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SUMMARY

Patients who have experienced 

cardiovascular disease each differ in terms 

of their future risk, yet currently we have 

no means to predict individual prognosis. 

Mass preventive treatment is therefore 

currently recommended for the group as a 

whole whereas in fact this group is highly 

heterogeneous and needs differentiation. 

This thesis is an effort to identify groups of 

patients sharing a certain risk and its 

underlying pathological substrates which 

can be influenced. These are key insights 

to enable more effective and efficient 

personalized treatment of patients.

SAMENVAttINg

Patiënten die hart-vaatziekten hebben 

doorgemaakt verschillen qua risico, echter 

middelen om individuele prognose te 

bepalen ontbreken. Massale preventieve 

behandeling wordt momenteel aan de 

gehele groep aanbevolen, terwijl deze 

groep hoogst heterogeen is en differentiatie 

verdient. Dit proefschrift is een stap in die 

richting door  identificatie van groepen 

patiënten met een bepaald risico en 

onderliggende pathologische substraten 

die kunnen worden beïnvloed. 

Deze inzichten zijn cruciaal om te komen 

tot effectievere en persoonsgericht 

afgestemde behandeling van patiënten.
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chapter  ONE

AGACCACAAATAGCATTCAGGCAAAGAGCATTTATTCCAACAATGGAG
GAGCACTGGATTTGGTTCCTAACAAAATAAAGTTTGAAATCCTGTCT
TTCCCATGTTGAAAACAAAGTTGGTACAAAACCCTTTAGCTTTTGCAA
ACCTCCTTTAAGACCCGATTTAAATGCTTCCCTCCTCATGAAGCTCTT
CTGGATCCACTCCTTCCCATCACTAAGTTGAAAGTAAGATCCCCTTCT
CTTTACTTCCATTAGACTTGGATTACAGCACTCTTTGTATCATGTATT
TAATTCTGTTTTTTAATTACAGTTAACATTTATTTGTCTTCCTCTTGA
GTGTATGCTTCTCTAGAGGAAGGTCTTTGATTCATTCTCCCCTGGCCT
TAATTCATCCCACTTAATATGGAAAAAATTTAATAAATGCTGACTTGA
ATAAGTCCAACAAGGAGAATGGGAAGCTCATCTTCCTGTCTTCTAAAA
GACTACTTAAGATAACAGGGTAATCACAGAAAAGCATTAGAAATAGAG
TTATATGAGAAACAACTGTAGTTAAGGCTAGGTTTATGTTAGACTGAG
AAATTTTAGTGCATACTTAAGTTATTTAGGCCAGGTTACTTTTTGTAG
AACAAACATTTCAGTTTCGCTCAGTTTCATTTCCGTTTCTGAGGCAGC
TGTGATTTAAGAAAATGCTCTAGTCTGTGGCATTCCATATTCAAGTAC
TTTGAGTTGTATATTAATTTATTTTTGTTAATAAGAGTGACATGACTC
ACTAAGTAATTTAGAGATTTAAACACTTTTTTAAAAAACAGTAACTTC
ATATGCATTGGATCTATTCTTCTATAAAGTCTTTTCTTGGGGGGTGTT
TGTTTAAAATTCCCCGGTGTTTTCTCTGCCAAATCCAACTTCCAAGAA
GCATTTGGAAGTCAAAACATTTTATCTGGTTAGTCTTAAAGTCCAGAT
ATTTTGTGATAGCTGGTATTTAGTTTATGATATTTCCCAGGAAGAACT
TTTTAGTAGTTGAACCATTTATGAAAGACTTCCTTGAAGCTACCTTA
GAGAGTTGATTTAGTTCTTCTAAATAAGTAAATAGAATATTAGTATTA
GGACATCTTGGAGTATAGATGCAAATATTGGTGAAAAAGAACATGGAT
ATCAGAGTCAAATTAATGTAGATTGGAATTCTGGTTATTACTAATGGA
TATCTGACATTAGGCAAGTTGCTGATCACTCTTTGCCTCAGTTTCATC
ATCTGTAAAAAGTCTTTTCTTGGGGGGTGTTTGTTTAAAATTCCCCGG
TGTTTTCTCTGCCAAATCCAACTTCCAAGAAGCATTTGGAAGTCAAAA
CATTTTATCTGGTTAGTCTTAAAGTCCAGATATTTTGTGATAGCTGGT
ATTTAGTTTATGATATTTCCCAGGAAGAACTTTTTAGTAGTTGAACCA
TTTATGAAAGACTTCCTTGAAGCTACCTTAGAGAGTTGATTTAGTTCT
TCTAAATAAGTAAATAGAATATTAGTATTAGGACATCTTGGAGTATAG
ATGCAAATATTGGTGAAAAAGAACATGGATATCAGAGTCAAATTAATG
TAGATTGGAATTCTGGTTATTACTAATGGATATCTGACATTAGGCAAG
TTGCTGATCACTCTTTGCCTCAGTTTCATCATCTGTAAAATAGGTATT
TGTGTTTGTGTATAATGTGAACCGTTAGTATTAGGACATTAGGACAAG
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GENERAL INTRODUCTION

 1

T
HE key elements constituting the aetiology of cardiovascular disease 
in man have been established in the Framingham Heart Study1;2. Basic 
science and genetic investigation, combined with epidemiologic methods 
in Framingham and other community samples continue to unravel the 

molecular bases of atherosclerosis and their impact on the risk of contracting 
cardiovascular disease. In parallel, methods to predict risk in a patient without 
cardiovascular disease are increasingly available. Effective treatment of classical 
risk factors such as metabolic disorders and blood pressure in high-risk groups 
has been at the cornerstone of successful prevention of cardiovascular disease. 
While age-specific mortality rates of cardiovascular origin are declining in countries 
such as the Netherlands, the global burden of cardiovascular disease has not yet 
reached its peak. The improvement of prognosis in patients who have established 
cardiovascular disease is a major next goal. 
Whereas our understanding of the pathogenesis of atherosclerosis has expanded 
over the last years, relatively little is known about the mechanisms underlying 
recurrent cardiovascular events in patients with documented atherosclerosis. 
It has been suggested that these involve a yet poorly defined interplay between 
progression of atherosclerosis, triggering factors and response to therapy, further 
modified by factors defining myocardial vulnerability such as collateral circulation, 
which is the endogenous capacity of establishing an alternative blood supply when 
the original blood flow becomes compromised. However, whether and to what 
extent these assumed mechanisms play a dominant role in causing future clinical 
events is unknown. As a reflection, the clinical course of a patient presenting with 
cardiovascular disease is still very unpredictable3. Thus we have no ways to identify 
high-risk patients who are in need of additional forms of secondary prevention. 
Better understanding of risk on recurrent cardiovascular events and elucidation 
of underlying aetiology are needed to effectively achieve optimal improvement of 
prognosis of individual patients. 

