHF and other cardiac causes, and 9% (n=337) non-cardiac causes. Of all deaths, 17% were attributed to
sudden cardiac death, 18% to MI, 11% to CHF and other cardiac, and 54% to non-cardiac causes.
Comparison of baseline characteristics by cause of death is presented in Table 3.1. Among
patients who died, mean age at baseline, presence of diabetes, history of MI, CHF, angina duration of at
least 1 year, ST-segment depression on baseline ECG, and ejection fraction (EF) <50% differed
significantly by cause of death. Those patients who died suddenly were younger than patients who died
of other causes. Compared to surviving patients, those who died from sudden cardiac death had more
extensive CAD, depressed LV function, prior MI, and abnormalities on the resting electrocardiogram and
more persistent angina over the year before revascularization.
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3.3.1

Unadjusted Effect of CABG on Causes of Death

Unadjusted mortality rates were 17% (251/1517) among patients who underwent CABG as the initial
revascularization, 13% (97/722) among patients who received CABG as a subsequent procedure, and
20% (273/1371) among patients who never received CABG.

Transient-state Kaplan-Meier curves

comparing cardiac and non-cardiac death rates between the CABG and no CABG groups are presented in
Figure 3.2.

12

12

Cumulative Rate (%)

10

9.9%

10

CARDIAC DEATH

NON-CARDIAC DEATH

8.6%
8

8

9.7%
6

7.3%6

4

4

P-value* = 0.93

2

– No CABG (n=1158)
– CABG (n=1810)
P-value* = 0.84

2

0

* P-values based on
Log-rank test

0
0

1

2

3

4

5

6

Years after Initial Procedure

7

0

1

2

3

4

5

6

7

Years after Initial Procedure

Figure 3.2 Kaplan-Meier curves for cardiac and non-cardiac death by CABG status

Cardiac mortality among patients who underwent CABG and those who did not were similar over
time, with an early preponderance of events and a steady increase over the remaining follow-up period.
7.5 years after initial revascularization, cardiac death rates in the CABG and no CABG groups were 7.3%
and 8.6%, respectively (p=0.93). Non-cardiac death rates were also similar in the CABG and no CABG
groups throughout the follow-up period and at 7.5 years (9.7% vs. 9.9%, respectively; p=0.84).
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Kaplan-Meier rates for specific causes of death at 7.5 years are presented in Figure 3.3.
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Figure 3.3 7.5-Year cumulative rates for specific causes of death by CABG status

Patients who underwent CABG (compared to those that did not) had a significantly lower
incidence of sudden cardiac death (2.4% vs. 3.9%, p=0.01) but similar rates of death due to MI (3.2% vs.
3.1%, p=0.64), CHF and other cardiac (1.9% vs. 1.9%, p=0.59), and non-cardiac causes (9.7% vs. 9.9%,
p=0.84). Unadjusted competing risks analysis demonstrated consistent results. Revascularization with
CABG was associated with a significantly lower relative risk of sudden death (RR=0.62, 95% CI 0.420.91, p=0.01) but was not associated with the other causes of death individually (MI: RR=1.10, 95% CI
0.75-1.61, p=0.63; CHF and other cardiac: RR=1.14, 95% CI 0.70-1.87, p=0.59; non-cardiac: RR=0.98,
95% CI 0.79-1.22, p=0.84) or these 3 causes of death combined (RR=1.02, 95% CI 0.86-1.22, p=0.80).

3.3.2

Multivariate Analyses

Adjusting for confounding predictors of mortality had little effect on the relative risks for CABG on the
mortality outcomes (Table 3.2). Revascularization with CABG did not significantly impact all-cause
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mortality (RR=0.90, 95% CI 0.77-1.06, p=0.19). Examination of the cause of death indicated that CABG
was associated with a significantly lower risk of sudden cardiac death (RR=0.60, 95% CI 0.41-0.88,
p=0.01) but was not associated with other causes of death individually (MI: RR=1.06, 95% CI 0.72-1.56,
p=0.76; CHF and other cardiac: RR=1.10, 95% CI 0.67-1.79, p=0.72; non-cardiac: RR=0.93, 95% CI
0.75-1.16, p=0.93) or combined (RR=0.98, 95% CI 0.82-1.17, p=0.83). Moreover, the impact of CABG
on sudden cardiac death was significantly different than the effect of CABG on all other causes of death
combined (RR=0.60 vs. 0.98, p=0.02). The multivariate model also revealed a statistically significant
interaction between CABG and diabetes status for death due to MI (test of interaction p=0.04) but not any
of the other causes (sudden death p=0.92; CHF/other cardiac p=0.19; non-cardiac p=0.53). Therefore, we
examined the effect of CABG on cause-specific mortality separately for non-diabetic and diabetic
patients. Multivariate competing risks models stratified by diabetes status are presented in Table 3.2.
Among patients without diabetes, revascularization with CABG significantly decreased the risk
of sudden cardiac death (RR=0.61, 95% CI 0.38-0.97, p=0.04) but did not significantly impact any of the
other causes of death (MI: RR=1.51, 95% CI 0.92-2.46, p=0.10; CHF/other cardiac: RR=1.49, 95% CI
0.74-2.99, p=0.26; non-cardiac: RR=0.99, 95% CI 0.77-1.29, p=0.96) or overall mortality (RR=1.01, 95%
CI 0.83-1.23, p=0.94) . In diabetic patients, CABG was associated with a 32% lower risk of long-term
mortality (RR=0.68, 95% CI 0.52-0.90, p=0.01), and there was a statistically non-significant trend of a
protective effect on sudden death (RR=0.55, 95% CI 0.28-1.10, p=0.09) and also MI death (RR=0.54,
95% CI 0.28-1.02, p=0.06).

Revascularization with CABG was not associated with CHF-related

(RR=0.69, 95% CI 0.34-1.39, p=0.30) or non-cardiac (RR=0.80, 95% CI 0.54-1.19, p=0.27) mortality in
diabetic patients.
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3.3.3

Further Examination of Sudden Cardiac and MI Deaths

Kaplan-Meier curves were created to further investigate the impact of CABG on sudden cardiac death and
MI death stratified by diabetes status (Figures 3.4 and 3.5).
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Figure 3.4 Comparison of sudden death rates in CABG and No CABG groups stratified by diabetes

In patients without diabetes, the sudden death event curves diverged steadily over time, and 7.5 years
after initial revascularization, the cumulative rate of sudden cardiac death was significantly lower in
patients who underwent CABG versus no CABG (2.0% vs. 3.3%, respectively, p=0.04). A similar effect
of CABG was observed in patients with diabetes, with 7.5-year sudden death rates of 4.4% and 7.7%
(p=0.08) in the CABG and no CABG groups, respectively.
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Figure 3.5 Comparison of MI death rates in CABG and No CABG groups stratified by diabetes

MI-related mortality among patients without diabetes occurred more frequently in the first several weeks
after the initial procedure in the CABG group; during 7.5 years of follow-up, the cumulative event rate
curves converged such that the MI death rate was 2.7% in the CABG group and 2.0% in the no CABG
group (p=0.10). In contrast, among patients with diabetes, the MI death rate was slightly higher in the
CABG group during the first 2 years of follow-up; however, by 7.5 years, the cumulative MI death rate
was significantly lower in patients who underwent CABG compared to those that did not (5.4% vs.
10.2%, p=0.04).

3.4

DISCUSSION

CABG had differential effects on various causes of long-term mortality in the BARI cohort of
revascularized patients. Revascularization with CABG significantly decreased the risk of sudden cardiac
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death but did not impact other causes of death. Furthermore, the protective effect of CABG on sudden
death was observed in patients regardless of the presence or absence of treated diabetes.
Why might one expect CABG to reduce the risk of sudden cardiac death, but not necessarily
other specific causes of cardiac death? While the mechanism of sudden death in the setting of coronary
artery disease is complex, it commonly occurs secondary to ventricular arrhythmias18, 19 (often ventricular
tachycardia that degenerates into ventricular fibrillation20), triggered by myocardial ischemia.21

In

general, patients receiving CABG are more completely revascularized and have the advantage of a greater
relief of myocardial jeopardy than those receiving PTCA which targets a more limited extent of a given
coronary artery.22, 23 Thus, we suggest that patients in the BARI cohort who received CABG had greater
and more durable protection against myocardial ischemia which preferentially protected against acute
environmental events which may heighten susceptibility to a ventricular arrhythmia.
Our results may have important clinical implications for guiding CAD treatment strategies.
Specifically, revascularization with CABG may be preferred in patients who are identified as having an
increased risk of sudden cardiac death due to extensive CAD,6, 24 history of ventricular arrhythmia,25 ECG
abnormalities, and impaired LV function.26 If PCI is the intervention ultimately chosen in patients at
particularly high risk for sudden death, more complete revascularization may be wise. Prior studies in
CASS emphasized the importance of complete surgical revascularization in patients with depressed LV
function. However, as noted in the BARI cohort of patients with multivessel disease, the majority treated
with PTCA had less complete revascularization than CABG-treated patients, and even in current practice,
many PCI-treated patients receive treatment in only one coronary segment. While this approach to PCI
does not appear to compromise overall survival, as per BARI in those without treated diabetes, the current
study suggests that PTCA as performed in 1988-1991 left patients at risk for sudden death in contrast to
those revascularized with CABG. Patients who are not suitable candidates for bypass surgery may benefit
from added measures to prevent sudden death, such as prophylactic placement of implantable cardiac
defibrillators, which has been shown to substantially improve survival in the CAD population by
preventing sudden death.27
28

Of note, PTCA in BARI preceded the routine use of both bare metal and drug-eluting stents, and
similarly, CABG has continually progressed with better perioperative management, a higher use of
arterial grafting, and improved techniques with minimally invasive and off pump surgery as options.28, 29
In the context of these developments, are the BARI results relevant? Yes – as described above, the subset
of patients who benefited most from CABG were those at high risk of sudden cardiac death, as
characterized by extensive CAD, depressed LV function, abnormalities on the resting electrocardiogram,
etc. By way of analogy, PCI is currently challenging CABG as an alternative for revascularization of
high-risk patients with triple vessel disease or left main disease, domains historically reserved for CABG.
Whether or not current methods of PCI will eliminate or minimize the historical advantage of CABG in
selected high-risk subsets is under study in several current large randomized trials. To this end, our data
corroborate the need for rigorous evaluation of revascularization strategy of very high risk patients, in
particular, those at high risk of sudden cardiac death.
Multivariate analysis of cause-specific mortality also revealed a statistically significant
interaction between diabetes status and CABG for MI death, indicating a differential impact of CABG on
MI death in patients with and without diabetes. Although the relative risks associated with CABG for MI
death were not significantly different from one (i.e. no effect) in the two stratified models, it is notable
that in the non-diabetic population CABG was associated with a greater long-term risk of MI death while
in the diabetic population CABG was associated with a lower long-term risk of MI death. This is
consistent with the previous report by Detre et al.30 that demonstrated that among revascularized patients
who have an MI, CABG offered greater protection against long-term mortality in diabetic patients
compared to non-diabetic patients.
Whereas comparison of the strategy of initial revascularization with CABG versus PTCA is best
accomplished in an intention to treat analysis of a randomized clinical trial, the purpose of this analysis
was to evaluate the impact of receiving (versus not receiving) a CABG on various causes of mortality.
Therefore, undergoing CABG, as either an initial procedure or a subsequent procedure, was the exposure
of primary interest. Since BARI registry patients met every eligibility criteria for the randomized trial
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except a willingness to be randomly assigned to treatment, our purpose was best served by including both
the randomized and registry cohorts in this analysis and by considering treatment with CABG at any time
during the BARI study as our key covariate. The same patient sample and methodology were used in
BARI report by Detre et. al. to evaluate the effect of CABG on survival after MI.30
Competing risks analysis of cause-specific mortality in the BARI study provided additional
information beyond standard Cox regression analysis of overall mortality or even cardiac mortality. Allcause mortality is a common primary endpoint in clinical studies, including BARI, since death, regardless
of its cause, is an important and clinically meaningful outcome. This pertains especially to studies that
evaluate medical treatments designed to prolong survival. From a methodologic perspective, clearly
defined endpoints such as all-cause mortality are more easily verified, and the data will more often be
complete. Despite such advantages, important implications of the disease process and treatment effect
may be missed by not considering specific causes of death. Holmes et al. reported that the ratio of cardiac
to non-cardiac death rates tends to decrease as patients age within a study cohort and as follow-up time
increases.4 This was evident in BARI, and a preponderance of non-cardiac deaths may obscure accurate
interpretation of studies investigating long-term treatment effects, particularly in an aging patient
population.
The study shares the weaknesses of an observational study in addition to the difficulty of
determining the actual cause of death. A strength of the BARI study however is the manner in which
cause of death was determined. An independent Morbidity and Mortality Committee comprised of
cardiologists was included in the original design of BARI, and the initial five year results showing a
survival benefit with CABG in patients with treated diabetes was greatly enhanced by determining that
the difference was entirely due to cardiac mortality.
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3.5

CONCLUSION

In BARI, revascularization with CABG had a different impact on specific causes of long-term mortality
in patients with multivessel coronary artery disease. CABG significantly decreased the risk of sudden
cardiac death, irrespective of diabetes status, while not significantly altering the risk of other causes of
death. Evaluation of specific causes of death provided insights that may be useful for guiding treatment
selection and developing strategies to improve long-term survival after coronary revascularization.
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Table 3.1 Baseline characteristics by vital status and cause of death

Alive
(n=2989)

Demographic profile
Age, in years
Male
White race
Black race
Post high school education
Medical history
Treated diabetes
Myocardial infarction
Congestive heart failure
Peripheral vascular disease
Hypertension
Renal dysfunction
Malignancy
Clinical profile
Former smoker
Current smoker
Stable angina class 1 or 2
Stable angina class 3 or 4
Unstable angina/ non-Q-MI
Angina duration ≥1 year
Major Q-wave
ST depression
Major ECG abnormality
Angiographic profile
Triple-vessel disease
Proximal LAD disease
Ejection fraction <50% †
Left-sided/ mixed dominance

Dead (Cause of Death)
Sudden
CHF/Other NonMI
Cardiac Cardiac
Death
(n=107) (n=109) (n=68) (n=337)

P*

61±10
75
93
4
36

62±9
77
82
12
28

64±10
63
89
10
26

67±9
60
85
10
25

66±9
68
89
8
29

<0.01
0.09
0.31

15
51
5
13
46
1
4

31
65
14
21
55
7
7

36
64
23
26
64
6
6

47
62
25
29
69
12
10

30
51
14
29
58
5
12

0.04
0.01
0.03
0.40
0.20
0.21
0.16

46
23
16
15
68
39
16
5
40

50
25
10
9
80
34
23
12
54

40
27
13
16
72
55
25
8
52

44
21
12
24
65
43
22
21
54

47
26
13
15
71
49
23
6
52

0.52

0.01
0.96
<0.01
0.97

37
38
14
14

49
38
28
23

46
43
24
26

49
25
34
12

40
40
20
17

0.28
0.12
0.02
0.06

0.33

0.27

Categorical variables are presented as column percentages, continuous variables as mean±SD.
* Compares 4 causes of death among patients who died.
† Ejection fraction data was missing for 462 patients.
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Table 3.2 Relative Risks Associated with CABG for Overall and Specific Causes of Death

All Patients (N=3610)
No. of
Events

No Diabetes (n=2968)

Diabetes (n=642)

No. of
Events

RR*

95% CI

P

0.19

416

1.01

0.83-1.23

0.01
0.76
0.72
0.54

74
70
36
236

0.61
1.51
1.49
0.99

0.38-0.97
0.92-2.46
0.74-2.99
0.77-1.29

RR*

95% CI

P

621

0.90

0.77-1.06

107
109
68
337

0.60
1.06
1.10
0.93

0.41-0.88
0.72-1.56
0.67-1.79
0.75-1.16

No. of
Events

RR*

95% CI

P

0.94

205

0.68

0.52-0.90

0.01

0.04
0.10
0.26
0.96

33
39
32
101

0.55
0.54
0.69
0.80

0.28-1.10
0.28-1.02
0.34-1.39
0.54-1.19

0.09
0.06
0.30
0.27

Impact of CABG (vs. no CABG) on:

All-cause mortality
†

Sudden cardiac death
‡
MI death
CHF/other cardiac death
Non-cardiac death

CABG indicates coronary artery bypass graft; RR relative risk; CI confidence interval
*

Adjusted for: diabetes, age, gender, race, smoking, congestive heart failure, hypertension, major ECG abnormality, peripheral vascular
disease, renal dysfunction, left/mixed dominance, ejection fraction, and malignancy.
†

Among all patients, the impact of CABG on sudden cardiac death was significantly different than on all other causes of death combined
(test of interaction p=0.02).