Mechanisms underlying recurrent cardiovascular disease 
At the base of the current work lies an important concept of the aetiology of cardiac 
ischemic symptoms, in presence of atherosclerosis. This concept distinguishes three 
mandatory elements: myocardial vulnerability, triggering factors and progression of 
atherosclerosis, and was established by Oliver4;5 as early as 1986 (Figure). Notably, 
the occurrence of cardiac ischemia depends on all three elements which do not 
lead to ischemia per se. 
One element (A in Figure) is myocardial vulnerability. Notably, myocardial tissue may 
be resistant to ischemia and patients may remain asymptomatic even in presence of 
occlusive macro-vascular disease if certain properties are present. The propensity to 
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maintain adequate alternative cardiac blood supply (coronary collateral circulation) 
potentially constitutes one of such properties6. The molecular bases of collateral 
formation have been extensively described in various species, as further reviewed 
in detail in chapter six. The evidence in man, however, is scarce. 
A next element is formed by triggering factors (B in Figure), eliciting acute vascular 
occlusion. This particularly reflects thrombotic and vaso-constricting processes. 
These may set in motion abrupt and acutely promote complete occlusion of a 
coronary artery7. The molecular bases are known to involve the sympathetic nervous 
system, rupture of plaque, activation of cellular and plasmatic coagulation e.g. 
via tissue factor and platelets and secretion of vaso-active and pro-inflammatory 
substances such as tromboxane A2, prostaglandins and leukotrienes. 
A third element (C in Figure), is ongoing atherogenesis in the vascular wall. This 
has so far been the main focus of therapeutic interventions. In a contemporary 
secondary prevention setting, an additional element needs therefore to be added 
to Oliver’s original scheme: the individual response to treatment. By definition, 
subsequent remaining risk will be defined by the response to risk-reducing therapy. 
It is beyond the scope of this chapter to fully review the extensive current knowledge 
on the molecular bases of atherogenesis, thus selected main mechanisms are 
discussed.  Recently (pre)clinical insights have emerged, on the role of inflammation 
in atherosclerosis8, involving also metabolism of carbohydrates and lipids via High 
Density Lipoprotein (HDL) and Low Density Lipoprotein particles (LDL). At the 
cellular level, a hallmark of atherosclerotic disease is the accumulation of foam cells 
in the arterial wall. Formation of foam cells essentially comprises oxidization of LDL 
particles induced by all three major cell-types found in the arterial wall. Oxidized 
LDL is taken up by macrophage scavenger receptors, and attracting peripheral 
monocytes by inducing chemoattracting factors.  A number of protective roles 
played by HDL particles have been recognized. Among others, an atheroprotective 
role of HDL may be found in anti-oxidant effects, which have been principally 
attributed to Paraoxonase-1 (PON1). Furthermore, proteins physically attached to 
and interacting with HDL mediate reverse cholesterol transport from tissues towards 
the liver, and may thereby regulate the progression of atherosclerosis. For instance, 
the Cholesteryl Ester Transfer Protein (CETP) has been regarded atherogenic 
by transfering cholesteryl-esters from HDL to LDL in exchange for triglycerides, 
thereby reducing HDL-C concentration. Conversely, members of the ATP binding 
Cassette proteins (ABCA1 and ABCG1) are regarded atheroprotective by mediating 
macrophage cholesterol efflux. At a higher regulatory level, transcription of ABCA1 
is known to be controlled by Peroxisome proliferator-activated receptors (PPARs), 
notably the PPAR-gamma which is a steroid hormone nuclear receptor that modifies 
expression of several genes involved in lipid and carbohydrate metabolism. 
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From the main concepts about the way cardiovascular events develop in individuals, 
it follows that the risk of recurrent cardiovascular events will be affected by individual 
patient-characteristics reflecting variation in molecular pathways. Notably those 
that determine atherogenesis and coronary collateral circulation.  However, there 
is still limited understanding of these molecular pathways and their impact on the 
absolute risk of recurrent cardiovascular events.  The aim of the current studies was 
therefore to investigate these relations in two samples of patients with symptomatic 
CAD.

Figure. Development of cardiac ischemia in presence of atherosclerosis. Required is a 
mandatory combination of three elements (A,B,C). Merely A or B or C do not lead symptoms 
per se. (scheme modified after Grobbee4 and Oliver5)

Outline of the thesis
The topic of the current thesis is prognosis in patients with established cardiovascular 
disease and the underlying aetiology of recurrent vascular events in such patients 
(figure). The investigations comprised in this thesis address two of the three 
elements depicted in the figure. Chapters two, three, four and five primarily focus on 
atherogenesis. Chapters six, seven, eight and nine present findings on myocardial 
vulnerability, notably on the presence and role of collateral circulation.  
The first four studies are based on a prospective study of the effects of genetic 
variation on 10-year clinical outcomes. These investigations concentrate on four 
genes with an anticipated effect corresponding with molecular pathways which 
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involve lipoprotein metabolism, inflammation and anti-oxidant properties. We 
describe the effects of genetic variation in Cholesteryl Ester Transfer Protein 
(chapter two), Peroxisome Proliferator-Activated Receptor-gamma (chapter three), 
Paraoxonase (chapter four) and ATP-binding Cassette protein A1 (chapter five). 
Next, aetiologic and clinical aspects of collateral circulation are described. Chapter 
six reviews the literature on prognostic effects of collaterals and their molecular 
bases. Chapter seven describes the effects of collaterals on prognosis. Chapters 
eight and nine describe analyses of the genetic determinants of collaterals. Chapter 
ten concludes with a discussion of the current findings. 
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ABSTRACT

AIMS
Inhibition of cholesteryl ester transfer protein (CETP) raises HDL-Cholesterol. 
However, its combination with statins may increase mortality by factors incompletely 
understood. We previously observed that patients with intrinsically low CETP levels 
levels (carriers of the TaqIB-B2 allele) may benefit less from statin therapy, and here 
tested this pharmacogenetic hypothesis on long-term outcomes.

METHODS AND RESULTS
We performed a 10-year follow-up analysis in 812 coronary artery disease (CAD) 
patients (REGRESS cohort), treated with statins after an initial two-year study period. 
Carriers of TaqIB-B2 showed reduced CETP levels and higher HDL-Cholesterol 
(p<0.001 for both). Despite these lower CETP and higher HDL-Cholesterol levels, 
hazard ratios per each B2 copy were 1.59 (p=0.01) for atherosclerotic disease 
death, 1.53 (p=0.03) for Ischemic Heart Disease death, and 1.30 (p=0.04) for all 
cause mortality. Haplotype-effects analysis provided even stronger basis for the 
genetics involved: one risk-haplotype was identified that was highly significantly 
associated with these endpoints.

CONCLUSIONS
In statin-treated male CAD patients, genetic variation conferring low CETP levels 
is associated with increased 10-year mortality. This suggests that efficacy of statin 
therapy to reduce cardiovascular risk depends on CETP genotype and associated 
CETP plasma levels. This effect may need consideration when administering CETP 
inhibition to CAD patients.
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OWERING plasma low-density lipoprotein (LDL)-cholesterol is the 
cornerstone of secondary prevention to reduce cardiovascular events. 
The formation of atherosclerotic plaques in the arterial wall is promoted 
by the accumulation of atherogenic LDL particles, as well as by their 

oxidization and subsequent interactions with cellular and molecular components 
of the inflammatory response 1. Several lines of evidence suggest that each of 
these atherogenic processes can be counteracted by high-density lipoprotein 
(HDL)2,3. Low plasma HDL cholesterol(HDL-C) is consistently related to excess 
cardiovascular risk 4, and raising HDL-C levels thus seems a promising strategy 
to further reduce cardiovascular risk. Cholesteryl ester transfer protein (CETP)5 is 
considered a promising target. The main action of CETP is to transfer cholesteryl-
esters from HDL to apolipoprotein-B containing particles in exchange for 
triglycerides, thereby reducing HDL-C concentration. Recent insight furthermore 
suggests that CETP also plays a role in macrophage cholesterol homeostasis 6 
which is considered atheroprotective 7-9, especially in normolipidemic states10. The 
net effect of CETP activity in humans still debated 11 and conflicting results from 
studies in mice 12-14, human CETP deficiency 15,16 and CETP gene polymorphisms 
17-22 constitute a prominent part of that discussion. Interactions with concomitant 
statin therapy 23 appear to lead to further complications since the efficacy of these 
drugs may vary due to patients’ CETP genotype 24,25 and CETP concentration 26. 
Moreover, the safety of pharmacological CETP inhibition on top of statin therapy 
was recently questioned when in view of the results of the Investigation of Lipid 
Level Management to Understand its impact in Atherosclerotic Evnts (ILLUMINATE) 
trial 27. In this trial, in 15.067 symptomatic statin-treated coronary artery disease 
(CAD) patients randomized to the CETP inhibitor torcetrapib or placebo, a 58 % 
increase in total mortality was observed in the torcetrapib arm, leading to early 
termination of the trial.
The Regression Growth Evaluation Statin Study (REGRESS) 28 was a prospective 
placebo-controlled double-blind angiographic trial evaluating the effects of 2 
year pravastatin 40 mg therapy versus placebo, on the evolution of established 
atherosclerotic lesions in male patients with proven CAD. In this study a 
pharmacogenetic interaction 24 between statin therapy and CETP genotype was 
observed: the frequent TaqIB-B1 allele (higher CETP level, lower HDL-C) was 
associated with a better response to statin-treatment compared to the rare TaqIB-B2 
allele (lower CETP level, higher HDL-C). Since statins reduce CETP activity 29 up to 
30%30, this led to our hypothesis that such CETP activity reduction by statins, in 
patients with intrinsically low CETP levels may have adverse effects. The unexpected 
outcome of ILLUMINATE prompted us to investigate CETP genotype and mortality 
in the REGRESS patients who had been using statins for 8 years after the initial 
2-year angiographic study. 
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METHODS
Participants and the 2 year follow-up angiographic study
The study participants were derived from the Regression Growth Evaluation Statin 
Study (REGRESS) angiographic trial cohort, which enrolled 884 male patients with 
symptomatic CAD between 1989 and 1993. The trial design and main findings have 
been reported 24,28. In brief, the primary objectives of this randomized, placebo-
controlled double-blind angiographic trial were to evaluate the effects of 24 months 
of 40 mg pravastatin versus placebo therapy on the evolution of atherosclerotic 
lesions in male patients with proven CAD. Within the framework of the trial, clinical 
and angiographic follow-up was documented after the initial 2-yr trial. The clinical 
outcomes assessed (by an independent clinical event committee) were fatal or non-
fatal myocardial infarction (MI), death due to ischemic heart disease (IHD), repeated 
coronary revascularization (coronary artery bypass grafting or percutaneous 
transluminal coronary angioplasty), stroke and death due to non-coronary causes. 
All participants gave written informed consent. The 2 year REGRESS results  
demonstrated a distinct positive effect of pravastatin treatment on both the risk of 
adverse cardiac events as well as on the angiographic progression of CAD 28. After 
termination and presentation of the study  (along side with the publication of the 4S 
31 clinical and the Multicentra Anti-Atheroma Study (MAAS) 32 angiographic statin 
studies), all participants and treating physicians were informed of the major trial 
outcomes and were explicitly recommended to start (placebo group) or continue 
(pravastatin group) statin therapy. A survey at 5 years after completion of the trial 
provided data that 91% of patients were using statin therapy, according to national 
and international guidelines.

Morbidity and mortality 10 year follow-up study
In order to obtain 10-year follow-up data of the REGRESS participants, cause-
specific mortality and hospitalization until January 1st 2001 were extracted from 
nation-wide registries. All diagnoses in these registers are coded according to the 
International Classification of Diseases, 9th and 10th Revisions (ICD9 and ICD10) 
for mortality, and ICD9 Clinical Modification (ICD9-CM) for morbidity. The research 
protocol was approved by the institutional review board and ethics committee of 
the coordinating center (UMC Utrecht).

Linkage process method
The study database, comprising all 884 REGRESS participants, was linked to the 
national inhabitant registers on the basis of birth date, sex and postal address code 
33. As is customary due to privacy legistlation, patient names were omitted in the 
linkage process. On a per-patient basis, historical registers of the Dutch inhabitants 
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were searched for this unique combination of characteristics, and once found, this 
automatically merged migration history over the follow-up time.  The vital status 
of the participants was then obtained through linking municipal administration 
registries using a 6-charactered postal code. Out of the 884 participants to the 
original trial, 861 (97%) could be uniquely traced using the above method. The 23 
patients who could not be uniquely traced were right-censored at the end of the 24 
month follow-up in the mortality analyses. Information on the occurrence of non-fatal 
MI was obtained through linkage with the register of hospital discharge diagnoses 
which uses the 4 digit part of the postal code. The register files admissions of all 
general and university hospitals in the Netherlands. Out of the 884 participants, 740 
(84%) could be uniquely traced. The 144 patients who could not be uniquely traced 
were right-censored at the end of the 24 month follow-up for morbidity analyses.

Outcome events
In the outcome events analyses, we considered the primary causes of mortality 
and the primary clinical diagnosis recorded during hospitalization. The composite 
endpoint “death due to IHD” consisted of all primary causes of mortality within the 
ICD9 codes 410-414 and ICD10 codes I20-I25. “Non fatal MI or death due to IHD”, 
additionally comprised the clinical occurrence of ICD9CM codes 4100-4109. The 
composite endpoint “death due to atherosclerotic disease” consisted of all primary 
causes of mortality within the ICD9 codes 410-414, 430-438, 440-448 and ICD10 
codes I20-I25, I60-I69, I70-I79 and F01.

DNA analyses
Genomic DNA was extracted from blood collected at baseline according to standard 
procedures. Genotyping of available samples for the TaqIB variant (dbSNP number 
rs708272), the G-2708A (rs12149545), the C-629A(rs1800775)  and the CCC+784A 
(no dbSNP rs number designated) polymorphisms was performed using restriction 
fragment length polymorphism methods as described previously 24,34

Data analyses
Differences in baseline clinical characteristics between the TaqIB variant genotype 
groups were assessed by one-way analysis of variance and Pearson’s chi-square 
test. The latter was also used to assess Hardy-Weinberg equilibrium. Since 
triglyceride concentrations had a skewed distribution, the statistical analyses were 
based on log-transformed data. However, the triglyceride concentrations in the 
table are given as means (± standard error (SE)). The time to death due to IHD, 
time to death due to atherosclerotic disease, time to all-cause mortality, and time 
to non-fatal MI or death due to IHD, was calculated for survival analyses. The 
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absolute risk in each TaqIB genotype group was estimated using the Kaplan-Meier 
method and temporal pattern displayed in survival curves. Next, a competing risks 
analysis was performed according to the method of Fine and Gray35, in order to 
account for potential bias from competing events in the case of cause-specific 
mortality enspoints (death due to IHD, death due to atherosclerotic disease, non-
fatal MI or death due to IHD). The effect of genotype on outcome was analysed 
using proportional hazards (Cox’ regression); the number of rare allele copies was 
entered as a linear covariate into the model. The proportional hazards assumption 
was assessed for all endpoints through testing the regression coefficient of the 
interaction between the covariate(s) and time, and verified visually by a log-log 
plot; in all instances the assumption was satisfied. Furthermore, in order to take in 
account the randomized nature of the first two years of the follow-up study, a model 
adjusting for randomization group was added. 
 Moreover, possible heterogeneity of these effects between the randomized 
treatment groups was explored by modelling interaction terms of genotype and 
randomization group. 
All above mentioned statistical analyses were carried out using SPSS for Windows, 
release 15.0 (SPSS Inc, Chicago, IL, USA).
With respect to the haplotypic context of the TaqIB variant, the linkage disequilibrium 
(LD) structure between this and three previously linked variants was calculated and 
visualised using the application Haploview 36, release 4.0. Variants linked with D’>0.8 
were included in the following haplotype effects analysis. The application Thesias 
37,38, release 3.1 was used for the following procedures: the prevalence of haplotypes 
was estimated according to the maximum likelihood method. The threshold for 
inclusion of haplotypes in further analyses was set to a prevalence of 5%. Time to 
death due to IHD, time to death due to atherosclerotic disease and time to all-cause 
death, were used as outcome measures in a survival analysis based on proportional 
hazards. Throughout, a two-tailed p value of 0.05 was interpreted as indicating a 
statistically significant difference. All statistical analyses were performed by two 
of the authors (J.J.R. and A.H.Z.). All authors had full access to the data and take 
responsibility for its integrity. 