‡

The impact of CABG on MI death was significantly different in non-diabetic and diabetic patients (test of interaction p=0.04).
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4.1

INTRODUCTION

Percutaneous transluminal coronary angioplasty (PTCA) is an established and effective revascularization
strategy for patients with coronary artery disease (CAD).1, 2 The appeal of achieving desirable results by a
minimally invasive means is, however, offset by the need for subsequent procedures due to restenosis and
atherosclerotic disease progression. In the NHLBI3 and Mayo Clinic4 PTCA Registries, 35-50% of
patients who underwent an initially successful balloon angioplasty required subsequent coronary artery
bypass surgery (CABG) or repeat PTCA over the next 5 to 10 years. Factors that have been shown to
significantly increase the long-term risk of repeat revascularization include male gender, diabetes,
unstable angina, lesion length, and not fully successful initial dilation.5-8
Predictors of recurrent coronary interventions have been previously described in the PTCA
population. However, these analyses have generally been limited to the first subsequent procedure event,
and thus, may not have considered the full impact of various risk factors on recurrent revascularizations.
Although percutaneous coronary intervention has evolved substantially since balloon angioplasty,
evaluation of multiple subsequent revascularization procedures over an extended period of time among
patients who underwent successful initial PTCA may provide information regarding the impact of specific
risk factors on the progression of CAD and, to a lesser degree, on restenosis. Given the substantial longterm cost associated with PCI treatment driven largely by subsequent interventions,9, 10 identification of
factors that impact recurrent revascularizations may provide useful insights for predicting patient
prognosis as well as for guiding treatment strategies.

We analyzed the Bypass Angioplasty

Revascularization Investigation (BARI) cohort for this purpose.
The specific aim of this analysis was to identify factors related to repeat revascularization after
successful initial PTCA, and to evaluate the impact of these predictors on multiple revascularization
outcomes occurring over 10 years of follow-up.
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4.2

4.2.1

METHODS

Study Design

BARI was designed to compare an initial revascularization strategy of CABG versus PTCA on long-term
mortality in patients with multivessel coronary artery disease. A detailed description of the trial has been
published previously.11 In brief, eligibility criteria included clinically severe angina or evidence of
ischemia requiring revascularization and angiographically documented CAD involving 2 or 3 vessels
amenable to revascularization by either CABG or PTCA. Exclusion criteria included severe left main
disease, prior coronary revascularization, and acute myocardial infarction (MI) 24-hours prior to the
initial procedure. Participants were enrolled from 18 clinical sites in the United States and Canada
between August 1988 and August 1991. Of the 4107 eligible patients identified, 1829 patients gave
written informed consent and were randomized to either CABG or PTCA. Eligible patients who declined
randomization were given the opportunity to participate in the BARI registry, in which the patients and
their physicians selected the initial revascularization strategy but had similar follow-up schedules as the
randomized patients. This analysis includes participants in the BARI randomized trial and registry who
underwent initial PTCA.
Identical baseline data were collected for BARI randomized and registry patients, which included
demographic descriptors, clinical history, 12-lead electrocardiogram (ECG) parameters, coronary
angiography measurements, angina, and other risk factors. Although baseline and procedural angiograms
were evaluated by a central laboratory for patients in the randomized trial, only clinical site evaluations
were obtained for the registry participants. Therefore, angiographic data based on site interpretation were
used in this analysis. Patients with missing baseline angiograms were excluded (n=38). Follow-up data
were obtained during clinic visits at 4 to 14 weeks and at 1, 3, and 5 years, and telephone contacts at 6
months, 2, 4, 5 years, and annually thereafter. At the time of a vital status sweep undertaken on March
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31, 2000, BARI patients who had reached 10 years of follow-up were censored, and patients who fell
short of the decade mark continued to be followed until their 10-year anniversary.
The present analysis is a long-term evaluation of factors related to repeat revascularizations
including insight regarding restenosis and disease progression.

Since cardiovascular complications

occurring during or shortly after percutaneous intervention are generally attributed to procedural factors
(i.e. technical failure, operator skills, and inadequate completeness of revascularization), this analysis was
limited to patients who underwent a successful initial PTCA, which was defined as having at least one
≥50% lesion successfully dilated and not experiencing MI, subsequent revascularization, or death within
30 days of the index procedure. Patients were excluded due to at least one of the following early failure
(in-hospital) events: total angiographic failure (n=201), MI (n=58), subsequent CABG (n=185),
subsequent PTCA (n=105), and death (n=17). This analysis also excluded patients who received new
interventional devices during the initial PTCA procedure, including: atherectomy (n=33), bare metal stent
(n=11), and laser (n=6). Thus, the present study evaluates patients who underwent balloon angioplasty in
the pre-stent era.

4.2.2

Angiographic Definitions

Diseased vessels were determined from the anterior, lateral, and inferoposterior coronary perfusion
territories supplied by a vessel with a significant lesion. Lesions residing in a vessel with reference
diameter >1.5mm were considered significant if stenosis was ≥50% and totally occluded if stenosis was
≥99%. Successful lesion dilation was characterized by residual stenosis <50%, ≥20% reduction in
stenosis, and TIMI grade 3 flow. Angiographic success of the index procedure was considered to be
‘partial’ if some but not all attempted significant lesions were successfully dilated, and ‘total’ if all
attempted significant lesions were successfully dilated. Lastly, the initial PTCA was considered an
incomplete revascularization (IR) if any significant lesions were left remaining.
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4.2.3

Statistical Methods

Baseline clinical and angiographic characteristics were compared using the Chi-square test for categorical
variables and the Cochran-Armitage trend test for ordinal variables. For angiographic data, we were
interested in assessing the presence of disease at baseline, as well as any residual disease following initial
revascularization.

Therefore, lesion characteristics were examined as binary variables (indicating

presence vs. absence) and as 3-level categorical variables (absent, present and attempted, and present but
not attempted).
The main outcome was time-to-repeat revascularization with either CABG or PTCA. For all
time-to-event analyses, the date of the initial PTCA was considered to be time “zero.” PTCAs performed
in multiple stages were counted as a single procedure, and the date of the first stage was considered to be
the date for that procedure. Patients were censored at the time of death. Kaplan-Meier12 curves were
constructed to examine temporal trends in the first repeat revascularization event. Nelson-Aalen curves
were created to estimate the cumulative number of repeat revascularization procedures received per 100
patients over time.
Multivariate analyses were initiated by identifying predictors of the first repeat revascularization
event using Cox proportional hazards regression.13

Clinical and angiographic characteristics were

allowed to enter into the model using forward selection (entry criterion p<0.10) and then, angiographic
PTCA procedural variables were allowed to enter (entry criterion p<0.10). Covariates with p≥0.05 were
later removed using backward selection. A separate Cox model was constructed using “second repeat
revascularization” as the endpoint with the same model-building procedures but forcing in predictors of
the first event. The final model included variables identified by either model-building process. We tested
for possible interactions between covariates in the main effects model based on biological plausibility (i.e.
diabetes and evidence of diffuse disease), and statistical interactions with p<0.05 were retained. Missing
values (<3% for any variable) were set to the mean value for continuous variables and zero for binary
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variables, and the proportional hazards assumption was checked for each covariate in the model by
examining Kaplan-Meier curves.
A multiple outcomes model was created using methods described by Prentice-William-Peterson
(PWP)14 an extension of Cox regression that allows multiple recurrent events to be modeled
simultaneously using robust variance estimates. The PWP (or ‘conditional’) approach estimates the
probability of having a subsequent event conditional on having experienced a prior event. Compared to
other statistical methods for analyzing multiple outcome events data, the PWP approach is efficient and
powerful in detecting differences between exposure groups.15

The time to each subsequent

revascularization events is measured as the time since the previous event. We initially considered
modeling the first 4 repeat revascularization events per patient. Preliminary PWP models indicated that
none of the predictor variables had a significantly different impact on the third and fourth events (all
p>0.10). Therefore, PWP analysis was limited to the first 3 repeat revascularizations, which ensured
sufficient sample size for analysis in each of the latter event categories
Multivariate PWP regression was utilized to investigate the effect of each predictor on the first,
second, and third repeat revascularization events.

The PWP model initially allowed for separate

associations between each covariate and the 3 outcomes; only those covariates with a significantly
different impact on the defined endpoint, or combination of endpoints, are presented as outcome-specific
estimates (test of equal associations p<0.05).

Relative risk estimates for such ‘uncommon effect’

predictors may be interpreted as the probability associated with a given factor of having: a first repeat
revascularization event; a second repeat revascularization event among those who had a first event; and a
third event among those who experienced the first and second events. Covariates that had a similar
impact on the 3 outcomes were included in the model as a single common-effects variable indicating an
average effect of the predictor on the long-term subsequent revascularization rate.
Since patients may not receive subsequent revascularization because they die before having an
opportunity to be treated or because they are poor candidates for subsequent revascularization due to
increased perioperative risk, we were concerned that our results may be affected by the occurrence of
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deaths (survival bias) as well as the perceived risk of death based on comorbidities (selection bias). To
address this concern, we compared PWP regression results in the overall cohort with a subgroup of
patients who had lower risk of long-term mortality based on propensity scoring.16 The probability of
death (the propensity score) was estimated for each patient using a multivariable model for 5-year
mortality previously reported in BARI;17 the "lower risk" strata was defined by propensity scores in the
lower 70th percentile.
Estimates of relative risk (RR), 95% confidence intervals (CI), and p-values are reported, and
p<0.05 is considered statistically significant. All statistical analyses were performed using SAS 9.1
(Cary, NC).

4.3

4.3.1

RESULTS

Repeat Revascularizations Over 10 Years of Follow-Up

In BARI, 1606 patients underwent successful initial PTCA and were followed over an average of 10.6
years. Subsequent revascularizations received are presented in Figure 4.1.

43

Zero Repeat Revascularizations
1ST Repeat Revascularization Event
2ND Repeat Revascularization Event
3RD Repeat Revascularization Event

All Patients
Receiving Initial PTCA
(N=1606)

None
(n=693)

CABG
(n=303)

43%

PTCA
(n=610)

None
(n=276)

PTCA
(n=206)

CABG
(n=128)

None PTCA CABG
(n=85) (n=76) (n=45)

PTCA CABG
(n=109) (n=15) (n=4)

None
(n=265)

None

57%

PTCA
(n=31)

CABG
(n=7)

23%

None PTCA
(n=22) (n=9)

None
(n=7)

9%

Figure 4.1 Subsequent revascularizations received over 10 years after successful initial PTCA

Following initial treatment, 43% of patients (n=693) did not undergo any additional procedures and 57%
(n=913) received a first repeat revascularization, 38% (n=610) with PTCA and 19% (n=303) with CABG.
Among those who underwent a first repeat PTCA, 55% (n=334) received a second subsequent procedure
(206 with PTCA and 128 with CABG), of which 42% (n=140) went on to receive a third procedure (91
with PTCA and 49 with CABG).

Among patients who received CABG as the first repeat

revascularization, 13% (n=38) underwent a second subsequent procedure (31 with PTCA and 7 with
CABG), and 24% (n=9) of these patients underwent a third procedure.

4.3.2

Baseline Characteristics

Baseline characteristics associated with repeat revascularization with either CABG or PTCA are
presented in Table 4.1.

Gender was significantly related to a first procedure, with 60% of men

undergoing additional procedures compared to 50% of women (p<0.001). Other clinical characteristics
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that were associated with a significantly greater risk of a subsequent revascularization included diabetes
(p=0.04), unstable angina (p=0.03), and angina duration of at least 1 year (p=0.03). The subsequent
procedure rate was significantly lower in patients 65 years and older (p<0.001), former and current
smokers versus never smokers (p<0.001) and in patients without, compared to those with, ST elevation on
baseline ECG (p<0.001).
Angiographic predictors of subsequent revascularization are presented in Table 4.2. Myocardial
jeopardy index demonstrated a significant relationship between overall angiographic severity at the time
of initial PTCA and the need for additional treatment (p=0.01). Nearly one-third of patients had triple
vessel disease at baseline, which was associated with a higher incidence of subsequent revascularization
compared to double vessel disease (61% vs. 55%, p=0.04). All BARI participants had multivessel disease
by eligibility criteria; thus, we examined the disease distribution at baseline by forming mutually
exclusive categories of the diseased coronary vessels. Among patients with double vessel disease, the
subsequent revascularization rate was 60% in those with significant lesions in the left anterior descending
(LAD) and left circumflex (LCx) arteries, 54% in LAD and RCA, and 52% in LCx and right coronary
artery (RCA). LAD disease appeared to play an important role in the need for further interventions, such
that presence at baseline (p=0.03) and evidence of residual LAD disease after initial PTCA (p=0.05) were
associated with a higher repeat revascularization rate over long-term follow-up. In particular, proximal
LAD disease that was present at baseline or left untreated was related to a subsequent procedure (p=0.02
and p=0.06, respectively).
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4.3.3

Kaplan-Meier and Nelson-Aalen Curves

A Kaplan-Meier curve of the proportion of patients who underwent at least one repeat revascularization is
presented in Figure 4.2.
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1104
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Figure 4.2 Kaplan-Meier curve for time to the first repeat revascularization event

Following successful initial PTCA, there was a steep, early rise in the percentage of patients who received
additional procedures, such that nearly half of all patients who underwent subsequent revascularization
did so within one year of the index PTCA procedure; a more gradual increase was observed over the
remaining follow-up period. Among patients who underwent at least one subsequent revascularization,
the median time to the first event was 7 months for those receiving PTCA (n=610) and 28 months for
those receiving CABG (n=303).
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A Nelson-Aalen curve for the estimated cumulative number of repeat revascularizations per 100
patients is presented in Figure 4.3.

140
120

104

100

Est. Cumulative
Number of
Repeat Procedures
Per 100 Patients

71

80
60

39
40
20
0
0

1

2

3

4

5

6

7

8

9

10

Years after Initial PTCA
Number at Risk

1606

1104

799

354

Figure 4.3 Nelson-Aalen estimates for cumulative number of repeat procedures per 100
patients

The cumulative number of repeat procedures increased markedly during the first year, and continued to
rise steadily throughout the follow-up period, reflecting patients who underwent a first subsequent
revascularization and also those who received multiple additional procedures.