RESULTS
Distribution of TaqIB allele frequencies
Genotype data regarding the TaqIB variant were available from 812 REGRESS 
participants and comprised 292(36%) B1B1, 392(48%) B1B2 and 128(16%) B2B2 
subjects, respectively. These frequencies are similar to those reported in other 
Caucasian populations 19. Baseline characteristics according to genotype are 
shown in table 1 with means and SE between brackets for continuous variables, 
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and frequencies with percentages between brackets for dichotomous variables.  
Mean age of the patients was around 56 years, with controlled blood pressures 
(RR around 135/82 mmHg) and preserved left ventricular ejection fraction. At 
baseline, plasma CETP concentration (microgram/microliter) was 2.06 (SE 0.033) 
for B1B1, 1.93 (SE 0.028) for B1B2 and 1.70 (SE 0.066) for B2B2 patients and 

Table 1. Baseline demographic and coronary artery disease characteristics according to 
the CETP genotype (TaqIB). CETP, Cholesteryl Ester Transfer Protein plasma concentration. 
HDL-C, High-Density Lipoprotein plasma concentration. LDL-C, Low-density Lipoprotein 
plasma concentration

B1B1
n=292

B1B2
n=392

B2B2
n=128

p value

age – yrs 55.4 (0.49) 56.6 (0.41) 56.1 (0.66) 0.11

body mass index 26 (0.17) 26 (0.13) 26 (0.25) 0.84

systolic blood pressure - mm Hg 135 (1.1) 135 (0.93) 135 (0.65) 0.98

diastolic blood pressure - mm Hg 82 (0.60) 82 (0.52) 81 (0.81) 0.48

current/former smoker 256 (88%) 342 (87%) 117 (91%) 0.44

current smoker 78 (27%) 112 (29%) 29 (23%) 0.42

previous myocardial infarction 130 (45%) 185 (47%) 68 (53%) 0.27

ejection fraction (%): mean 70 (0.8) 71 (0.6) 70 (1.1) 0.99

mean segment diameter - mm 2.72 (0.022) 2.72 (0.018) 2.76 (0.032) 0.68

miminum obstruction diameter –mm 1.77 (0.021) 1.75 (0.017) 1.78 (0.032) 0.63

stenosis (%): mean 37 (0.9) 38 (0.7) 38 (1.6) 0.26

coronary vessels diseased - number

1 121 (41%) 163 (42%) 53 (41%)

0.772 105 (36%) 126 (32%) 45 (35%)

3 65 (22%) 101 (26%) 30 (23%)

diabetes mellitus 0 0 0

total cholesterol - mmol/l 6.04 (0.050) 6.01 (0.044) 6.12 (0.075) 0.45

HDL-C - mmol/l 0.89 (0.012) 0.92 (0.011) 1.02 (0.023) <0.001

LDL-C - mmol/l 4.31 (0.046) 4.29 (0.040) 4.35 (0.068) 0.747

triglycerides - mmol/l 1.87 (0.046) 1.78 (0.038) 1.67 (0.068) 0.026

CETP - µg/ml 2.06 (0.033) 1.93 (0.028) 1.70 (0.066) <0.001
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HDL-C (mmol/l) was 0.89 (SE 0.012) for B1B1, 0.92 (SE 0.011) for B1B2 and 1.02 
(SE 0.023) for B2B2 patients (both p<0.001). CETP concentration was 17% lower 
and HDL-C concentrations were 15% higher in B2B2 homozygotes relative to the 
B1B1 homozygotes (p<0.001), consistent with literature 19. Otherwise, no significant 
differences were observed between the genotypes in baseline CAD risk factors 
including lipoprotein profile, angiographic or lifestyle parameters as depicted in

TaqIB, statin use and 10 years outcome
Among the 812 patients included in the survival analysis, 127 patients died during 
follow up: 60 patients died from atherosclerotic disease, and 49 deaths from IHD. 
The composite of non-fatal MI or death from IHD occurred in 94 subjects. Figure 1 
displays the Kaplan-Meier curves for the outcome events. After 10 years of follow-
up, carriers of the B2 allele had a considerably increased risk of all endpoints. For 
instance, the 10-year absolute risk of atherosclerotic death was 5% (SE 1%) in
B1B1 patients, whereas it was 8% (SE 1%) in B1B2 and 15% (SE 4%) in B2B2 

Table 2. Effect of CETP-TaqIB genotype on outcome. Ten-year absolute risk (and SE) of 
composite outcome events are displayed per genotype on the left. Hazard Ratios from the 
competing risks analysis (HR, with corresponding 95% Confidence Interval), p-value per 
each additional B2 allele copy are displayed on the right. IHD,Ischemic Heart Disease. MI, 
Myocardial infarction.

              

clinical
endpoint      

                absolute risk per genotype crude HR HR adjusted for 
randomization 
group

B1B1 
(n=292)

B1B2
(n=392)

B2B2
(n=128)

IHD death 0.05 (0.01) 0.06 (0.01) 0.12 (0.03)
1.53 (1.03-2.28)

p=0.04

1.53 (1.03-2.28) 

p=0.03

IHD death or MI 0.09 (0.02) 0.18 (0.03) 0.18 (0.04)

1.37 (1.03-1.82)

p=0.03

1.38 (1.04-1.83) 

p=0.03

atherosclerotic 

disease death
0.05 (0.01) 0.08 (0.01) 0.15 (0.04)

1.59 (1.11-2.28)

p=0.01

1.60 (1.12-2.28) 

p=0.01

all-cause death 0.18 (0.05) 0.17 (0.02) 0.22 (0.01)
1.30 (1.01-1.66)

p=0.04

1.30 (1.01-1.66)

p=0.04
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patients as displayed also in table 2. The B2 allele thus conferred both a higher risk 
of mortality from all causes; hazard ratio (HR) 1.30 (95% confidence interval (CI) 
1.01-1.66, p=0.04), of death from atherosclerotic disease; HR 1.59 (1.11-2.28), p= 
0.01, and of non-fatal MI or fatal IHD; 1.37 (1.03-1.82), p=0.03. The model adjusting 
for randomized treatment group changed none of these effects (see table 2). Models 
not accounting for competing events (not displayed) resulted in similar effect sizes 
and significance.  Moreover, no heterogeneity was observed (data not displayed). 
From these data, it is clear that in all these male patients on statins, the TaqIB 
genotype has a significant and dose-dependent impact on hard clinical endpoints 
with the B2 allele predicting adverse outcome.

Figure 1. Survival curves for time to death from the four defined endpoints. Time in years is 
displayed horizontally, cumulative risk vertically.

Non-fatal MI or IHD death IHD death

Atherosclerotic death All cause mortality

B1B1
B1B2
B2B2
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Figure 2. Linkage Disequilibrium (LD) at CETP locus regulatory region flanking the TaqIB 
variant in the REGRESS sample. Each square denotes LD between pairs of markers in region. 
Numbers in squares indicate 100 x D’, statistical measure of LD. 

TaqIB, CETP haplotypes and risk of CAD
The TaqIB variation is located in intron 1 and it has been shown that this varianr 
is in fact a marker for a CETP promoter polymorphism (C-629A 34) and that other 
SNPs at the CETP gene locus allow for determining haplotypes (see figure 2). 
Using the available genotypes of G-2708A, C-629A and CCC+784A, we estimated 
haplotypes frequencies (see figure 3). For the current analysis, four haplotypes 
meeting the prevalence threshold of 5% were entered into a haplotype effects 
analysis. The effects of the separate haplotypes on outcomes, relative to the most 
common haplotype are presented in figure 3. Notably, one risk haplotype (A-C-
B2-A) was identified to be associated with all endpoints. Compared to the effect 
of the TaqIB-B2 allele alone, this particular haplotypic context appeared to yield 
an even stronger effect on all clinical endpoints, p-values for IHD death: 0.003, for 
atherosclerotic death p=0.003 and for all cause mortality p=0.004 respectively.

-2
70
8

-6
29

Ta
qI
b

+7
84

91

91

89

98

93

94



31

CETP

 2
Figure 3. Haplotype prevalence estimations and 95% confidence intervals (left) and effects 
on mortality endpoints (right).

DISCUSSION
The REGRESS 10-year follow-up study of statin-treated male CAD patients provides 
evidence that genetic variation associated with low CETP levels is associated 
with increased 10-year mortality. Specifically, the TaqIB-B2 genotype (low CETP 
level and high HDL-C), or rather the [ACB2A] haplotype can be considered a risk 
factor when statins are used. This is counterintuitive since the B2 allele has been 
shown to be cardioprotective in the original REGRESS placebo group (2 years) 
and in a recent meta-analysis 19. In the light of the meta-analysis on the effect of 
TaqIB variant (most widely studied worldwide), we revisited the current body of 
evidence in relation to the fraction of patients who received statin therapy in the 
different studies (see figure 4). In agreement with our initial analysis24, we again find 
evidence for a pharmacogenetic interaction between the TaqIB and statin therapy: 
In the studies in which only 9% of the patients received statin therapy (Physicians’ 
Health Study (PHS), Northwick Park Heart Study (NPHS), Etude Cas-Témoins de 
l’Infarctus du Myocarde (ECTIM), Oulu Project Elucidating Risk of Atherosclerosis 
(OPERA), Reykjavik and Arca studies) the B2 allele was indeed associated with 
better outcome (OR for CV outcome 0.77). By contrast, in the cohorts in which 
50% of the patients received statins (REGRESS-2 year follow-up, West of Scotland 
Coronary Prevention Study (WOSCOPS), Cholesterol And Recurrent Events (CARE)) 
the odds ratio for the B2 allele was 1.06 while in the current REGRESS 10 years 
study, we now show that the hazard ratio for the B2 allele is in fact 1.59.  
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Haplotype prevalence estimations and 95% confidence intervals (left) and effects on mortality endpoints (right). 
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These insights also complement our initial report 24 which suggested worse 
angiographic outcome in B2 carriers when treated with statins which in turn is in 
accordance with other reports describing detrimental effects of statins in a context 
of endogenous low CETP concentration.25,26.
It is tempting to speculate that this insight may hold value with regard to the recently 
observed increased mortality rate, experienced with the CETP inhibitor torcetrapib 
on top of (high-dose) statin therapy in the ILLUMINATE study, apart from the fact that 
this compound may also have an off-target drug toxicity via an altered aldosterone 
mechanism 27. High-dose statin therapy is known to yield potent cholesteryl-ester 
transferase inhibition 30 and this is further blocked by torcetrapib. Therefore it 
could be understood that further suppression of CETP by statins may be related 
with negative outcomes in patients with already intrinsically lower CETP. Recent 
insight furthermore suggests that CETP also plays a role in macrophage cholesterol 
homeostasis 6 which is considered atheroprotective 7-9, especially in normolipidemic 
states10. At present, a balanced level of CETP activity may be crucial in vascular 
physiology.

Limitations
Some aspects and possible limitations of our study merit consideration. First, the 
longitudinal REGRESS study constitutes a cohort of CAD patients with ten years of 
follow-up. The follow-up data set was not complete for all patients: 3% and 16% 
of patients could not be uniquely identified in the mortality and hospital registries, 
respectively. However, since these patients were right-censored at lost-to-follow-
up time, it seems unlikely that this would have affected the primary outcome of 
the current study. We elected to calculate survival times across genotypes, in 
contrast to the case-control design. Survival analysis enabled us to efficiently study 
all available information, including that of censored participants. Another point is 
that after the initial 2 years, the patients and treating physicians were only advised 
to start (placebo group) or continue statin use (active group) during the follow-up 
period and the data are likely suffering from suboptimal compliance. However, we 
have no reason to assume that these factors would have differentially affected the 3 
subgroups. A survey at 5 years after completion of this trial provided crucial insight 
that 91% of patients were indeed on statin therapy according to the guidelines. The 
original placebo group patients moreover used statins for 8 and not 10 years as 
did the pravastatin group, but this fact will have if anything only diluted the primary 
outcome of the current study. Finally, the results in this study were obtained in 
a cohort of exclusively male patients with established CAD. Confirmation of the 
present result in males in other trials is needed and the effects in women may need 
special attention.
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Figure 4. Evidence for a pharmacogenetic interaction of statin therapy and CETP-TaqIB 
genotype. Fraction of patients using statins and the effect of CETP TaqIB effect across 
different studies. The current findings in light of thepreviously described meta-analysis (data 
derived from reference 19). Studies with no to low (up to 9%) fraction of statin treatedpatients 
(PHS, NHPS, ECTIM, OPERA, WOSCOPS, Reykjavik and Arca studies) show assotiation of 
the B2 allele (low CETP, high HDL) with a better outcome (RR for CV outcome 0.77). In the 
50% statin treated cohort (REGRESS 2 year, WOSCOPS, CARE) this RR for the B2 allele was 
neutralized to 1.06 and in the 91% statin treated cohort (REGRESS 10 year) the B2 allele now 
carried a RR of 1.60 (p=0.01) for atherosclerotic death.

Conclusion
The results of this 10-year follow up of a cohort of male patients with symptomatic 
CAD provide new and clear evidence for a pharmacogenetic interaction between 
the CETP genotypes, statin therapy and clinical outcome. The results show that a 
CETP genotype (TaqIB2 allele – part of a distinct haplotype) associated with lower 
CETP level and higher HDL-C, adversely affects clinical outcome when a statin is 
used.  These data provide a further basis for the hypothesis that reducing CETP 
activity by statins in patients with endogenously low CETP levels may have adverse 
effects.
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ABSTRACT

OBJECTIVE 
Activation of Peroxisome Proliferator-Activated Receptor-gamma (PPARγ) 
signaling influences metabolic profiles and the propensity towards inflammation. 
Small-molecule stimulation of PPARγ is investigated for secondary prevention of 
cardiovascular disease. The common PPARγ	Pro12Ala variant has functional and 
prognostic consequences. A protective effect of the 12Ala allele carriership on 
diabetes and myocardial infarction (MI) in healthy populations has been suggested. 
The relevance of this pathway also needs exploration in patients with manifest 
vascular disease. We investigated the effects of carriership of the Pro12Ala variant 
on angiographical and cardiovascular event outcomes in male patients with 
symptomatic coronary artery disease (CAD).

METHODS 
The REGression Growth Evaluation Statin Study (REGRESS) cohort was genotyped 
for the Pro12Ala variant (rs1801282). Ten-year follow-up was derived from nation-
wide registries, and risks estimated using proportional hazards. Quantitative 
coronary angiography measurements were obtained and relations with genotype 
estimated using a generalized linear model. 

RESULTS 
Genotypes ascertained (n=679), comprised 540 (80%) Pro/Pro, 126 (19%) Pro/
Ala and 13 (2 %) Ala/Ala subjects. The 12Ala allele was associated with less 
extensive focal (p=0.001) and diffuse (p=0.002) atherosclerosis and lower 10-
year cardiovascular risk. Hazard Ratios were 0.10 (95% CI 0,01-0,70, p=0.02) for 
Ischemic Heart Disease (IHD)- and 0.24 (0.08-0.74, p=0.013) for Vascular death, per 
each added copy of 12Ala, respectively.

CONCLUSIONS 
Carriers of the 12Ala allele of PPARγ have less widespread CAD, and are considerably 
protected against 10-year (cardio)vascular morbidity and mortality. These long-
term findings in patients with manifest CAD support an important role of PPARγ in 
determining vascular risk.
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EROXISOME proliferator-activated receptors (PPARs) are steroid 
hormone nuclear receptors that modify expression of several genes. The 
PPAR-gamma (PPARγ) subtype is preferentially expressed in adipocytes, 
vascular smooth muscle cells, endothelial cells and macrophages 1 and 