4.3.4

Cox Model for the First Repeat Revascularization Outcome

Several predictors of the first subsequent revascularization were identified using multivariate Cox
regression analysis (Table 4.3). Following initial treatment with PTCA, male gender, diabetes, and
unstable angina (compared to stable or atypical angina) were associated with a significantly increased risk
of repeat revascularization, and age ≥65 years, smoking history, and ST-segment elevation were
associated with a significantly lower risk.

Angiographic characteristics that were independently
47

predictive of the need for additional treatment included proximal LAD disease, presence of diffuse
lesions, and an incomplete revascularization during the index PTCA. Renal dysfunction was not related
to the first repeat revascularization event but was associated with a significantly increased risk for the
second event.

4.3.5

PWP Model for Multiple Repeat Revascularization Outcomes

PWP model estimates for differential covariate effects on the multiple repeat revascularization outcomes
are presented in Table 4.4. Among patients who underwent successful initial PTCA, fewer than 5% had 4
or more procedures, and 80% of the observed subsequent procedures were accounted for in this analysis
(Table A6.1). Consistent with Cox regression analysis, men were more likely than women to undergo a
first subsequent revascularization (RR=1.44, p<0.001). However, among patients who received a first
repeat procedure, the risk of undergoing a second procedure did not differ by gender (RR=1.00, p=0.97),
and then among those who received a second repeat procedure, men were significantly less likely to
undergo a third revascularization compared to women (RR=0.64, p=0.01). The differing effect of gender
on the number of recurrent treatments was significant (test of equal associations: RR=1.44 vs. 1.00 vs.
0.64, p<0.001). Similarly, incomplete revascularization was associated with a higher risk of a first repeat
revascularization event (RR=1.13, p=0.07), but conditional on having received one subsequent treatment,
incompletely revascularized patients had a marginally lower likelihood of undergoing second and third
repeat procedures (RR=0.86, p=0.09). The impact of IR on the number of subsequent revascularizations
was significantly different (RR=1.13 vs. 0.86, p=0.01). Proximal LAD disease and smoking history were
significantly associated with the first repeat revascularization event (RR=1.24, p<0.01 and RR=0.71,
p<0.001, respectively), but were not associated with subsequent procedures beyond the first (RR=0.95,
p=0.58 and RR=0.96, p=0.63, respectively).
The PWP conditional model demonstrated a significant common effect of several predictors on
the number of repeat revascularizations. Diabetes was associated with an estimated 43% increase in the
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subsequent revascularization rate over 10 years after initial PTCA (RR=1.43, p<0.001). This means that
diabetes increased the risk of a first repeat revascularization event, and then among patients who
experienced a first event, diabetes was again significantly related to higher rates of a second subsequent
procedure, and similarly for a third procedure. A sustained effect was also demonstrated for renal
dysfunction (RR=1.75, p<0.001), unstable angina (RR=1.15, p=0.01), and presence of diffuse lesions
(RR=1.13, p=0.03). Age ≥65 years and ST elevation were associated with a lower common effect on the
subsequent revascularization rate (RR=0.84, p<0.01 and RR=0.52, p<0.001, respectively).

4.3.6

Assessment of Survival and Selection Bias

Ten-year cumulative mortality rate was markedly higher among patients who did not receive subsequent
revascularization compared to those who did (32% vs. 21%, log-rank p<0.001), which suggested a
potential survival bias. Multivariate PWP analysis of a subgroup of patients with a lower predicted
probability of death, which addressed both survival bias and treatment selection bias, resulted in estimates
that were consistent with estimates in the overall cohort (Table A6.2). The notable exception was age ≥65
years, which was not significantly associated with subsequent revascularizations among patients with a
lower predicted probability of death (RR=0.93, p=0.31).

4.3.7

Examination of Subsequent Revascularization Strategy

To illustrate the changing effect of gender, proximal LAD disease, and incomplete revascularization on
the multiple subsequent procedure outcomes, we compared event rates and mode of revascularization
(either CABG or PTCA) for these patient groups. As shown in Figure A6.1, men were more likely to
undergo a first subsequent procedure compared to women (60% vs. 50%, p<0.01) and, in particular, to
receive CABG for the first treatment (21% vs. 14%, p<0.01). Among patients who had a first subsequent
revascularization event, gender was not related to a second event (p=0.90), but of those who received a
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second repeat procedure, a smaller proportion of men underwent a third procedure (36% vs. 52%,
p<0.01).
A similar pattern was observed for proximal LAD disease and incomplete revascularization
(Figures A6.2 and A6.3, respectively). Patients with proximal LAD disease (compared to those without
it) more frequently underwent a first repeat procedure (61% vs. 55%, p=0.02), particularly with CABG
(21% vs. 18%, p=0.04). However, among patients who had a first event, proximal LAD disease was not
predictive of further interventions (p=0.51 and p=0.20). Patients who received an incomplete (versus
complete) initial revascularization were somewhat more likely to undergo a first subsequent procedure
(58% vs. 54%, p=0.13) and significantly more likely to be treated with CABG (23.0% vs. 12.2%,
p<0.001). Conditional on the first repeat procedure, IR was associated with a marginally lower second
event rate (39% vs. 44%, p=0.11), but, once again, incompletely revascularized patients were more likely
to receive CABG for the second procedure (15.4% vs. 13.7%, p=0.06). Among patients who underwent
two repeat procedures, an incomplete initial revascularization was not predictive of a third intervention
(39% vs. 41%, p=0.71).

4.4

DISCUSSION

Among patients who underwent successful initial PTCA in BARI, an estimated 57% received at least one
subsequent procedure and 23% received two or more procedures over 10 years of follow-up. The longterm repeat revascularization rate in BARI was comparable to what has been reported from the NHLBI3
and Mayo Clinic4 PTCA Registries in similar subset of patients (i.e. those with multivessel disease and
successful initial balloon angioplasty). Factors that were associated with a significantly greater risk of
repeat revascularization included: male gender, diabetes, renal dysfunction, unstable angina, proximal
LAD disease, diffuse disease, and incomplete revascularization.
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Evaluation of the multiple repeat revascularization events revealed a significantly different effect
of gender, proximal LAD disease, and completeness of initial PTCA on the first versus latter events. In
BARI, patients who were male, with proximal LAD disease, and received an incomplete revascularization
were more likely to undergo a first repeat procedure, and more importantly, to be revascularized with
CABG for this procedure. Given this subsequent treatment with CABG, a more durable revascularization
strategy than PTCA,4, 18, 19 these 3 predictors were either not related or negatively associated with the need
for additional coronary interventions. Prior percutaneous intervention studies have reported that men are
more frequently referred for repeat procedures compared to women,4 including more frequent subsequent
surgical revascularization.20 Although the underlying reasons remain unclear, a possible explanation may
be that female gender has been identified as an independent risk factor for major in-hospital CABG
complications in both the Society for Thoracic Surgeons risk modeling21 and the EuroSCORE risk
algorithm.22
Consistent with previous reports,23-26 measures of extent and severity of CAD at the time of initial
PTCA treatment were associated with a significantly increased risk of repeat revascularizations in BARI.
Among these multivessel disease patients, the location of the disease was a stronger independent predictor
than the number of lesions or diseased vessels. Significant LAD disease, particularly in the proximal
segment, was related to subsequent revascularization. Much of the difference in repeat revascularization
rates between patients with and without LAD disease occurred early in the follow-up period (<1 year),
which may reflect higher incidence of restenosis in patients who had LAD lesions treated during the index
procedure or the need to treat residual disease in those with LAD lesions that were left untreated.
PWP analysis demonstrated a persisting detrimental impact of diabetes on the increasing number
of recurrent procedures. Diabetes was associated with a significantly greater risk of restenosis following
balloon angioplasty6,

8, 27-29

and accelerated disease progression, which are mediated by hyperreactive

platelets that exhibit increased adhesion, aggregation, and platelet-dependent thrombin generation.30 Our
findings support what has been previously described regarding the role of diabetes in CAD progression,
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and underscore the importance of intensive risk factor modification in diabetic patients undergoing
coronary revascularization in order to maintain the benefits of initial treatment.
Investigation of factors related to subsequent procedures also allowed us to characterize patients
who are likely to attain long-term success after undergoing initial percutaneous intervention. Even in the
presence of multivessel disease, 43% of patients who had a successful initial PTCA in BARI received no
subsequent revascularization. Our analyses indicate that percutaneous coronary intervention may be
particularly effective for women and patients without the presence of diabetes, renal disease, and
advanced CAD (as indicated by presence of unstable angina, diffuse lesions, and proximal LAD disease),
and those in whom complete revascularization can be achieved.
Importantly, our findings were confirmed in a subgroup of patients with a relatively lower
mortality risk who were, therefore, less subject to survival and treatment selection bias. Overall, there
was minimal evidence to suggest that early deaths and reluctance to revascularize high risk patients
influenced the results of this analysis in a meaningful way. The only covariate that differed meaningfully
between the 2 models was age, indicating that the seemingly ‘protective’ effect of older age may be due
to early deaths or a reluctance to revascularize high risk patients. A similar explanation was not evident
for smoking history and ST elevation, established cardiovascular risk factors related to lower
revascularization rates.

A biologically plausible explanation of our finding on smoking is a

“preconditioning-like” effect of nicotine on the myocardium. Animal studies suggest that brief ischemic
episodes may promote the formation of collateral vessels and thereby increase myocardial tolerance to
subsequent periods of prolonged ischemia.31 Smoking history may, in fact, have a lower risk of repeat
procedures because of protection derived from collaterals vessels. This postulate, however, cannot be
verified due to an absence of specific angiographic data on collateral vessels. Regarding ST elevation, it
is possible that patients with ST elevation on baseline ECG received more aggressive medical therapy
after initial PTCA compared to others.
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4.4.1

Extending Study Results to the Current Era

The introduction of drug-eluting stents in the last decade has drastically lowered restenosis rates
following percutaneous intervention.32-34 Despite overcoming a major limitation of conventional balloon
angioplasty, benefits conferred by drug eluting stents and adjunctive therapies (namely, the use of
glycoprotein IIb/IIIa inhibitors) are limited to the short-term. Even in the absence of definitive data, there
is little reason to believe that contemporary PCIs alone (i.e. notwithstanding advances in pharmacological
therapy) will diminish the long-term need for additional procedures, which is driven mainly by native
disease progression in the coronary arteries.25, 35, 36 Therefore, generalizeability of our findings to the
current PCI patient population are less likely to be affected by improvements in PCI technology and
adjunct therapy, and more likely to be influenced by the widespread use of statins, anti-platelet
medications, and other anti-atherogenic agents.

4.4.2

Study Limitations

Although extensive baseline and procedural angiographic data were obtained, follow-up angiograms were
not systematically collected in BARI.

Without knowing which target lesions were treated during

subsequent revascularizations, it is difficult to offer more definitive explanations and possible underlying
mechanisms for our findings. Nevertheless, it has been well-established that restenosis occurs most
frequently during the first 6 months and up to 1 year after balloon angioplasty.6, 37-39 Given this timeframe
and the fact that majority of repeat procedures during the first year were percutaneous interventions,
which is the standard approach for treating primary restenosis,40 it is likely that in BARI, subsequent
revascularizations during the first year were to address restenosis and those occurring after the first year
were to treat native disease progression. This is supported by results from a BARI ancillary study, which
included approximately 400 patients from the randomized trial, indicating that angiographicallydocumented CAD progression exceeded failure of initial revascularization as the cause of recurrent
angina at 5-year follow-up.36
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4.5

CONCLUSION

Among patients who were successfully treated with initial PTCA in BARI, independent predictors of a
first repeat revascularization event included male gender, diabetes, renal dysfunction, unstable angina,
proximal LAD disease, diffuse disease, and incomplete revascularization. Evaluation of multiple repeat
revascularization events occurring over 10 years of follow-up demonstrated a significantly different effect
of several predictors on the number of recurrent outcomes. Male gender, proximal LAD disease, and
incomplete revascularization were associated with a significantly increased risk of a first repeat procedure
but were either not related or inversely related to the need for additional procedures. Examination of
revascularization strategy revealed that patients with these characteristics in BARI were more likely to
receive CABG as their first subsequent treatment, and this strategy substantially decreased the need for
further revascularizations. Diabetes, renal dysfunction, unstable angina, and diffuse disease, on the other
hand, had a consistent detrimental impact on the number of repeat revascularizations. These findings
underscore the importance of glycemic control and intensive modification of risk factors that promote
atherosclerotic progression.

These data also indicate that women and patients with an absence of

extensive coronary disease, diabetes, and renal disease are less likely to need further revascularizations
and, therefore, may be particularly good candidates for initial PCI treatment.
Recent advances in PCI technology have significantly improved short-term outcomes but have
not markedly decreased the long-term need for additional procedures which are driven primarily by
disease progression. Given the substantial economic and health burden associated with subsequent
revascularizations, an aggressive approach to limiting disease progression is paramount.

Similarly,

devising optimal long-term treatment plans that address cardiovascular disease as a chronic, progressive,
and systemic condition is of great public health importance.

54

4.6

ACKNOWLEDGEMENT

This study was supported by the following grants from the National Heart, Lung, and Blood Institute:
HL38493, HL38504, HL38509, HL38512, HL38514-6, HL38518, HL38524-5, HL38529, HL38532,
HL38556, HL38610, HL38642, and HL42145.

55

4.7

REFERENCES

1.

Anderson HV, Roubin GS, Leimgruber PP, Douglas JS, Jr., King SB, Jr., Gruentzig AR. Primary
angiographic success rates of percutaneous transluminal coronary angioplasty. Am J Cardiol. Nov
1 1985;56(12):712-717.

2.

Detre K, Holubkov R, Kelsey S, Cowley M, Kent K, Williams D, Myler R, Faxon D, Holmes D,
Jr., Bourassa M, et al. Percutaneous transluminal coronary angioplasty in 1985-1986 and 19771981. The National Heart, Lung, and Blood Institute Registry. N Engl J Med. Feb 4
1988;318(5):265-270.

3.

Detre K, Yeh W, Kelsey S, Williams D, Desvigne-Nickens P, Holmes D, Jr., Bourassa M, King
S, 3rd, Faxon D, Kent K. Has improvement in PTCA intervention affected long-term prognosis?
The NHLBI PTCA Registry experience. Circulation. Jun 15 1995;91(12):2868-2875.

4.

Hasdai D, Bell MR, Grill DE, Berger PB, Garratt KN, Rihal CS, Hammes LN, Holmes DR, Jr.
Outcome > or = 10 years after successful percutaneous transluminal coronary angioplasty. Am J
Cardiol. Apr 15 1997;79(8):1005-1011.

5.

Bourassa MG, Lesperance J, Eastwood C, Schwartz L, Cote G, Kazim F, Hudon G. Clinical,
physiologic, anatomic and procedural factors predictive of restenosis after percutaneous
transluminal coronary angioplasty. J Am Coll Cardiol. Aug 1991;18(2):368-376.

6.

Holmes DR, Jr., Vlietstra RE, Smith HC, Vetrovec GW, Kent KM, Cowley MJ, Faxon DP,
Gruentzig AR, Kelsey SF, Detre KM, et al. Restenosis after percutaneous transluminal coronary
angioplasty (PTCA): a report from the PTCA Registry of the National Heart, Lung, and Blood
Institute. Am J Cardiol. Jun 15 1984;53(12):77C-81C.

7.

Mercado N, Boersma E, Wijns W, Gersh BJ, Morillo CA, de Valk V, van Es GA, Grobbee DE,
Serruys PW. Clinical and quantitative coronary angiographic predictors of coronary restenosis: a
comparative analysis from the balloon-to-stent era. J Am Coll Cardiol. Sep 2001;38(3):645-652.

8.