modulates various aspects of metabolism (lipids and glucose) and inflammation 
(adhesion molecule-, chemokine- and metalloproteinase-9 expression) 2 by 
integrating environmental and (epi)genetic signals. Target gene transcription control 
by PPARγ arises from molecular interactions between various PPAR-ligands, 
cofactors, dimeriziation with retinoid X receptor and binding to PPAR-responsive 
elements on a number of target promotor regions. 
The clinical relevance of the PPARγ pathway was established ever since its 
identification as a high-affinity target of the anti-diabetic drugs thiazolidinediones 
(TZDs) 3.
The PPARγ gene carries a non-synonymous C/G polymorphism (rs 1801282) 
resulting in a proline to alanine substitution at codon 12 (Pro12Ala) of one of the two 
4 known PPARγ transcripts, PPARγ2. Functional consequences of this substitution 
are likely given its location in an insulin-sensitive activation domain 5 which is highly 
conservated across species, and the fact that proline insertion generally leads to a 
disruption of secondary structures. 
In line with the role of PPARγ in glucose metabolism, carriership of the Alanine 
allele at this polymorphic site (12Ala) is consistently associated with a lower risk of 
developing type-2 diabetes mellitus in various populations 6-8. Moreover, the 12Ala 
variant has also been found to be associated with a decreased risk for myocardial 
infarction in the general population 9. These findings suggest a role of  PPARγ in the 
development of vascular disease, either through its influence on the occurrence of 
diabetes or directly on atherosclerotic vascular diseaseThus, PPARγ represents a 
new target in the secondary prevention from recurrent atherosclerotic disease. To 
date, no studies have established the impact of individual variation in the PPARγ 
gene on long-term cardiovascular risk in patients with manifest vascular disease. 
Therefore, we investigated the impact of the gene polymorphism Pro12Ala on 
angiographical and 10-year cardiovascular outcomes and addressed the roles of 
inflammation and metabolic syndrome in a cohort of patients with ischemic heart 
disease (IHD).
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METHODS
Participants
The study participants were derived from the Regression Growth Evaluation Statin 
Study (REGRESS) angiographic trial cohort, which enrolled 884 male patients with 
symptomatic CAD between 1989 and 1993. The trial design and main findings have 
been reported previously10;11. In brief, the primary objectives of this angiographic 
trial were to evaluate the effects of 24 months of 40 mg pravastatin therapy on the 
evolution of atherosclerotic lesions in male patients with proven CAD. All participants 
gave written informed consent and the clinical trial and subsequent DNA-studies 
were approved by all seven institutional review boards of the participating centers 
and by the medical ethics committees of all centers.

Morbidity and mortality 10 year follow-up study
Within the framework of the original trial, clinical outcomes were assessed at 24 
months comprising fatal- and non-fatal Myocardial infarction (MI), death due to 
Coronary Artery Disease (CAD), repeated coronary revascularization (CABG or 
PTCA), stroke and death due to non-coronary causes.  To obtain 10-year follow-up 
data of the participants, cause-specific mortality and hospitalization up until January 
1st 2001 were extracted from nation-wide registries. All diagnoses in these registers 
are coded according to the International Classification of Diseases, 9th Revision, 
Clinical Modification (ICD9 and ICD10 for mortality and ICD9-CM for morbidity). 
The research protocol was approved by the institutional review board and ethics 
committee of the coordinating center (UMC Utrecht). The linkage process method 
is further described in Online Appendix Methods section A1.

Outcome events 
In the outcome events analyses, we considered the primary causes of death and the 
primary clinical diagnosis recorded during hospitalization. The composite endpoint 
“death due to ischemic heart disease” consisted of all primary causes of death 
within the ICD9 codes 410-414 and ICD10 codes I20-I25. “Death due to ischemic 
heart disease or non-fatal myocardial infarction”, additionally comprised the clinical 
occurence of ICD9CM codes 4100-4109.  The composite endpoint “death due to 
vascular disease” consisted of all primary causes of death within the ICD9 codes 
410-414, 430-438, 440-448 and ICD10 codes I20-I25, I60-I69, I70-I79 and F01. 

Angiographic outcomes
Patients underwent coronary arteriography upon enrollment and at 24 months 
of follow-up, according to a uniform previously described 10 protocol. After 
completion of the follow-up period, all angiograms were analyzed by quantitative 
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coronary angiography(QCA). The following angiographic outcomes were used: the 
average mean segment diameter (MSD) per patient, reflecting the extent of diffuse 
atherosclerosis, and average minimal obstruction diameter (MOD) per patient, 
reflecting extent of focal atherosclerosis, calculated as described previously10. Both 
the baseline and follow-up angiographic data were used in the current analysis.

DNA analyses
Genomic DNA was extracted from blood collected at baseline of the study 
according to standard procedures, and was available from 679 participants due 
to stock shortage. Genotyping of the PPARγ Pro12Ala variant (dbSNP rs1801282) 
was performed using a multiplex polymerase chain reaction and immobilized probe-
based assay12 (Roche Molecular Systems, Alameda, CA).

Data analyses
Differences in baseline demographic and clinical characteristics and concentrations 
of lipids between the three genotypes were assessed by linear regression or Pearson’s 
chi-square analysis, as was the assumption of Hardy-Weinberg equilibrium.
The effect of genotype on angiographic outcomes MSD and MOD were analyzed 
using linear regression. C-reactive protein (CRP) levels were logarithmically 
transformed for use as covariates, because they were not normally distributed. 
The absolute risk in each genotype group was estimated using the Kaplan-Meier 
method. To explore the presence of bias due to competing risks in the cause-
specific endpoints, a competing risk analysis was performed according to the 
method of Fine and Gray13. The effect of genotype on outcome was analysed using 
proportional hazards (Cox’ regression). 
The mode of inheritance exerting the effects of this gene variant remains unknown. 
We compared recessive, dominant and additive models, and selected the optimal 
model to describe the data based on the lowest Akaike Information Criterion (AIC). 
The additive model appeared to meet this criteria for all cardiovascular outcomes. 
Hence, the number of rare allele (alanine) copies was entered as a linear covariate 
into the model. The proportional hazards assumption was assessed for all endpoints 
through testing the regression coefficient of the interaction between the covariate(s) 
and time, and verified visually by a log-log plot; in all instances the assumption was 
satisfied. For both the cardiovascular outcomes as the angiographic outcomes, the 
role of possible intermediate factors was explored in multivariate analyses. These 
included the components of the metabolic syndrome and baseline CRP levels. In 
order to account for the randomized nature of the first two years of the follow-up 
study, we verified if adjustment for randomization group changed the effects found. 
Throughout, a two-tailed p value of 0.05 was interpreted as indicating a statistically 
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significant difference. All statistical analyses were carried out by two of the authors 
(J.J.R. and A.H.Z.) using SPSS for Windows, release 15.0 (SPSS Inc, Chicago, IL, 
USA). All authors had full access to the data and take responsibility for its integrity. 
All authors have read and agree to the manuscript as written.

Table 1. Baseline Demographic and Coronary Artery Disease Characteristics according to
PPARγ Pro12Ala genotype p-values of  §linear regression †Chi-square for cross-tabs *p-value 
applies to log-transformed Triglycerides, C-Reactive protein and Beta-fibrinogen levels due 
to non-normality . Pro=Proline, Ala=Alanine at codon 12 of PPARγ; BMI= body mass index; 
BP=blood pressure; MI=myocardial infarction; HDL=High-density Lipoptotein Cholesterol; 
LDL=Low-density Lipoprotein.

 Pro/Pro Pro/Ala Ala/Ala p-value

age years (SEM) 55.7 (0.34) 55.7 (0.74) 57.0 (1.7) 0.85 §

BMI kg/m2 (SEM) 25.9 (0.11) 26.3 (0.26) 25.8 (0.60) 0.27 §

systolic BP mmHg (SEM) 135.8 (0.78) 134.1 (1.74) 126.2 (4.1) 0.07 §

diastolic BP mmHg (SEM) 81.8 (0.43) 81.0 (0.91) 74.6 (3.3) 0.05 §

current smoking  (%) 153 (28%) 34 (27%) 0 (0%) 0.08 †

ejection fraction 70.2 (0.55) 70.2 (1.13) 73.5 (3.7) 0.66 §

NYHA functional class 0.17 †

I 63 (12%) 8 (6%) 3 (23%)

II 262 (49%) 64 (50%) 8 (62%)

III 178 (33%) 39 (39%) 1 (8%)

IV 33 (6%) 6 (5%) 1 (8%)

history of hypertension (%) 160 (30%) 35 (28%) 3 (23%) 0.80 †

previous MI (%) 265 (49%) 57 (45%) 4 (31%) 0.32 †

number of vessels diseased

1  (%) 229 (43%) 55 (44%) 5 (38%)

2 (%) 185 (34%) 40 (32%) 7 (54%)