Quigley PJ, Hlatky MA, Hinohara T, Rendall DS, Perez JA, Phillips HR, Califf RM, Stack RS.
Repeat percutaneous transluminal coronary angioplasty and predictors of recurrent restenosis. Am
J Cardiol. Feb 15 1989;63(7):409-413.

9.

Weintraub WS, Becker ER, Mauldin PD, Culler S, Kosinski AS, King SB, 3rd. Costs of
revascularization over eight years in the randomized and eligible patients in the Emory
Angioplasty versus Surgery Trial (EAST). Am J Cardiol. Oct 1 2000;86(7):747-752.

10.

Yock CA, Boothroyd DB, Owens DK, Garber AM, Hlatky MA. Cost-effectiveness of bypass
surgery versus stenting in patients with multivessel coronary artery disease. Am J Med. Oct 1
2003;115(5):382-389.

11.

Protocol for the Bypass Angioplasty Revascularization Investigation. Circulation. 1991;84(Suppl
V):V1-V27.

56

12.

Kaplan EL, Meier P. Nonparametric Estimation from Incomplete Observations. J Am Stat Assoc.
Jun., 1958 1958;53(282):457-481.

13.

Cox DR. Regression Models and Life-Tables. JR Stat Soc B. 1972;34(2):187-220.

14.

Prentice RL, Kalbfleisch JD, Peterson AV, Jr., Flournoy N, Farewell VT, Breslow NE. The
analysis of failure times in the presence of competing risks. Biometrics. Dec 1978;34(4):541-554.

15.

Barai U, Teoh N. Multiple statistics for multiple events, with application to repeated infections in
the growth factor studies. Stat Med. Apr 30 1997;16(8):941-949.

16.

Rubin DB. Estimating causal effects from large data sets using propensity scores. Ann Intern
Med. Oct 15 1997;127(8 Pt 2):757-763.

17.

Brooks MM, Jones RH, Bach RG, Chaitman BR, Kern MJ, Orszulak TA, Follmann D, Sopko G,
Blackstone EH, Califf RM. Predictors of mortality and mortality from cardiac causes in the
bypass angioplasty revascularization investigation (BARI) randomized trial and registry. For the
BARI Investigators. Circulation. Jun 13 2000;101(23):2682-2689.

18.

King SB, 3rd. 50th anniversary historical article. Percutaneous transluminal coronary angioplasty.
J Am Coll Cardiol. Apr 2000;35(5 Suppl B):35B-37B.

19.

Henderson RA, Pocock SJ, Sharp SJ, Nanchahal K, Sculpher MJ, Buxton MJ, Hampton JR.
Long-term results of RITA-1 trial: clinical and cost comparisons of coronary angioplasty and
coronary-artery bypass grafting. Randomised Intervention Treatment of Angina. Lancet. Oct 31
1998;352(9138):1419-1425.

20.

Bell MR, Grill DE, Garratt KN, Berger PB, Gersh BJ, Holmes DR, Jr. Long-term outcome of
women compared with men after successful coronary angioplasty. Circulation. Jun 15
1995;91(12):2876-2881.

21.

Ferguson TB, Jr., Hammill BG, Peterson ED, DeLong ER, Grover FL. A decade of change--risk
profiles and outcomes for isolated coronary artery bypass grafting procedures, 1990-1999: a
report from the STS National Database Committee and the Duke Clinical Research Institute.
Society of Thoracic Surgeons. Ann Thorac Surg. Feb 2002;73(2):480-489; discussion 489-490.

22.

Nashef SA, Roques F, Michel P, Gauducheau E, Lemeshow S, Salamon R. European system for
cardiac operative risk evaluation (EuroSCORE). Eur J Cardiothorac Surg. Jul 1999;16(1):9-13.

23.

Le Feuvre C, Bonan R, Cote G, Crepeau J, De Guise P, Lesperance J, Theroux P. Five- to tenyear outcome after multivessel percutaneous transluminal coronary angioplasty. Am J Cardiol.
May 15 1993;71(13):1153-1158.

24.

Glaser R, Selzer F, Faxon DP, Laskey WK, Cohen HA, Slater J, Detre KM, Wilensky RL.
Clinical progression of incidental, asymptomatic lesions discovered during culprit vessel
coronary intervention. Circulation. Jan 18 2005;111(2):143-149.

25.

Guiteras-Val P, Varas-Lorenzo C, Garcia-Picart J, Marti-Claramunt V, Auge-Sanpera JM.
Clinical and sequential angiographic follow-up six months and 10 years after successful
percutaneous transluminal coronary angioplasty. Am J Cardiol. Mar 15 1999;83(6):868-874.

26.

King SB, 3rd, Schlumpf M. Ten-year completed follow-up of percutaneous transluminal coronary
angioplasty: the early Zurich experience. J Am Coll Cardiol. Aug 1993;22(2):353-360.
57

27.

Califf RM, Fortin DF, Frid DJ, Harlan WR, 3rd, Ohman EM, Bengtson JR, Nelson CL, Tcheng
JE, Mark DB, Stack RS. Restenosis after coronary angioplasty: an overview. J Am Coll Cardiol.
May 1991;17(6 Suppl B):2B-13B.

28.

Van Belle E, Bauters C, Hubert E, Bodart JC, Abolmaali K, Meurice T, McFadden EP, Lablanche
JM, Bertrand ME. Restenosis rates in diabetic patients: a comparison of coronary stenting and
balloon angioplasty in native coronary vessels. Circulation. Sep 2 1997;96(5):1454-1460.

29.

Van Belle E, Perie M, Braune D, Chmait A, Meurice T, Abolmaali K, McFadden EP, Bauters C,
Lablanche JM, Bertrand ME. Effects of coronary stenting on vessel patency and long-term
clinical outcome after percutaneous coronary revascularization in diabetic patients. J Am Coll
Cardiol. Aug 7 2002;40(3):410-417.

30.

Abizaid A, Costa MA, Centemero M, Abizaid AS, Legrand VM, Limet RV, Schuler G, Mohr
FW, Lindeboom W, Sousa AG, Sousa JE, van Hout B, Hugenholtz PG, Unger F, Serruys PW.
Clinical and economic impact of diabetes mellitus on percutaneous and surgical treatment of
multivessel coronary disease patients: insights from the Arterial Revascularization Therapy Study
(ARTS) trial. Circulation. Jul 31 2001;104(5):533-538.

31.

Birnbaum Y, Hale SL, Kloner RA. Is preconditioning by nicotine responsible for the better
prognosis in smokers with acute myocardial infarction? Basic Res Cardiol. May-Jun
1996;91(3):240-247.

32.

Srinivas VS, Brooks MM, Detre KM, King SB, 3rd, Jacobs AK, Johnston J, Williams DO.
Contemporary percutaneous coronary intervention versus balloon angioplasty for multivessel
coronary artery disease: a comparison of the National Heart, Lung and Blood Institute Dynamic
Registry and the Bypass Angioplasty Revascularization Investigation (BARI) study. Circulation.
Sep 24 2002;106(13):1627-1633.

33.

Morice MC, Serruys PW, Sousa JE, Fajadet J, Ban Hayashi E, Perin M, Colombo A, Schuler G,
Barragan P, Guagliumi G, Molnar F, Falotico R. A randomized comparison of a sirolimus-eluting
stent with a standard stent for coronary revascularization. N Engl J Med. Jun 6
2002;346(23):1773-1780.

34.

Moses JW, Leon MB, Popma JJ, Fitzgerald PJ, Holmes DR, O'Shaughnessy C, Caputo RP,
Kereiakes DJ, Williams DO, Teirstein PS, Jaeger JL, Kuntz RE. Sirolimus-eluting stents versus
standard stents in patients with stenosis in a native coronary artery. N Engl J Med. Oct 2
2003;349(14):1315-1323.

35.

Kimura T, Abe K, Shizuta S, Odashiro K, Yoshida Y, Sakai K, Kaitani K, Inoue K, Nakagawa Y,
Yokoi H, Iwabuchi M, Hamasaki N, Nosaka H, Nobuyoshi M. Long-term clinical and
angiographic follow-up after coronary stent placement in native coronary arteries. Circulation.
Jun 25 2002;105(25):2986-2991.

36.

Alderman EL, Kip KE, Whitlow PL, Bashore T, Fortin D, Bourassa MG, Lesperance J, Schwartz
L, Stadius M. Native coronary disease progression exceeds failed revascularization as cause of
angina after five years in the Bypass Angioplasty Revascularization Investigation (BARI). J Am
Coll Cardiol. Aug 18 2004;44(4):766-774.

37.

Nobuyoshi M, Kimura T, Nosaka H, Mioka S, Ueno K, Yokoi H, Hamasaki N, Horiuchi H,
Ohishi H. Restenosis after successful percutaneous transluminal coronary angioplasty: serial
angiographic follow-up of 229 patients. J Am Coll Cardiol. Sep 1988;12(3):616-623.
58

38.

Violaris AG, Melkert R, Serruys PW. Long-term luminal renarrowing after successful elective
coronary angioplasty of total occlusions. A quantitative angiographic analysis. Circulation. Apr
15 1995;91(8):2140-2150.

39.

Serruys PW, Luijten HE, Beatt KJ, Geuskens R, de Feyter PJ, van den Brand M, Reiber JH, ten
Katen HJ, van Es GA, Hugenholtz PG. Incidence of restenosis after successful coronary
angioplasty: a time-related phenomenon. A quantitative angiographic study in 342 consecutive
patients at 1, 2, 3, and 4 months. Circulation. Feb 1988;77(2):361-371.

40.

Dimas AP, Grigera F, Arora RR, Simpfendorfer CC, Hollman JL, Frierson JH, Franco I, Whitlow
PL. Repeat coronary angioplasty as treatment for restenosis. J Am Coll Cardiol. May
1992;19(6):1310-1314.

59

Table 4.1 Baseline characteristics associated with repeat revascularization after
successful initial PTCA

No. of
Patients
(N=1606)
BARI study
Gender
Age
Race
Education

Repeat
Procedure
(n=913)

Pvalue *

717
889

56%
58%

Female
Male

432
1174

50%
60%

< 65 y/o
≥ 65 y/o

992
614

61%
51%

<0.001

White
Non-white

1481
125

57%
54%

0.56

< High school
≥ High school

1019
566

55%
60%

0.09

Randomized trial
Registry

0.44

<0.001

Prior MI

No
Yes

773
815

58%
56%

0.34

CHF

No
Yes

1499
103

57%
49%

0.08

PVD

No
Yes

1363
237

58%
54%

0.26

Hypertension

No
Yes

825
778

56%
58%

0.55

Treated Diabetes

No
Yes

1327
279

56%
62%

0.04

Renal Dysfunction

No
Yes

1569
35

57%
57%

0.98

478
724
404

65%
53%
54%

<0.001

1539
64

58%
36%

<0.001

Stable/ Non-Q-MI
Unstable

768
838

54%
59%

0.03

No
Yes

992
611

55%
60%

0.03

Smoking History

ST Elevation
Angina Status
Angina Duration ≥ 1YR

Never
Former
Current
No
Yes

Row percentages are presented.
* P-values are based on chi-square test
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Table 4.2 Baseline and procedural angiographic factors associated with repeat
revascularization

Myocardial Jeopardy Index ‡

Ejection Fraction <50%
Vessel Disease

< 50%
50-65%
66-100%

No. of
Patients

Repeat
Procedure

(N=1606)

(n=913)

Pvalue*

473
613
520

51%
57%
61%

0.01

No
Yes

1194
248

57%
56%

0.79

Double
Triple

1101
470

55%
61%

0.04

Pvalue†

Diseased Vessels

LAD & LCx only
LAD & RCA only
LCx & RCA only
LAD & LCx & RCA

379
390
332
470

60%
54%
52%
61%

0.02

LAD Disease

No
Yes/ None Attempted
Yes/ ≥ 1 Attempted

358
213
1035

52%
62%
58%

0.05

0.03

LCx Disease

No
Yes/ None Attempted
Yes/ ≥ 1 Attempted

408
268
930

54%
59%
57%

0.38

0.21

Proximal Disease

No
Yes/ None Attempted
Yes/ ≥ 1 Attempted

516
167
923

56%
56%
58%

0.75

0.49

Proximal LAD Disease

No
Yes/ None Attempted
Yes/ ≥ 1 Attempted

1033
80
493

55%
61%
61%

0.06

0.02

Any Total Occlusions

No
Yes/ None Attempted
Yes/ ≥ 1 Attempted

1048
380
178

58%
53%
59%

0.24

0.28

Any Diffuse Lesions

No
Yes/ None Attempted
Yes/ ≥ 1 Attempted

1169
424
13

56%
60%
62%

0.26

0.10

Partial
Total

161
1443

60%
57%

0.45

No
Yes

615
991

54%
58%

0.13

0
1
2
3+

615
578
275
138

54%
59%
57%
57%

0.47

Angiographic Success
Incomplete Revascularization
No. of Significant Lesions
Remaining

Row percentages are presented.
* Chi-square test p-value compares the presented categories; † Chi-square test p-value compares presence
versus absence of the lesion characteristic; ‡ Cochran-Armitage trend test p<0.01.
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Table 4.3 Cox model estimates for the first repeat revascularization event

Adjusted
RR

95% CI

P-value

Male

1.44

1.23 - 1.69

<0.001

Diabetes

1.46

1.24 - 1.73

<0.001

Renal dysfunction

1.51

0.97 - 2.36

0.07

Age ≥ 65 years

0.82

0.71 - 0.94

<0.01

Smoking history

0.70

0.61 - 0.81

<0.001

ST elevation

0.47

0.31 - 0.71

<0.001

Unstable angina

1.16

1.02 - 1.32

0.03

Proximal LAD disease

1.25

1.09 - 1.42

<0.01

Diffuse disease

1.18

1.02 - 1.37

0.02

Incomplete revascularization

1.13

0.99 - 1.30

0.07

RR indicates relative risk; CI confidence interval
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Table 4.4 PWP model estimates for multiple repeat revascularization events

Event
Number

RR (95% CI)

P-value

P-value* for
Equal Assoc

1
2
3

1.44 (1.23-1.69)
1.00 (0.78-1.28)
0.64 (0.45-0.91)

<0.001
0.97
0.01

<0.001

Diabetes

1.43 (1.25-1.64)

<0.001

-

Renal dysfunction

1.75 (1.27-2.41)

<0.001

-

Age ≥ 65 years

0.84 (0.75-0.94)

<0.01

-

0.71 (0.61-0.81)
0.96 (0.79-1.15)

<0.001
0.63

0.01

ST elevation

0.52 (0.37-0.74)

<0.001

-

Unstable angina

1.15 (1.04-1.28)

0.01

-

1.24 (1.09-1.42)
0.95 (0.79-1.14)

<0.01
0.58

0.02

1.13 (1.01-1.27)

0.03

-

1.13 (0.99-1.30)
0.86 (0.72-1.03)

0.07
0.09

0.01

Male

Smoking history

Proximal LAD disease

1
2 and 3

1
2 and 3

Diffuse disease
Incomplete Revascularization

1
2 and 3

PWP indicates Prentice-Williams-Peterson; RR relative risk; CI confidence interval
*

P-value tests the null hypothesis that the respective predictor has the same impact on all repeat
revascularization events.
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5.1

INTRODUCTION

Patients with type 2 diabetes represent approximately 25% of the 1.5 million coronary revascularizations
performed annually in the United States.1-4

Diabetic patients, compared to those without diabetes,

experience worse short- and long-term outcomes after both coronary artery bypass graft (CABG) surgery
and percutaneous coronary intervention (PCI);4-6 hence, trying to determine which is the more appropriate
strategy in diabetic patients requiring coronary revascularization is a complex issue. The original BARI
trial was instrumental in shedding light on the issue in reporting a significantly lower long-term mortality
in patients with diabetes and multivessel disease who underwent initial revascularization with CABG
versus balloon-only PCI.7 Similarly, the benefit of CABG was greater in patients with more extensive
coronary disease.8 These findings, particularly the former, prompted the National Heart, Lung, and Blood
Institute (NHLBI) to issue a Clinical Alert recommending CABG over balloon angioplasty in patients
with treated diabetes and multivessel CAD.9
In the years since BARI results were first reported, advances in PCI technology and adjunctive
therapy have significantly improved peri-procedural and short-term outcomes. Use of glycoprotein (Gp)
IIb/IIIa receptor inhibitors10, 11 and drug-eluting stents,12-15 in particular, have significantly decreased the
rate of restenosis and other indications of early failure, and also improved short-term survival. In
addition, there has been an increasing appreciation for the critical role of intensive medical management
of atherosclerosis. Aggressive glycemic control,16-18 lipid-lowering agents,19, 20 beta-blockers,21 and ACE
inhibitors22 have been shown to significantly lower cardiovascular events and mortality, and long-term
use has become standard for patients undergoing coronary revascularization. These developments have
overcome some of the main limitations of traditional balloon angioplasty, including: high incidence of
restenosis,23 inability to achieve a more complete revascularization,24 and accelerated progression of
atherosclerosis.25-27 Although data from randomized trials and long-term studies are not yet available,
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current trends indicate that these improvements may offset the advantage of CABG over PCI among
patients with diabetes and multivessel CAD.
The current ACC/AHA guidelines on coronary revascularization are generally based on CAD
severity, coronary anatomy and lesion morphology, as well as patient risk factors such as age.28, 29 For
patients with diabetes, CABG is preferred over PCI in the presence of left main disease, multivessel CAD
involving the proximal left anterior descending (LAD) artery and moderate to severe symptoms.
Although there are no clear recommendations for less severe indications, CABG is considered the
standard treatment for non-selected patients with diabetes and multivessel disease.26 Introduction of
intracoronary stents and other developments have not changed recommendations for patients with either
mild or very severe CAD; individuals with limited disease are generally treated with PCI and those with
extensive disease are referred for CABG.