3 (%) 124 (23%) 31 (25%) 1 (8%) 0.52 †

fasting glucose mmol/l (SEM) 5.28 (0.05) 5.37 (0.11) 5.22 (0.23) 0.62 §

C-reactive protein mg/l (SEM) 5.42 (0.54) 6.37 (1.15) 2.71 (0.85) 0.99 §

beta-fibrinogen g/l (SEM) 3.39 (0.07) 3.21 (0.17) 3.15 (0.32) 0.18 §

total cholesterol mmol/l (SEM) 6.05 (0.04) 6.04 (0.08) 5.86 (0.25) 0.75 §

HDL mmol/l (SEM) 0.93 (0.01) 0.90 (0.02) 1.01 (0.07) 0.12 §

triglycerides mmol/l (SEM) 1.78 (0.03) 1.87 (0.07) 1.62 (0.21) 0.42 §*

LDL mmol/l (SEM) 4.31 (0.03) 4.03 (0.07) 4.07 (0.20) 0.60 §
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RESULTS
Distribution of allele frequencies
The study population (n=679), comprised 540 (80%) Pro/Pro, 126(19%) Pro/Ala 
and 13(2%) Ala/Ala subjects, respectively, meeting the Hardy-Weinberg equilibrium 
assumption (p=0.094) and closely resembling distributions reported in other Caucasian 
populations 9. Baseline characteristics according to genotype are shown in table 1. 
Of note, the 12Ala carriers had a lower systolic blood pressure, which reached 
borderline significance for diastolic blood pressure. Otherwise, no significant 
differences were observed between the genotypes in baseline coronary heart 
disease risk factors including lipoprotein profile or lifestyle parameters.

Genotype and the occurrence of outcome events
Among the 679 patients included in the survival analysis, 111 died during follow 
up; 53 patients died from vascular disease, and 43 deaths were caused by IHD. 
The composite of non-fatal MI or Death from IHD occurred in 81 subjects. After 
10 years of follow-up, carriers of the 12Ala allele had a considerably reduced risk. 
For instance, risk of vascular death was 10.0% (SE 1.4%) in the Pro12/Pro12, 
whereas it was 2.5% (SE 1.4%) in Pro12/12Ala and 0% in 12Ala/12Ala carriers, 

Table 2. Effect of genotype (Pro12Ala) on angiographic extent of CAD. Angiographical 
endpoints include baseline- , 24-month follow-up and change (delta) over the 24-month 
follow-up period. MSD = average mean segment diameter, representing diffuse atherosclerotic 
changes. MOD = Median minimal obstruction diameter, representing focal atherosclerotic 
changes. Regression coefficients (β) from general linear models and corresponding p-values 
are presented to illustrate genotype effects. Multivariate model 1 controls for randomization 
group, BMI, fasting blood glucose, trigliceride and HDL levels, systolic and diastolic blood 
pressure, self-reported hypertension, antihypertensive drug use, antidiabetic drug use. 
Multivariate model 2 controls for randomization group and ln(CRP).

angiographical 

endpoint

univariate model

β  of Pro12Ala, p-value

multivariate model 1

β  of Pro12Ala, p-value

multivariate model 2

β  of Pro12Ala, p-value

baseline MOD 0.162, p=0.02 0.17, p=0.002 0.25, p=0.0002

delta MOD -0.025, p=0.30 -0.031, p=0.21 -0.033, p=0.26

follow-up MOD 0.137, p=0.01 0.14, p=0.01 0.22, p=0.002

baseline MSD 0.145, p=0.001 0.11, p=0.01 0.19, p=0.001

delta MSD -0.036, p=0.07 -0.036, p=0.07 -0.05, p=0.04

follow-up MSD 0.110, p=0.014 0.08, p=0.09 0.22, p=0.002
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as displayed also in Table 3. The Ala12 allele thus conferred both a reduced risk of 
vascular death; HR 0.24 (95% CI 0.08-0.74)), death from IHD; HR 0.10(95% CI 0.01-
0.70) and non-fatal MI or IHD death; HR 0.42 (95% CI 0.21-0.84). Table 3 displays 
these respective hazard ratios per each added allele copy of 12Ala. Hazard ratios 
adjusted for components of the metabolic syndrome and randomization group (first 
two years of the follow-up) or baseline CRP level and randomization group, did not 
yield substantial changes in the effects found. In all instances, the competing risk 
analysis (data not displayed) and did not change the effect found. 

Genotype and angiographic extent of coronary artery disease. 
The possession of a 12Ala allele, was associated with a moderate increase in 
coronary arterial diameters (see Table 2) in both the average MSD and the average 
MOD, and in both the baseline and the 24-month follow-up angiograms in the 
study. In multivariate models the effect of genotype on these endpoints generally 
continued to be significant. There was no significant effect on the change in these 
parameters (delta) over the 24 month follow-up time. 

DISCUSSION
This long-term follow-up study in 679 CAD patients demonstrates the significance 
on both angiographical outcome and cardiovascular mortality,of a frequent variant 
in  PPARγ2. The 12Ala isotype in this group of patients was associated with less 
extensive coronary atherosclerosis and better 10-year prognosis. Although the 
mechanism underlying these observations remains unexplained, this supports the 
hypothesis that PPARγ2, expressed predominantly in adipose tissue 14, plays an 
important role in the prognosis of patients with symptomatic CAD. 
First, we found that carriership of the PPARγ2 12Ala isotype, as can be found in 21% 
of Caucasians 9;15, is associated with a decreased 10-year cardiovascular mortality 
as compared to the Pro12 isotype. An allele-dose effect seemed present, notably 
for IHD and vascular disease-caused deaths and incident myocardial infarction.  To 
our best knowledge, these are the first prospective data on the prognostic impact 
of the Pro12Ala variant in patients with manifest coronary or other vascular disease. 
However, this relation has been addressed in the general population. A matched 
nested-case-control study9 of incident MI among 2615 healthy men followed-up 
for 13.2 years in the Physicians’ Health Study (PHS) observed a protective effect 
of the 12Ala allele (OR 0.79, 95% CI 0.63-0.99). The finding was not replicated in 
a later report of incident MI or CHD death in two matched case-control samples of 
shorter follow-up durations in 730 men and 752 women nested within the Health 
Professionals Follow-up Study and Nurses Health Study respectively15. In the latter 
report, the pooled effect of both samples suggested an elevated risk in presence 
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of the Ala12 allele, reaching borderline significance (OR 1.30, 95% CI 1.00-
1.67). Further, a case-control report in 844 Han Chinese described a significantly 
increased risk of MI in Ala12 allele carriers (unadjusted OR 1.83, 95%CI 1.06-3.14). 
One potential explanation for opposing findings may be found in the existence of 
gene-environment interactions. Notably, the data of Pischon et al15 suggest that the 
prognostic effect was modified by the presence of obesity. 
Second, we observed lower extent of focal and diffuse atherosclerosis (respectively 
higher MOD and MSD) associated with the presence of the Ala12 allele, and 
an allele-dose effect seemed present.  However, no effect was detected on the 
rate of progression of atherosclerosis during the 24-month angiographic follow-
up. Although possibly due to low statistical power, in this regard, it is tempting 
to speculate that vascular processes apart from atherogenesis might additionally 
explain the 10-year prognostic effect of the PPARγ variant. 
So far, no other QCA data have been reported in relation with the Pro12Ala 
polymorphism. However, a study in 267 Korean subjects undergoing coronary 
angiography reported no effect of the Pro12Ala polymorphism on the number of 
vessels diseased, possibly due to low statistical power or precision as the authors 
stated 16. However, presence of the Alanine12 isotype has been consistently related 
to decreased intima media thickness (IMT); in 622 German individuals bearing risk 
factors for diabetes17, 154 Japanese diabetes patients 18 and 161 healthy Canadian 
aboriginals 19. This agrees with the current QCA findings and supports effects of 
PPARγ on atherogenesis. 