But for the subset of patients with diabetes and stable

multivessel disease whose risk profiles fall somewhere in between these ends of the spectrum, the
decision is less straightforward. In the absence of compelling evidence to choose one revascularization
treatment over another, clinicians make a judgment based on multiple patient-specific factors including:
(i) anticipated feasibility of PCI to successfully dilate ischemia-producing lesions; (ii) prior medical
history that may impact clinical outcome; and (iii) patient preference. While this global patient-specific
assessment may appear straightforward, it is noteworthy that significant regional (i.e. geographic)
differences in the treatment of ischemic heart disease have been previously described,30-32 indicating that
both patient-level and contextual (e.g. geographic region, clinical center) factors guide treatment
decisions. This ambiguity exists among patients with diabetes and stable CAD where there is little
consensus regarding the optimal method of revascularization, and factors influencing this decision are
poorly understood.
Therefore, the purpose of this study was to investigate factors associated with the decision to
perform CABG versus PCI in patients with diabetes and stable multivessel disease in the Bypass
Angioplasty Revascularization Investigation 2 Diabetes (BARI 2D) trial. An important feature of this
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analysis was to describe how much of this decision-making process is driven by geographic region alone,
independent of individual patient-level factors.

5.2

5.2.1

METHODS

Study Design

BARI 2D is a randomized clinical trial designed to simultaneously compare 2 treatment strategies in
patients with type 2 diabetes and stable CAD: (i) coronary revascularization plus aggressive medical
therapy versus aggressive medical therapy alone with the option for delayed revascularization for
treatment of CAD; and (ii) an insulin-providing strategy versus insulin-sensitizing strategy for treatment
of diabetes. A detailed description of the study has been published previously.33 In brief, eligibility
criteria included angiographically documented CAD involving at least one coronary vessel (≥50%
stenosis) suitable for treatment with either medical therapy alone or elective revascularization by either
CABG or PCI. Patients requiring coronary revascularization for prompt relief of symptoms were not
eligible. Exclusion criteria included severe left main disease and prior CABG or PCI in the past 12
months. Participants were enrolled from 49 clinical sites in the United States, Canada, Czech Republic,
Austria, Brazil, and Mexico from January 1, 2001 until March 31, 2005.
Although patients were randomly assigned to either immediate coronary revascularization plus
intensive medical therapy or intensive medical therapy alone, selection of the revascularization strategy
was at the discretion of the treating physicians. Moreover, all patients were evaluated to determine
suitability for CABG or PCI, and prior to randomization, clinicians declared the intention to perform
either CABG or PCI if the patient were ultimately randomized to the invasive intervention arm. In the
present analysis, we were primarily interested in factors related to the decision to perform CABG (versus
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PCI). Therefore, CABG and PCI revascularization strategies indicate the treatment that was intended
prior to randomization, and not treatment that was ultimately received.
Baseline angiographic data were assessed locally by the clinical sites as well as a centralized core
laboratory (Stanford University). Since clinicians based patient eligibility and the CABG versus PCI
decision on site (non-core) evaluations, we first considered the use of angiographic data based on site
interpretation. However, because only limited angiographic data were recorded by clinical sites on the
case report forms, we secondarily used angiographic variables from the core lab that were not recorded by
site evaluations, under the assumption that these characteristics were recognized and considered by
clinicians during the initial evaluation. Patients with ≥80% missing baseline data were excluded from the
overall analysis (n=47).
The myocardial jeopardy index (MJI) was a core laboratory measurement which reflects
percentage of the myocardium that was jeopardized by significant lesions at baseline.34 Because MJI did
not take into account previously revascularized lesions that were patent, it did not reflect cumulative
burden of coronary disease. Therefore, patients with prior PCI (n=285) were excluded in the presentation
of MJI data.
Our primary interest was to evaluate factors related to the selection of CABG over PCI in
moderate to high-risk patients with diabetes and stable CAD, for whom there is little consensus regarding
optimal treatment. Since this decision is inherently biased toward PCI in patients who have previously
undergone CABG, we excluded this subset (n=149). At the other extreme, patients with stable single
vessel CAD, irrespective of the presence or absence of diabetes, are usually referred for PCI; therefore,
this subgroup was also excluded from the analysis (n=601). By virtue of these selection criteria, which
limited the analysis to patients with diabetes and multivessel CAD, this gave us an opportunity to
indirectly evaluate the impact of the original BARI results on contemporary practice, a decade after the
NHLBI issued a Clinical Alert regarding the superiority of CABG over balloon angioplasty in this patient
population.
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5.2.2

Statistical Methods

We started the analysis by examining selection of revascularization strategy by geographical region
irrespective of patient characteristics. Although the percentage of CABG-intended patients varied across
countries outside of the US (e.g. Canada versus Brazil), US versus non-US regions provided the most
informative comparison, given the wide range in the numbers of patients within sites and sites within
regions. Patient characteristics related to the decision to perform CABG were then assessed separately for
US and non-US regions. Baseline clinical and angiographic characteristics were compared using the Chisquare test for categorical variables and the Cochran-Armitage trend test for ordinal variables.
Since patients were nested in clinical sites, and sites were nested in regions, we assessed the
degree of correlation in treatment selection within and between individual clinical sites by fitting
covariance patterns (residuals) using generalized estimating equations (GEE).35 Preliminary analyses
revealed considerable amount of correlation in our data, and we decided that multilevel modeling using
GEE was the appropriate statistical procedure for multivariable analysis, which accounts for correlation
and provides more accurate error estimates, resulting in p-values and confidence intervals that are
unbiased with respect to correlation.36 However, since our GEE modeling software did not support a
forward selection procedure, the multivariable model was initially built using standard logistic
regression,37 ignoring clustering in our data. We expected this to result in erroneously low p-values, and
therefore, a p-value cutoff of 0.01 was applied throughout the model-building procedure. In the final step,
data were re-fitted using GEE.
Patient characteristics associated with the decision to perform CABG were identified using
logistic regression by running 4 separate forward selections, one for each category of baseline variables:
clinical, baseline medications, site angiographic data, and core lab angiographic data. We fitted a final
forward selection procedure with patient-level characteristics identified in the previous steps as candidate
variables. Region, a higher-level predictor, was then added to the model. In order to avoid imprecise
estimates, we combined Canada and Europe, and also Brazil and Mexico, on the basis of similarities in
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health care delivery systems as well as percentage of CABG-intended patients observed in this study.
Therefore, geographic region was included in the final model as a 3-level variable (Canada and Europe;
and Brazil and Mexico versus US). Variables with p>0.01 were subsequently removed using backward
selection, and variables remaining in the model were assessed for multiple collinearity.

Statistical

interactions were initially tested between US (versus non-US) region and each variable in the main effects
model. Any interaction terms with p<0.01 were tested in a second model with region as a 3-level
variable, and only interactions with p<0.01 were retained in the final model. In the last step of the
multivariable analysis, the data were refitted using GEE which accounted for between- and within-site
correlations.
Missing values (<1% of values) for covariates included in the final multivariate model were set to
zero for binary variables; thus, dichotomous covariates may be interpreted as the known presence of the
respective characteristic. Estimates for odds ratios (OR), 95% confidence intervals (CI), and p-values are
reported, and P<0.05 are considered statistically significant. All statistical analyses were performed using
SAS 9.1 (Cary, NC).

5.3

5.3.1

RESULTS

Regional Variation in the Decision to Perform CABG versus PCI

Of the 2368 patients with diabetes enrolled in the BARI 2D trial, 1592 with multivessel disease and no
prior history of CABG were included in this analysis. Patients were enrolled across 40 clinical sites in the
US (n=910) and 9 sites in other parts of the world (n=682). As seen in Table 1.1, the decision to perform
CABG versus PCI was made twice as often in patients seen outside of the US compared to those in the
US (61% vs. 31%, P<0.001). The percentage of CABG-intended patients in regions outside of the US
ranged from 47% in Canada, 56% in Europe, 73% in Brazil, and 76% in Mexico.

Selection of
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revascularization strategy differed significantly across the 5 geographic regions (P<0.001).

GEE

covariance estimates indicated that 29% of the variation in treatment decision was explained by US vs.
non-US sites irrespective of patient characteristics; further distinguishing between the 4 non-US regions
explained a slightly higher 34% of the variation.
To assess whether the substantial geographic variability in selection of revascularization strategy
was due simply to patient differences in CAD severity between regions, we compared the percentage of
CABG-intended patients across increasing levels of the myocardial jeopardy index (MJI) within- and
outside of the US (Figure 5.1).

100

US (n=714)

80

Percentage of
CABG-Intended
Patients

Non-US (n=593)

78%
70%
60%

60

51%
45%

47%

40

25%
20

0

15%
n=226 n=104

n=177 n=151

n=165 n=166

n=146 n=172

Q10-38%
(0-38%)

Q239–52%
(39-52%)

Q353-70%
(53-70%)

Q4 71-100%
(71-100%)

Myocardial Jeopardy Index Quartiles

Excludes patients with prior PCI (n=285)

Figure 5.1 Intention to perform CABG within myocardial jeopardy quartiles in US and
non-US sites

In both regions, the decision to perform CABG increased as disease burden increased, but within each
MJI quartile, patients in the US were much less likely to be referred for surgical treatment compared to
those in other countries (P<0.001).
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* Correlation coefficient (R) calculated for clinical sites with 10 or more patients

Figure 5.2 Variation across clinical sites in the percentage of CABG-intended patients by
median myocardial jeopardy index

Geographic region alone, however, did not explain all of the discordance. As seen in Figure 5.2,
the median patient MJI at each clinical site was associated with the percentage of CABG-intended
patients at each site (correlation coefficient R=0.53), yet there remained substantial variability in the
decision to perform CABG across BARI 2D sites in both regions and at low and high levels of MJI.
Among clinical sites with 10 or more patients, the percentage of CABG-intended patients varied from 0%
to 74%, and notably, there were 3 sites (2 US and 1 non-US) in which no patients were recommended for
CABG irrespective of the percentage of jeopardized myocardium.
We considered that this decision making process, particularly the US versus non-US variation,
may have been influenced by factors related to the clinical sites per se rather than characteristics of
individual patients. Unfortunately, very limited site-level data were collected in BARI 2D, including the
ratio of surgeons to PCI operators, availability of off-pump surgery, and whether or not conduits other
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than internal mammary artery and saphenous vein grafts (or ‘alternate conduits’) were used. Assessment
of these site-specific characteristics as possible predictors of the treatment decision indicated minimal to
no influence (data not shown).

5.3.2

Patient Characteristics Associated with CABG Selection

Patient characteristics related to intended revascularization with CABG (versus PCI) are presented in
Table 5.2 for all patients, and separately for those in US and non-US regions. In the overall cohort,
patients who were Hispanic or white (race), without a prior PCI and not taking anti-platelet agents at
baseline were more likely to be recommended for CABG. In the US, patients who were male, age 65
years and older, and without a history of stroke or transient ischemic attacks were more likely to be
deemed most suitable for surgical revascularization. These factors did not influence treatment selection
outside of the US.

Instead, demographic and clinical characteristics in non US regions that were

associated with the decision to perform CABG included lower education, prior MI, and hypertension.
Angiographic characteristics associated with the decision to perform CABG are presented in
Table 5.3. The prevalence of triple vessel disease was 53% overall, and nominally lower in the US
compared to other regions (50% vs. 57%, respectively). Overall, angiographic factors related to treatment
selection were consistent across US and non-US regions. Diabetic patients with triple (versus double)
vessel disease were more likely to be recommended for CABG (p<0.001).

Other angiographic

characteristics associated with intended surgical revascularization included: number of vessels with ≥70%
stenosis, increasing MJI, significant (≥50%) LAD and proximal LAD disease, presence of total occlusions
and non-discrete lesions, and total number of lesions (irrespective of severity). Increasing number of
class C lesions and significant lesions (≥50% or ≥70% stenosis), particularly those involving a proximal
segment, were also associated with an increased likelihood of intended treatment with CABG. One
angiographic factor that differed in its predictive value between the two regions was depressed left
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ventricular function. Despite a very low prevalence of 5% in the overall cohort, ejection fraction <40%
was related to recommendation for CABG in the US but not in non-US regions.

5.3.3

Multivariable Analysis Results

Adjusted odds of the intention to perform CABG versus PCI estimated using GEE are presented in Table
5.4. Among patients with diabetes and multivessel disease, angiographic characteristics indicating extent
and severity of CAD were highly predictive of recommendation for CABG over PCI. The odds of
selecting CABG was significantly higher among patients with triple (vs. double) vessel disease
(OR=3.64, 95% CI 2.85-4.64; p<0.001) and presence (vs. absence) of proximal LAD stenosis ≥50%
(OR=1.80, 95% CI 1.15-2.80; p=0.01), LAD stenosis ≥70% (OR=2.46, 95% CI 1.96-3.09; p<0.001), total
occlusions (OR=1.78, 95% CI 1.30-2.44; p<0.001), and increasing number of class C lesions (OR=1.61,
2.13, and 3.62 for 1, 2, and 3+ lesions (vs. 0); all p<0.001). Several demographic and clinical factors
were also predictive of treatment selection. The odds of selecting CABG over PCI was significantly
higher in men (OR=1.25, 95% CI 1.03-1.51; p=0.02) and patients >65 years old (OR=1.38, 95% CI 1.111.73; p<0.01). Patients who had undergone prior PCI and those using antiplatelet agents were less likely
to be recommended for CABG (OR=0.50, 95% CI 0.39-0.64, p<0.001; and OR=0.68, 95% CI 0.50-0.92,
p=0.01, respectively).

Independent of patient characteristics, this decision making process was

significantly influenced by geographic region. Compared to the US, the odds of selecting CABG was
significantly higher among patients seen in Canada and Europe (OR=1.81, 95% CI 1.03-3.20; p=0.04)
and more than 4-times higher in Brazil and Mexico (OR=4.71, 95% CI 3.23-6.87; p<0.001).
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5.4

DISCUSSION

In the present study, we evaluated factors influencing the selection of coronary revascularization strategy
in patients with diabetes and stable multivessel disease in the BARI 2D trial. As expected, the decision to
perform CABG over PCI was driven largely by angiographic features, reflecting existing limitations of
PCI under certain anatomic circumstances, such as severe 3-vessel disease and total occlusions.
Moreover, several angiographic characteristics that were closely related were independently predictive of
treatment selection, suggesting that patient’s anatomy is considered in aggregate in the treatment decision.
For example, on average, patients with a total occlusion and a class C lesion are more likely to be
recommended for CABG than patients with a single total occlusion alone.
In addition, several non-angiographic characteristics influenced treatment selection. In BARI 2D,
men were more likely to be referred for CABG. It is well-recognized that women undergoing surgical
revascularization experience worse perioperative outcomes compared to men,38-41 and female gender has
been identified as an independent risk factor in both the Society for Thoracic Surgeons risk modeling42
and the EuroSCORE risk algorithm.43 Clinicians may have taken this into consideration when deciding
on treatment strategy. We also found that older age was associated with CABG selection. Although
previous studies have shown old age to be a deterrent against surgical revascularization, BARI 2D has an
inclusion criteria of 5-year expected survival and stable presenting clinical status; hence, age was
apparently not judged to be a contra-indication to bypass surgery in this trial.
Patients who had undergone prior PCI and those using antiplatelet agents at baseline were less
likely to be recommended for CABG. Per BARI 2D inclusion criteria, any previous revascularizations
had to be at least one year prior to study enrollment, indicating that the most recent PCI was most likely
initially successful without immediate need for re-intervention. In these patients, it is possible that
clinicians and patients would be inclined to attempt PCI again. As for current patient use of antiplatelet
agents, physician concern over an increased risk of perioperative bleeding is a possible explanation for
selecting the less invasive percutaneous approach.
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Importantly, not all factors influencing this decision-making process were features unique to
individual patients, but rather, simply the individual clinical centers and geographic regions where
patients were seen. Patients seen in countries outside of the US were much more likely to be selected for
CABG compared to US patients even after taking into account differences in presenting profiles and
disease severity. By covariance estimation, about one-third of the treatment decision process was made
simply by the geographic region in which patients were seen. Moreover, even within individual regions,
there were clear site differences in the preference for recommending CABG over PCI. These findings
illustrate that in the absence of firm, unequivocal treatment guidelines, physician discretion plays a large
role in determining patient revascularization treatment, and that factors (unidentified) associated with
clinical centers and geographic regions augment, and possibly override, individual patient characteristics
when there is no obvious clinical advantage for CABG over PCI.

5.4.1

Possible Explanations for Geographic Variation in Treatment Selection

Despite our in-depth multivariable analysis, it remains possible that regional variation in the decision to
perform CABG over PCI can be explained primarily by intrinsic differences in patient risk profiles.
Patients in the US (compared to those in other countries) did have, on average, less severe CAD and were
slightly older and more educated, all of which seemingly influenced the more frequent recommendation
for the less invasive and lower risk PCI. However, on the basis of our extensive individual-level dataset,
differences in the distribution of the patient characteristics alone between US and non-US regions did not
fully explain the variation in treatment decision. The greater reluctance to perform CABG in the US was
demonstrated at every level of disease burden, and even after adjusting for patient characteristics and
accounting for correlation within sites, region remained a strong independent predictor of treatment
selection. Thus, we conclude that it is unlikely that the substantial influence of individual clinical center
and geographic region on the selection of revascularization strategy is confounded by individual patient
factors that were either not measured or controlled for in our analysis.
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How might characteristics of the clinical centers and regions have played an influential role in the
treatment decision of CABG versus PCI? First, differential access to invasive cardiac procedures outside
of a research setting (such as BARI 2D) may be a factor. Previous studies have attributed the higher
number of cardiac procedures performed in the US (compared to other countries) to greater availability of
these procedures in the US.30, 32 Given the potential for less, or delayed, accessibility to interventional
procedures outside of the US (e.g. repeat procedures), we can speculate a predisposition toward
recommending CABG, the more durable procedure, at centers outside of the US.

This may be

particularly likely given the higher rates of repeat revascularizations, primarily to treat target-vessel
restenosis, among patients with diabetes following PCI.44
It is also possible that our observed site and regional variation in recommending CABG versus
PCI was driven by unique characteristics of individual clinical centers, rather than geographic region per
se. However, in BARI 2D, participating clinical sites had to meet minimal study-specific certification
requirements for both PCI and CABG, including annual case volume. Thus, all participating centers were
fully proficient in performing PCI and CABG. Moreover, among the few site-level variables collected,
including the ratio of CABG surgeons to PCI operators, we found no association of such factors with
treatment selection. Thus, there were no readily identifiable factors specific to individual clinical centers
that appeared to influence treatment selection. Nonetheless, we cannot exclude unmeasured clinical and
“corporate” climate, as well as financial considerations of individual hospitals, as being influential in the
revascularization selection process.
Because the original BARI trial pre-dated the use of drug-eluting stents, Gp IIb/IIIa inhibitors,
and other advances in coronary intervention, its recommendation for CABG over conventional balloon
angioplasty in diabetic patients may have limited applicability to contemporary practice. McGuire and
colleagues evaluated the influence of BARI results on practice patterns in the US two years after the
Clinical Alert was issued.45 They reported significant variability in revascularization strategy used to treat
patients with diabetes and multivessel CAD and concluded that the original BARI results did not have an
impact on practice patterns in the US. Nearly 10 years later, we find in the BARI 2D trial that there is
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still little consensus regarding the most appropriate method of revascularization in diabetic patients with
stable multivessel disease.

We will look to the FREEDOM trial to help elucidate the optimal

revascularization strategy in this high-risk population.

5.4.2

Study Limitations

Two issues may limit the generalizeability of our results. First, enrollment in the BARI 2D trial occurred
as the first generation of drug eluting stents was introduced. Current trends demonstrate that indications
for percutaneous intervention with DES have expanded to include patients who, historically, would have
been treated with bypass surgery. This decision-making process continues to evolve since BARI 2D
started, which may limit the relevance of our findings. Second, participating clinical sites in this trial are
established centers of excellence that deliver quality medical care both in and outside of the US. As a
result, practice patterns in these centers may not reflect general practice, which often include smaller
community-based hospitals. In addition, our investigators and patients from Brazil and Mexico were
from a single center, and it is unclear how representative these particular sites are of their respective
countries at large. However, since the choice of revascularization strategy was at the discretion of local
physicians, the decision to perform CABG observed in BARI 2D study centers likely reflect usual
practice in these particular centers.

5.5

CONCLUSION

Among patients with diabetes and stable multivessel CAD in the BARI 2D trial, the decision to perform
CABG over PCI was related to angiographic features associated with extent, location, and nature of CAD,
as well as demographic and clinical factors. However, patient characteristics were not absolute in
determining the method of revascularization. Treatment selection was also influenced by geographic
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region, with a greater propensity to recommend PCI in the US. There was substantial variation in
treatment selection across geographic regions, and among clinical sites within regions, indicating that
physician discretion plays an important role in this decision making process.

5.6

ACKNOWLEDGEMENT

The BARI 2D trial is funded by the National Heart, Lung, and Blood Institute grant numbers HL061746,
HL061748, HL063804, and the National Institute of Diabetes and Digestive and Kidney Diseases grant
number HL061744, with significant supplemental funding from GlaxoSmithKline (Collegeville,
Pennsylvania) and additional financial support from Bristol-Myers Squibb Medical Imaging, Inc. (North
Billerica, Massachusetts), Astellas Pharma US, Inc. (Deerfield, Illinois), and Pfizer Inc. (New York, New
York).

79

5.7

REFERENCES

1.

Barsness GW, Peterson ED, Ohman EM, Nelson CL, DeLong ER, Reves JG, Smith PK,
Anderson RD, Jones RH, Mark DB, Califf RM. Relationship between diabetes mellitus and longterm survival after coronary bypass and angioplasty. Circulation. Oct 21 1997;96(8):2551-2556.

2.

Henderson RA, Pocock SJ, Sharp SJ, Nanchahal K, Sculpher MJ, Buxton MJ, Hampton JR.
Long-term results of RITA-1 trial: clinical and cost comparisons of coronary angioplasty and
coronary-artery bypass grafting. Randomised Intervention Treatment of Angina. Lancet. Oct 31
1998;352(9138):1419-1425.

3.

King SB, 3rd, Lembo NJ, Weintraub WS, Kosinski AS, Barnhart HX, Kutner MH, Alazraki NP,
Guyton RA, Zhao XQ. A randomized trial comparing coronary angioplasty with coronary bypass
surgery. Emory Angioplasty versus Surgery Trial (EAST). N Engl J Med. Oct 20
1994;331(16):1044-1050.

4.

Kip KE, Faxon DP, Detre KM, Yeh W, Kelsey SF, Currier JW. Coronary angioplasty in diabetic
patients. The National Heart, Lung, and Blood Institute Percutaneous Transluminal Coronary
Angioplasty Registry. Circulation. Oct 15 1996;94(8):1818-1825.

5.

Alderman EL, Corley SD, Fisher LD, Chaitman BR, Faxon DP, Foster ED, Killip T, Sosa JA,
Bourassa MG. Five-year angiographic follow-up of factors associated with progression of
coronary artery disease in the Coronary Artery Surgery Study (CASS). CASS Participating
Investigators and Staff. J Am Coll Cardiol. Oct 1993;22(4):1141-1154.

6.

Thourani VH, Weintraub WS, Stein B, Gebhart SS, Craver JM, Jones EL, Guyton RA. Influence
of diabetes mellitus on early and late outcome after coronary artery bypass grafting. Ann Thorac
Surg. Apr 1999;67(4):1045-1052.

7.

Comparison of coronary bypass surgery with angioplasty in patients with multivessel disease.
The Bypass Angioplasty Revascularization Investigation (BARI) Investigators. N Engl J Med. Jul
25 1996;335(4):217-225.

8.

Detre KM, Lombardero MS, Brooks MM, Hardison RM, Holubkov R, Sopko G, Frye RL,
Chaitman BR. The effect of previous coronary artery bypass surgery on the prognosis of patients
with diabetes who have acute myocardial infarction. Bypass Angioplasty Revascularization
Investigation Investigators. N Engl J Med. Apr 6 2000;342(14):989-997.

9.

National Heart L, and Blood Institute. Bypass over angioplasty for patients with diabetes.
Available at: http://www.nlm.nih.gov/databases/alerts/bypass_diabetes.html. Accessed July 27,
2006.

10.

Bhatt DL, Marso SP, Lincoff AM, Wolski KE, Ellis SG, Topol EJ. Abciximab reduces mortality
in diabetics following percutaneous coronary intervention. J Am Coll Cardiol. Mar 15
2000;35(4):922-928.

80

11.

Roffi M, Chew DP, Mukherjee D, Bhatt DL, White JA, Heeschen C, Hamm CW, Moliterno DJ,
Califf RM, White HD, Kleiman NS, Theroux P, Topol EJ. Platelet glycoprotein IIb/IIIa inhibitors
reduce mortality in diabetic patients with non-ST-segment-elevation acute coronary syndromes.
Circulation. Dec 4 2001;104(23):2767-2771.

12.

Holmes DR, Jr., Leon MB, Moses JW, Popma JJ, Cutlip D, Fitzgerald PJ, Brown C, Fischell T,
Wong SC, Midei M, Snead D, Kuntz RE. Analysis of 1-year clinical outcomes in the SIRIUS
trial: a randomized trial of a sirolimus-eluting stent versus a standard stent in patients at high risk
for coronary restenosis. Circulation. Feb 10 2004;109(5):634-640.

13.

Moses JW, Leon MB, Popma JJ, Fitzgerald PJ, Holmes DR, O'Shaughnessy C, Caputo RP,
Kereiakes DJ, Williams DO, Teirstein PS, Jaeger JL, Kuntz RE. Sirolimus-eluting stents versus
standard stents in patients with stenosis in a native coronary artery. N Engl J Med. Oct 2
2003;349(14):1315-1323.

14.

Moussa I, Leon MB, Baim DS, O'Neill WW, Popma JJ, Buchbinder M, Midwall J, Simonton CA,
Keim E, Wang P, Kuntz RE, Moses JW. Impact of sirolimus-eluting stents on outcome in
diabetic patients: a SIRIUS (SIRolImUS-coated Bx Velocity balloon-expandable stent in the
treatment of patients with de novo coronary artery lesions) substudy. Circulation. May 18
2004;109(19):2273-2278.

15.

Stone GW, Ellis SG, Cox DA, Hermiller J, O'Shaughnessy C, Mann JT, Turco M, Caputo R,
Bergin P, Greenberg J, Popma JJ, Russell ME. One-year clinical results with the slow-release,
polymer-based, paclitaxel-eluting TAXUS stent: the TAXUS-IV trial. Circulation. Apr 27
2004;109(16):1942-1947.

16.

Effect of intensive diabetes management on macrovascular events and risk factors in the Diabetes
Control and Complications Trial. Am J Cardiol. May 1 1995;75(14):894-903.

17.

The effect of intensive treatment of diabetes on the development and progression of long-term
complications in insulin-dependent diabetes mellitus. The Diabetes Control and Complications
Trial Research Group. N Engl J Med. Sep 30 1993;329(14):977-986.

18.

Intensive blood-glucose control with sulphonylureas or insulin compared with conventional
treatment and risk of complications in patients with type 2 diabetes (UKPDS 33). UK Prospective
Diabetes Study (UKPDS) Group. Lancet. Sep 12 1998;352(9131):837-853.

19.

Colhoun HM, Betteridge DJ, Durrington PN, Hitman GA, Neil HA, Livingstone SJ, Thomason
MJ, Mackness MI, Charlton-Menys V, Fuller JH. Primary prevention of cardiovascular disease
with atorvastatin in type 2 diabetes in the Collaborative Atorvastatin Diabetes Study (CARDS):
multicentre randomised placebo-controlled trial. Lancet. Aug 21-27 2004;364(9435):685-696.

20.

Collins R, Armitage J, Parish S, Sleigh P, Peto R. MRC/BHF Heart Protection Study of
cholesterol-lowering with simvastatin in 5963 people with diabetes: a randomised placebocontrolled trial. Lancet. Jun 14 2003;361(9374):2005-2016.

21.

Jonas M, Reicher-Reiss H, Boyko V, Shotan A, Mandelzweig L, Goldbourt U, Behar S.
Usefulness of beta-blocker therapy in patients with non-insulin-dependent diabetes mellitus and
coronary artery disease. Bezafibrate Infarction Prevention (BIP) Study Group. Am J Cardiol. Jun
15 1996;77(15):1273-1277.

81

22.

Effects of ramipril on cardiovascular and microvascular outcomes in people with diabetes
mellitus: results of the HOPE study and MICRO-HOPE substudy. Heart Outcomes Prevention
Evaluation Study Investigators. Lancet. Jan 22 2000;355(9200):253-259.

23.

Carrozza JP, Jr., Kuntz RE, Fishman RF, Baim DS. Restenosis after arterial injury caused by
coronary stenting in patients with diabetes mellitus. Ann Intern Med. Mar 1 1993;118(5):344-349.

24.

Gum PA, O'Keefe JH, Jr., Borkon AM, Spertus JA, Bateman TM, McGraw JP, Sherwani K,
Vacek J, McCallister BD. Bypass surgery versus coronary angioplasty for revascularization of
treated diabetic patients. Circulation. Nov 4 1997;96(9 Suppl):II-7-10.

25.

Ellis SG, Narins CR. Problem of angioplasty in diabetics. Circulation. Sep 16 1997;96(6):17071710.

26.

O'Neill WW. Multivessel balloon angioplasty should be abandoned in diabetic patients! J Am
Coll Cardiol. Jan 1998;31(1):20-22.

27.

Rozenman Y, Sapoznikov D, Mosseri M, Gilon D, Lotan C, Nassar H, Weiss AT, Hasin Y,
Gotsman MS. Long-term angiographic follow-up of coronary balloon angioplasty in patients with
diabetes mellitus: a clue to the explanation of the results of the BARI study. Balloon Angioplasty
Revascularization Investigation. Nov 15 1997;30(6):1420-1425.

28.

Smith SC, Jr., Dove JT, Jacobs AK, Kennedy JW, Kereiakes D, Kern MJ, Kuntz RE, Popma JJ,
Schaff HV, Williams DO, Gibbons RJ, Alpert JP, Eagle KA, Faxon DP, Fuster V, Gardner TJ,
Gregoratos G, Russell RO, Smith SC, Jr. ACC/AHA Guidelines for Percutaneous Coronary
Intervention (Revision of the 1993 PTCA Guidelines)--Executive Summary: A Report of the
American College of Cardiology/American Heart Association Task Force on Practice Guidelines
(Committee to Revise the 1993 Guidelines for Percutaneous Transluminal Coronary Angioplasty)
Endorsed by the Society for Cardiac Angiography and Interventions. Circulation. June 19, 2001
2001;103(24):3019-3041.

29.

Eagle KA, Guyton RA, Davidoff R, Ewy GA, Fonger J, Gardner TJ, Gott JP, Herrmann HC,
Marlow RA, Nugent WC, O'Connor GT, Orszulak TA, Rieselbach RE, Winters WL, Yusuf S,
Gibbons RJ, Alpert JS, Eagle KA, Gardner TJ, Garson A, Jr., Gregoratos G, Russell RO, Smith
SC, Jr. ACC/AHA guidelines for coronary artery bypass graft surgery: A report of the American
College of Cardiology/ American Heart Association task force on Practice Guidelines
(Committee to revise the 1991 Guidelines for Coronary Artery Bypass Graft Surgery). J Am Coll
Cardiol. October 1, 1999 1999;34(4):1262-1347.

30.

Pilote L, Califf RM, Sapp S, Miller DP, Mark DB, Weaver WD, Gore JM, Armstrong PW,
Ohman EM, Topol EJ. Regional variation across the United States in the management of acute
myocardial infarction. GUSTO-1 Investigators. Global Utilization of Streptokinase and Tissue
Plasminogen Activator for Occluded Coronary Arteries. N Engl J Med. Aug 31 1995;333(9):565572.

31.

Pilote L, Racine N, Hlatky MA. Differences in the treatment of myocardial infarction in the
United States and Canada. A comparison of two university hospitals. Arch Intern Med. May 23
1994;154(10):1090-1096.

32.

Van de Werf F, Topol EJ, Lee KL, Woodlief LH, Granger CB, Armstrong PW, Barbash GI,
Hampton JR, Guerci A, Simes RJ, et al. Variations in patient management and outcomes for acute
myocardial infarction in the United States and other countries. Results from the GUSTO trial.
82

Global Utilization of Streptokinase and Tissue Plasminogen Activator for Occluded Coronary
Arteries. Jama. May 24-31 1995;273(20):1586-1591.
33.

Brooks MM, Frye RL, Genuth S, Detre KM, Nesto R, Sobel BE, Kelsey SF, Orchard TJ.
Hypotheses, design, and methods for the Bypass Angioplasty Revascularization Investigation 2
Diabetes (BARI 2D) Trial. Am J Cardiol. Jun 19 2006;97(12A):9G-19G.

34.

Alderman EL, Stadius M. The angiographic definitions of the bypass angioplasty
revascularization investigation. CORON. ARTERY DIS. 1992;3(12):1189.

35.

Liang KY, Zeger SL. Longitudinal data analysis using generalized linear models. Biometrika.
1986;73:13-22.

36.

Goldstein H. Multilevel statistical models. New York: John Wiley; 2003.

37.

Hosmer DW, Lemeshow S. Applied Logistic Regression. 2nd Edition ed. New York: John Wiley
& Sons, Inc.; 2000.

38.

Gansera B, Gillrath G, Lieber M, Angelis I, Schmidtler F, Kemkes BM. Are men treated better
than women? Outcome of male versus female patients after CABG using bilateral internal
thoracic arteries. Thorac Cardiovasc Surg. Oct 2004;52(5):261-267.

39.

Koch CG, Khandwala F, Nussmeier N, Blackstone EH. Gender and outcomes after coronary
artery bypass grafting: a propensity-matched comparison. J Thorac Cardiovasc Surg. Dec
2003;126(6):2032-2043.

40.

Vaccarino V, Abramson JL, Veledar E, Weintraub WS. Sex differences in hospital mortality after
coronary artery bypass surgery: evidence for a higher mortality in younger women. Circulation.
Mar 12 2002;105(10):1176-1181.

41.

Woods SE, Noble G, Smith JM, Hasselfeld K. The influence of gender in patients undergoing
coronary artery bypass graft surgery: an eight-year prospective hospitalized cohort study. J Am
Coll Surg. Mar 2003;196(3):428-434.

42.

Ferguson TB, Jr., Hammill BG, Peterson ED, DeLong ER, Grover FL. A decade of change--risk
profiles and outcomes for isolated coronary artery bypass grafting procedures, 1990-1999: a
report from the STS National Database Committee and the Duke Clinical Research Institute.
Society of Thoracic Surgeons. Ann Thorac Surg. Feb 2002;73(2):480-489; discussion 489-490.

43.

Nashef SA, Roques F, Michel P, Gauducheau E, Lemeshow S, Salamon R. European system for
cardiac operative risk evaluation (EuroSCORE). Eur J Cardiothorac Surg. Jul 1999;16(1):9-13.

44.

Smith SC, Jr., Faxon D, Cascio W, Schaff H, Gardner T, Jacobs A, Nissen S, Stouffer R.
Prevention Conference VI: Diabetes and Cardiovascular Disease: Writing Group VI:
revascularization in diabetic patients. Circulation. May 7 2002;105(18):e165-169.

45.

McGuire DK, Anstrom KJ, Peterson ED. Influence of the Angioplasty Revascularization
Investigation National Heart, Lung, and Blood Institute Diabetic Clinical Alert on practice
patterns: results from the National Cardiovascular Network Database. Circulation. Apr 15
2003;107(14):1864-1870.

83

Table 5.1 Intended revascularization strategy by geographic region

No. of
Sites
US
Non-US
Canada
Europe
Brazil
Mexico
Total

No. of
Patients

CABG

PCI

n

Row %

n

Row %

Pvalue

40
9

910
682

283
419

31%
61%

627
263

69%
39%

<.001 *

5
2
1
1

271
57
292
62

128
32
212
47

47%
56%
73%
76%

143
25
80
15

53%
44%
27%
24%

<.001

49

1592

702

44%

890

56%

†

Row percentages are presented.
Excludes patients with prior CABG (n=149) and single vessel disease (n=601)
* Chi-square p-value compares treatment selection in US versus non-US regions.
†

Chi-square p-value compares treatment selection across the 5 regions.
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Table 5.2 Baseline characteristics associated with intention to perform CABG (versus PCI)

All Sites (N=1592)
No. of Intended
P*
Patients CABG

US (n=910)
n

Intended

CABG

Non-US (n=682)

P*

n

Intended

CABG

P*

DEMOGRAPHIC PROFILE
Sex

Male
Female

1149
443

46%
38%

<.01

640
270

34%
24%

<.01

509
173

62%
60%

0.68

Age

< 65 y/o
≥ 65 y/o

949
643

42%
47%

0.06

514
396

27%
36%

<.01

435
247

60%
64%

0.31

1054
251
198
89

47%
31%
48%
36%

<.001

533
208
134
35

33%
24%
36%
26%

0.04

521
43
64
54

61%
67%
75%
43%

<.01

619
968

55%
37%

<.001

224
682

31%
31%

0.90

395
286

68%
52%

<.001

Public
Private
None/ Self pay

1155
368
67

49%
32%
27%

<.001

519
330
60

33%
28%
28%

0.26

636
38
7

61%
68%
14%

0.03

Prior MI

No
Yes

1065
501

41%
50%

<.01

641
255

30%
33%

0.35

424
246

58%
67%

0.02

Prior PCI

No
Yes

1306
285

47%
29%

<.001

713
196

34%
20%

<.001

593
89

63%
48%

0.01

Anti-platelet agent use

No
Yes

1304
285

47%
30%

<.001

705
204

34%
21%

<.001

599
81

63%
53%

0.09

Current insulin use

No
Yes

1170
422

47%
37%

<.001

617
293

33%
27%

0.06

553
129

62%
60%

0.65

Hypertension

No
Yes

271
1300

41%
45%

0.26

139
766

31%
31%

0.97

132
534

52%
64%

0.01

Stroke/ TIA

No
Yes

1425
160

45%
34%

0.01

794
112

32%
21%

0.02

631
48

61%
65%

0.64

290
348
683
139
132

41%
43%
46%
50%
36%

0.09

170
227
336
69
108

29%
35%
32%
29%
26%

0.44

120
121
347
70
24

59%
57%
61%
70%
79%

0.15

Race

≥ High School educ
Health insurance

White (non-Hisp)
Black (non-Hisp)
Hispanic
Other
No
Yes

CLINICAL HISTORY

Angina status

No angina
Atypical angina
Stable class I/II
Stable class III/IV
Unstable angina

Row percentages are presented.
* Chi-square test p-values compare percentage of CABG-intended patients for groups defined by the variables
listed
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Table 5.3 Angiographic characteristics associated with intention to perform CABG (versus PCI)
All Sites (N=1592)
No. of Intended
P*
Patients CABG

US (n=910)
n

Intended

CABG

Non-US (n=682)

P*

n

Intended

CABG

P*

Clinical Site Measurements
Vessel disease
LAD ≥ 50% stenosis
No. of vessels w/ ≥ 70%
stenosis †

Double
Triple
No
Yes
0
1
2
3

745
847

25%
61%

<.001

453
457

16%
46%

<.001

292
390

40%
77%

<.001

202
1390

17%
48%

<.001

130
780

11%
34%

<.001

72
610

29%
65%

<.001

44
366
712
470

11%
22%
39%
72%

<.001

32
242
408
228

0%
14%
28%
59%

<.001

12
124
304
242

42%
39%
53%
85%

<.001

LAD ≥ 70% stenosis

No
Yes

510
1082

24%
54%

<.001

334
576

16%
40%

<.001

176
506

39%
69%

<.001

Any total occlusions

No
Yes

1015
577

34%
62%

<.001

632
278

23%
49%

<.001

383
299

52%
74%

<.001

Ejection fraction < 40% ‡

No
Yes

1424
82

45%
49%

0.47

794
64

30%
47%

<.01

630
18

63%
56%

0.55

≤ 25%
26-50%
51-75%
76-100%

158
443
467
238

18%
34%
58%
72%

<.001

110
262
242
99

11%
22%
45%
65%

<.001

48
181
225
139

33%
51%
71%
78%

<.001

Total number of lesions †

≤3
4
5
6
≥7

301
325
303
248
414

26%
38%
46%
49%
58%

<.001

173
185
175
137
239

13%
23%
31%
38%
46%

<.001

128
140
128
111
175

43%
57%
66%
63%
74%

<.001

No. of lesions ≥ 50% †

≤1
2
3
≥4

272
401
377
541

17%
33%
49%
62%

<.001

191
224
213
281

8%
25%
34%
49%

<.001

81
177
164
260

37%
44%
68%
77%

<.001

Proximal LAD ≥ 50%

No
Yes

1363
228

41%
62%

<.001

799
110

28%
52%

<.001

564
118

59%
72%

0.01

No. of Proximal lesions
≥ 50% †

0
1
2+

622
660
309

34%
45%
63%

<.001

373
371
165

20%
32%
53%

<.001

249
289
144

54%
61%
75%

<.001

No. of Class C lesions †

0
1
2
3+

678
567
221
106

29%
50%
63%
76%

<.001

435
304
109
44

20%
39%
50%
59%

<.001

243
263
112
62

45%
64%
77%
89%

<.001

Any non-discrete lesions

No
Yes

781
791

39%
50%

<.001

452
440

25%
38%

<.001

329
351

58%
65%

0.06

Core Lab Measurements
Myocardial jeopardy †§

Row percentages are presented.
* Chi-square p-values compare percentage of CABG-intended patients for groups defined by variables listed; † CochranArmitage trend test P <0.05; ‡ Ejection fraction missing for 86 patients; § Excludes patients with prior PCI (n=285)
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Table 5.4 GEE model for predictors of intended revascularization with CABG
(versus PCI)
Adjusted

OR

95% CI

P -value

Geographic Region
Canada & Europe (vs. US)
Brazil & Mexico (vs. US)

1.81
4.71

1.03 - 3.20
3.23 - 6.87

Male gender

1.25

1.03 - 1.51

0.02

Age ≥ 65 years

1.38

1.11 - 1.73

<0.01

Prior PCI

0.50

0.39 - 0.64

<0.001

Use of anti-platelet agents

0.68

0.50 - 0.92

0.01

Triple vessel disease

3.64

2.85 - 4.64

<0.001

Proximal LAD ≥ 50% stenosis *

1.80

1.15 - 2.80

0.01

LAD ≥ 70% stenosis

2.46

1.96 - 3.09

<0.001

Any total occlusions

1.78

1.30 - 2.44

<0.001

1.22 - 2.14
1.37 - 3.32
1.77 - 7.41

<0.01
<0.001
<0.001
<0.001

No. of class C lesions *
1 (vs. 0)
2 (vs. 0)
3+ (vs. 0)

<0.01

1.61
2.13
3.62

OR indicates odds ratio; CI confidence interval.
* Indicates core lab measurement; all other angiographic variables were based
on site evaluation.
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6.0

6.1

GENERAL DISCUSSION

SUMMARY OF FINDINGS

The objective of this dissertation was to evaluate myocardial revascularization in patients with
multivessel coronary disease. Contemporary statistical methods were applied to investigate predictors of
long-term prognosis and factors related to selection of revascularization strategy in the BARI and BARI
2D cohorts, respectively.
In Research Paper 1, treatment with CABG had a different effect on specific causes of death.
Specifically, CABG was associated with a lower risk of sudden cardiac death, but did not significantly
impact any other causes of long-term mortality. Moreover, the protective effect of surgical treatment was
observed in patients with and those without diabetes. These results may have clinical implications for
guiding revascularization strategy in individuals at high risk of sudden death. In this select group of
patients, CABG may be the preferred method of initial revascularization.
Research Paper 2 evaluated the need for additional procedures following successful initial
balloon angioplasty. In BARI, male gender, proximal LAD disease, and incomplete revascularization
were associated with a significantly increased risk of a first repeat revascularization but not latter events.
This may be explained by a higher likelihood, among patients with these characteristics, to receive CABG
as the first subsequent treatment. Diabetes and extensive coronary disease were also predictive of a first
repeat revascularization event, but the detrimental impact of these factors on the number of recurrent
procedures remained consistent over time, underscoring the importance of intensive risk factor
modification to limit disease progression.
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In Research Paper 3, angiographic features associated with the extent and location of coronary
disease greatly influenced the decision to perform CABG over PCI in patients with diabetes and stable
multivessel disease. Gender, age, prior PCI, and use of anti-platelet agents at baseline also played a role
in treatment selection. However, this decision making process was not entirely based on patient factors;
geographic region also played an important role, with a greater propensity to recommend PCI in the US
compared to other countries of origin. We also found that selection of revascularization strategy in varies
substantially across individual clinical sites. These results demonstrate the need for rigorous evaluation
of revascularization strategy in diabetic patients and other select high-risk subgroups and the factors that
guide this decision making process in current practice.

6.2

IMPACT OF DIABETES ON LONG-TERM PROGNOSIS

Although diabetes was not the main focus of any of the papers, it turned out to be an important finding in
both long-term evaluations of the BARI cohort. In Research Paper 1, diabetes was shown to be a
powerful, independent predictor of overall mortality and each specific cause of death in patients with
multivessel disease undergoing initial revascularization.

Percutaneous intervention studies have

consistently reported higher rates of subsequent revascularization in patients with, compared to those
without, diabetes. Research Paper 2 extended these previous findings by demonstrating a persisting
effect of diabetes on the increasing number of additional procedures. Even after statistically adjusting for
other confounding factors, diabetes was associated with an estimated 43% increase in the rate of
subsequent revascularization over 10 years after initial PCI; in a ‘lower risk’ subgroup that was less
subject to survival and selection bias, the risk increase was an estimated 74%. Overall, these results
support prior studies demonstrating worse long-term prognosis for diabetic patients following coronary
revascularization.
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6.3

UTILITY OF CONTEMPORARY STATISTICAL PROCEDURES

Among clinical researchers, the importance of study design and methodological issues that may lead to
bias are widely understood. This is one of the reasons BARI has been well received and cited in medical
literature, and results from BARI 2D are anticipated. What is not as widely or uniformly appreciated is
the important role of rigorous and appropriate statistical analyses. Conclusions drawn from a study are
only as good as the quality of the data and the inferential procedures that are applied to them. The
application of contemporary, computationally-intensive statistical methods in this dissertation illustrate
what can be gained by exploring new ways of looking at data, and also the importance of applying the
appropriate methods.
Multiple events modeling proved to be especially useful in the evaluation of long-term outcomes.
Since cardiovascular disease is a progressive, life-long disease with multi-factorial etiology and
concomitant risk factors, CVD trials often have long follow-up periods during which participants may
experience various number and types of clinical events. Application of WLW and PWP regression
allowed us to evaluate the incremental effect of risk factors (i.e. diabetes) and recurrence of adverse
events (i.e. repeat procedures) as measures of increasing disease burden. As a result, we were able to gain
new insights into the BARI cohort. Furthermore, incorporation of more clinical endpoints allowed us to
make statistical inferences based on a larger data pool. A statistical advantage of modeling multiple
events is the potential to add power to the analysis, which is particularly useful when modeling very rare
outcomes or multiple recurrences of a single event type. Despite the apparent advantages, statistical
methods for analyzing multiple events data are underutilized in clinical research. A likely explanation is
that these are computationally intensive procedures that, until recently, were not widely supported by
statistical software.
GEE models, on the other hand, are commonly used in clinical trials to analyze longitudinal or
repeated measures data and, to a lesser extent, in multicenter trials when there is reason to believe that
clinical outcomes may be related to the clinical center where treatment was administered. Whereas the
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advantage of multiple events models have to do with increased efficiency and being able to examine the
data in a new way, application of GEE models has to do with selecting the appropriate inferential
procedure for the data at hand. Exploratory analysis of the BARI 2D cohort revealed substantial variation
across clinical sites in selection of revascularization strategy and varying degrees of correlation within
sites. As a result, GEE modeling was used to account for clustering in our data in order to obtain more
accurate estimates for our patient-level outcome of interest.

Failure to address this violation of

independent observations would have resulted in underestimated standard errors, and thus, artificially low
p-values and narrow confidence intervals, which may have led us to erroneously conclude that some
relationships were statistically significant when in fact, they were not. This may be more than a minor
technical issue in the field of interventional cardiology where fast-paced innovations necessitate continual
re-evaluation of treatments, and in some instances, require practice guidelines to be updated in order to
reflect the best available evidence. In this context, a series of reports committing a type I error as a result
of inappropriate statistical analyses could have severe consequences.

6.4

RELEVANCE OF BARI RESULTS IN THE CURRENT ERA

Since BARI participants underwent initial treatment more than a decade ago according to the medical
standards of that time, it is possible that recent advances in therapy (introduction of drug-eluting stents, in
particular) may limit the generalizeability of BARI results to current practice. Reports from randomized
trials of bare metal stents79, 80 and drug-eluting stents81, 82 have demonstrated superiority of intracoronary
stents over conventional balloon angioplasty in drastically lowering the incidence of restenosis. Since
restenosis is a time-related phenomenon that is limited to the early follow-up period, there is little reason
to believe that our results on the long-term need for additional revascularizations, which is driven by
progression of native disease, would be greatly altered by innovations in PCI.

Additionally,

contemporary and conventional PCIs have not been shown to have a significantly different effect on
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mortality or MI, which suggests that our findings regarding specific causes of death may also be relevant
in the current era.

6.5

ROLE OF BARI AND BARI 2D IN CORONARY INTERVENTION TRIALS

Randomized clinical trials and registries have provided extensive evidence regarding the effectiveness
and preferred method of coronary revascularization in specified patient subgroups. The invaluable and
unique contribution of BARI, in this broader context, was in establishing the role of diabetes in efficacy
of revascularization treatment and atherosclerotic disease progression. BARI has been instrumental in
identifying diabetic patients as a ‘special’ population who are not only higher-risk but also different in
terms of disease mechanism and response to treatment. BARI 2D builds on these lessons learned from
BARI and brings it into contemporary practice by incorporating new technologies and intensive
modification of cardiovascular risk factors.
The BARI and BARI 2D trials represent a body of research encompassing over 20 years, and as
such, evaluation of these cohorts provided a unique opportunity to investigate and address a variety of
issues. As medical innovations continue to increase longevity, long-term outcomes are of great interest in
coronary intervention studies. With over 10 years of follow-up, a major strength of BARI is the richness
of the data which provide opportunities to dig deep into statistical analyses. However, evolution of
coronary revascularization devices and techniques in the last decade naturally bring to question the
relevance of BARI results to current clinical practice. Evidence to date suggests that contemporary and
conventional percutaneous interventions do not differ with respect to death and MI, but to what extent
innovations in PCI will challenge BARI results in the long run remains to be seen. Despite promising
short-term results, use of drug-eluting stents and Gp IIb/IIIa are currently lacking in long-term outcomes
data, and efficacy has yet to be determined from randomized trials which are still ongoing. In the
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meantime, what factors should guide patient care? These are some of the important issues and questions
that will continue to be addressed by BARI 2D and other coronary intervention trials in the future.

6.6

PUBLIC HEALTH SIGNIFICANCE

Diabetes has rapidly evolved into a major public health concern. Our findings in the BARI cohort support
previous reports of a significantly worse prognosis in diabetic patients following myocardial
revascularization. Even after statistically adjusting for other confounding factors, the detrimental impact
of diabetes on mortality as well as need for multiple repeat revascularizations was apparent. These results
underscore the importance of aggressive modification of CVD risk factors, especially glycemic control, to
slow down the progression of atherosclerosis, which will be critical to long-term success in the diabetic
population. Given the enormous scope of diabetes and CVD, even very modest improvements in clinical
outcomes may translate into significant gains from a public health perspective.
For the population at large, coronary interventions are safer and more effective than ever before,
and continued progress in tertiary care will be critical to maintaining the gains that have been made.
However, there is an irony in the way in which the medical advances that help extend the lives of
individuals with ischemic heart disease (which represents a decrease in disease burden) simultaneously
create generations living longer with this chronic and debilitating disease (which represents an increase in
burden). This ‘shift’ in the burden of CVD brings us back to the importance of disease prevention. The
alarming rise in recent years in the incidence of diabetes, obesity, and other unattended risk factors in
younger generations are a stark reflection of lagging public health efforts in the primary and secondary
prevention of CVD.
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6.7

FUTURE RESEARCH

Our findings bring to light several areas that warrant further research. There is a great need to find costeffective approach to slowing down atherosclerotic disease progression, particularly in patients with
diabetes. The BARI 2D and FREEDOM trials will help elucidate the optimal CAD treatment strategy in
the diabetes population. By incorporating the latest technology and adjunctive therapies, these trials will
provide invaluable information regarding whether, and to what extent, these improvements benefit
patients with diabetes in the long-term, as these data will help guide clinical practice and future research.
Since the number of studies dedicated to examining CAD in the diabetes population is very limited, much
could be gained by encouraging future clinical and epidemiological studies to pre-specify an adequate
number of participants with diabetes to allow for sufficiently powered subgroup analyses.
Improved management of cardiovascular risk factors in recent decades has led to marked declines
in cardiac mortality in the general population but not in the diabetes subset, who bear a significantly
greater CVD burden.

In previous studies, aggressive medical management including strict glucose

control,83 angiotensin-converting enzyme (ACE) inhibitors,84 beta-blockers,85 and aspirin84,
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has been

associated with significantly improved long-term survival following acute MI in patients with diabetes.
In fact, use of ACE inhibitors was shown to be even more effective in diabetic versus non-diabetic
patients.84 These data suggest that failure to apply proven therapies may explain, at least in part, why the
diabetic population has not benefited from the reduction in coronary deaths observed in the population at
large. Further research is needed to better understand why this has been the case.
Lastly, application of contemporary statistical methods that maximally utilize existing data can
offer new insights into disease processes. Compared to recommendations that require collection of new
data, this recommendation is cost-effective, can be easily and readily implemented, and potentially lead to
important findings. An increasing availability of user-friendly statistical software that supports these
computationally-intensive methods will likely encourage wider application of these procedures in clinical
research.
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Table A6.1 Cumulative number of subsequent procedures over 10 years of follow-up

Number of
Repeat
Procedures

No. of
Patients
(N=1606)

Cum.
Percent

Cum.
Number of
Procedures

Cum.
Percent

0

693

43%

0

0%

1

541

77%

541

35%

2

223

91%

987

64%

3

83

96%

1236

80%

4

32

98%

1364

88%

5

18

99%

1454

94%

6

7

99%

1496

97%

7

2

<100%

1510

98%

8

4

<100%

1542

<100%

9

0

<100%

1542

<100%

10

1

<100%

1543

<100%

11

1

<100%

1544

<100%

12

1

100%

1545

100%

1236 Procedures
Included
in Analysis

309 Procedures
Not Included
in Analysis
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Table A6.2 Comparison of PWP model estimates in the overall cohort and lower risk subgroup

Repeat Revasc.
Event Number

All Patients
(N=1606)

Lower Risk*
(n=1124)

RR

P-value

RR

P-value

1.44
1.00
0.64

<0.001
0.97
0.01

1.57
1.08
0.54

<0.001
0.64
0.01

Diabetes

1.43

<0.001

1.74

<0.001

Renal Dysfunction

1.75

<0.001

4.01

<0.01

Age ≥ 65 Years

0.84

<0.01

0.93

0.31

0.71
0.96

<0.001
0.63

0.68
1.05

<0.001
0.69

ST Elevation

0.52

<0.001

0.54

0.01

Unstable Angina

1.15

0.01

1.12

0.07

1.24
0.95

<0.01
0.58

1.25
0.90

0.01
0.31

1.13

0.03

1.15

0.05

1.13
0.86

0.07
0.09

1.17
0.83

0.05
0.07

Male Gender

Smoking History

Proximal LAD Disease

1
2
3

1
2 and 3

1
2 and 3

Diffuse Lesions
Incomplete Revascularization

1
2 and 3

* Patients with propensity scores in the lower 70th percentile were considered to have a lower
predicted probability of death. Unadjusted 10-year mortality rates were 26% in the overall
cohort and 16% in the lower risk strata; repeat revascularization rates in these groups were 42%
and 41%, respectively.
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Men

Women

(n=1174)

(n=432)

None

1ST REPEAT REVASC

1ST RR

(n=475)

(n=699)

60% vs 50%, p<0.01

CABG

PTCA

2ND REPEAT REVASC *

2ND RR

None

(n=284)

(n=415)

PTCA

(n=179)

None

(n=181)

1ST RR
(n=214)

CABG

w/ CABG: 20.7% vs 13.9%, p<0.01

(n=243)

(n=456)

None

(n=218)

41% vs 41%, p=0.90

CABG

(n=105)

3RD RR
(n=103)

(n=60)

PTCA

(n=154)

2ND RR

None

(n=88)

(n=126)

w/ CABG: 15.0% vs 14.0%, p=0.88

3RD REPEAT REVASC *

36% vs 52%, p<0.01

CABG
(n=30)

PTCA
(n=58)

None

(n=42)

3RD RR
(n=46)

* Percentages are among patients who had a prior repeat revascularization event within each strata

Figure A6.1 Comparison of repeat revascularization strategies by gender
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Proximal LAD +
(n=573)

None

Proximal LAD (n=1033)

1ST REPEAT REVASC

1ST RR

(n=225)

(n=348)

61% vs 55%, p=0.02

CABG

PTCA

2ND REPEAT REVASC *

2ND RR

None

(n=137)

(n=211)

PTCA
(n=90)

None

(n=88)

1ST RR
(n=565)

CABG

w/ CABG: 21.3% vs 17.5%, p=0.04

(n=122)

(n=226)

None

(n=468)

39% vs 42%, p=0.51

CABG
(n=47)

3RD RR
(n=49)

(n=181)

PTCA

(n=384)

2ND RR

None

(n=235)

(n=330)

w/ CABG: 13.5% vs 15.6%, p=0.67

3RD REPEAT REVASC *

36% vs 43%, p=0.20

CABG
(n=88)

PTCA

(n=147)

None

(n=135)

3RD RR
(n=100)

* Percentages are among patients who had a prior repeat revascularization event within each strata

Figure A6.2 Comparison of repeat revascularization strategies by proximal LAD disease status
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IR +

IR -

(n=991)

(n=615)

None

1ST REPEAT REVASC

1ST RR

(n=413)

(n=578)

58% vs 54%, p=0.13

CABG

PTCA

2ND REPEAT REVASC *

2ND RR

None

(n=224)

(n=354)

PTCA

(n=135)

None

(n=136)

1ST RR
(n=335)

CABG

w/ CABG: 23.0% vs 12.2%, p<0.01

(n=228)

(n=350)

None

(n=280)

39% vs 44%, p=0.11

CABG
(n=89)

3RD RR
(n=88)

(n=75)

PTCA

(n=260)

2ND RR

None

(n=148)

(n=187)

w/ CABG: 15.4% vs 13.7%, p=0.06

3RD REPEAT REVASC *

39% vs 41%, p=0.71

CABG
(n=46)

PTCA

(n=102)

None

(n=87)

3RD RR
(n=61)

* Percentages are among patients who had a prior repeat revascularization event within each strata

Figure A6.3 Comparison of repeat revascularization strategies by incomplete revascularization
(IR) status
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