Mechanism
The mechanism mediating the protective effects of the 12Ala allele as a determinant 
of angiographic and clinical outcomes observed here remains unresolved. In order 
to disclose intermediate factors, we performed several multivariate analyses. 
First, given involvement of PPARγ2 in adipogenesis14, and Pro12Ala in particular 
as a genetic determinant of type 2 diabetes mellitus 7;20, BMI17;21;22 and blood 
pressure23, we elected to incorporate components of the metabolic syndrome as 
covariates. In the current analysis, carriership of the 12Ala allele continued to be 
significantly associated with a decrease of 10-year cardiovascular outcome. This 
is supported by data obtained in the general population 9, which did not reveal any 
indication of diabetes as an intermediate factor. Hence, the metabolic syndrome 
or its components appear not to account for the relation between the Pro12Ala 
polymorphism and cardiovascular risk.  
Second, in REGRESS, effects of the Pro12Ala variant on cardiovascular risk were 
independent of baseline CRP levels in multivariate analyses. Carriers of 12Ala 
appeared to exhibit slightly lower mean baseline levels of CRP and beta-fibrinogen, 
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and this trend had also been observed in other reports15 but not statistically 
significant. Thus, reduced inflammation most likely is not the mechanism explaining 
the effects observed. 
Interestingly, it has been previously reported that the Alanine allele determines lower 
lipoprotein lipase (LPL) activity with a highTG-lowHDL profile, in two independent 
populations (n=294), both diabetic and non-diabetic24. The prognostic effect of 
lower LPL activity however, remains unknown. Our current data from REGRESS 
do not reveal such an effect of the Pro12Ala polymorphism on lipoprotein profile. 
Accordingly, LPL activity is not likely an explanation for the effects of Pro12Ala on 
angiographic and 10-year clinical outcomes. 
 
Study strengths and limitations
To appreciate these findings, some aspects of our study merit consideration. First, 
the longitudinal REGRESS study constitutes a cohort of CAD patients with ten 
years of follow-up. The QCA data obtained within the study enble us to observe 
effects on the extent of atherosclerosis. A second consideration is that the data 
originate from a randomized trial in which assessment of the benefits of pravastatin 
treatment were the primary objective. Because the study medication taken during 
two years of the follow-up time, was allocated at random, i.e., irrespective of 
genotype, this will not have affected our findings. Third, our follow-up data set 
was not complete for all patients: 3% and 16% of patients could not be uniquely 
identified in the mortality and hospital registries, respectively. Since these patients 
were right-censored at lost-to-follow-up time, again it seems unlikely that this would 
have affected the primary outcome of the current study. We elected to calculate 
actuarial survival across genotypes, in contrast to the matched9;15 or unmatched25 
case-control design. Survival analysis enabled us to efficiently study all available 
information, including that of censored participants.  Fourth, with the current data, 
we did not identify the underlying mechanisms of the prognostic benefit (putatively 
the metabolic syndrome and inflammatory state). The lack of information on the 
occurrence of the metabolic syndrome or inflammatory parameters over time limits 
definitive conclusions in this respect. Finally, an important issue is that the results 
in this study were obtained in a cohort of male patients with established CAD, and 
further research is needed to demonstrate whether the results of our study also 
apply to women. Nevertheless, the current findings from REGRESS are the first 
long-term data on hard clinical endpoints collected prospectively, and add to the 
understanding on the role of PPARγ in cardiovascular disease. 
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Conclusion
Among symptomatic CAD patients, carriership of the 12Ala variant of PPARγ is 
associated with less extensive atherosclerotic disease and appears to protect 
against recurrent vascular disease and vascular mortality as observed in a long-term 
follow-up study. These long-term findings in patients with manifest CAD support an 
important role of PPARγ in determining vascular risk.
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TTTTAGTAGTTGAACCATTTATGAAAGACTTCCTTGAAGCTACCTTA
GAGAGTTGATTTAGTTCTTCTAAATAAGTAAATAGAATATTAGTATTA
GGACATCTTGGAGTATAGATGCAAATATTGGTGAAAAAGAACATGGAT
ATCAGAGTCAAATTAATGTAGATTGGAATTCTGGTTATTACTAATGGA
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TTGCTGATCACTCTTTGCCTCAGTTTCATCATCTGTAAAATAGGTATT
TGTGTTTGTGTATAATGTGAACCGTTAGTATTAGGACATTAGGACAAG
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ABSTRACT

BACKGROUND
Paraoxonase-1(PON1) is a potential therapeutic target to further reduce 
cardiovascular risk, since it is a detoxifying esterase with anti-oxidant properties. 
PON1 knockout models result in higher susceptibility to atherosclerosis, and 
paraoxonase activity contributes to cardiovascular risk in humans. Human gene 
variants determine paraoxonase activity, however the impact of these variants on 
recurrent cardiovascular events in vascular disease is as of yet unknown. 

OBJECTIVES
We investigated the effects of PON1 variants on long-term clinical outcome in 
patients with coronary artery disease (CAD).

METHODS
We conducted a 10-year follow-up study in 793 CAD patients (REgression GRowth 
Evaluation Statin Study trial cohort), using nation-wide registries. Genotypes were 
obtained of two PON1 isotypes (L55M, rs854560 and Q192R, rs662), which were 
previously associated with paraoxonase activity. Absolute and relative risk by 
genotype was estimated using Kaplan-Meier and proportional hazards analyses.

RESULTS
Carriership of the PON1 Glutamine isotype at codon 192 (Q192), and Methionine 
at codon 55 (55M), was associated with a higher risk of death due to IHD. Hazard 
Ratios per allele copy were 1.71 (1.0-2.8), p=0.03 for 192Q, and 1.56 (1.1-2.3), 
p=0.03 for 55M. Both isotypes had previously been related to lower paraoxonase 
activity. No effect was observed on all-cause mortality. 

CONCLUSIONS
PON-1 gene variants influence the 10-year risk of fatal complications from CAD in 
male patients, despite no effect on all-cause mortality.  These long-term findings 
confirm functional data on PON-1 activity, emphasize the relevance of this pathway 
in vascular disease, and enforce its putative role as a target to modify and estimate 
cardiovascular risk.
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L

OW plasma levels of high density lipoprotein-cholesterol (HDL-C) or 
apolipoprotein AI  constitute independent risk factors for the development 
of cardiovascular disease in all populations studied 1;2. Among patients with 
clinically apparent coronary artery disease (CAD), plasma HDL-C levels 

are inversely related to cardiovascular risk3;4. The mechanisms underlying these 
relations are, at present, incompletely understood. Basic science has recognised a 
number of causal roles that elements of HDL particles may play in the pathogenesis 
of new and recurrent cardiovascular events. First, proteins physically attached to 
HDL mediate reverse cholesterol transport from tissues towards the liver, and may 
thereby modify the progression of atherosclerosis. 
A second explanation for the link between HDL-C and cardiovascular outcome 
is the anti-oxidant capacity of HDL5. The formation of foam cells is initiated by 
oxidization of LDL particles induced by a number of processes in the arterial wall6-

10. Oxidized LDL is taken up by macrophage scavenger receptors, and  attracts 
peripheral monocytes by inducing chemoattracting factors11;12. Anti-oxidant effects 
of HDL particles have been principally attributed to paraoxonase (PON)-1, a plasma 
protein residing on HDL. More specifically this protein seems to be anchored to 
HDL particles containing apolipoproteinA-I and clusterin (apolipoproteinJ)13;14. In 
fact, mice lacking the PON1 gene develop more extensive aortic sclerosis when on 
a high-fat diet 15.
The spectrum of PON1 enzymatic properties comprises the capacity to break down 
biologically active oxidized phospholipids and oxidized cholesteryl-esters12;16-18. 
Moreover, hydrolytic activity of PON1 towards a number of other endogenous and 
exogenous esters has also been described, yet other substrates occurring in vivo 
may remain to be discovered 14. Although it has been proposed that the catalytic sites 
for different substrates vary, the body of evidence concerning the consequences 
of PON1 activity in humans has predominantly focused on hydrolysis of the toxic 
organophosphates paraoxon and phenylacetate 19.

In a recent cohort of 1353 men with and without pre-existing coronary artery disease, 
baseline serum hydrolytic activity towards paraoxon was inversely related to the 
occurrence of fatal or non-fatal myocardial infarction over 15 years of follow-up20. 
In vitro mutagenesis and expression of human PON1 resolved the location of the 
active catalytic site towards paraoxon and 2-naphtyl-acetate, along with the PON1 
tertiary structure 13. The regions involved in this active site comprise a previously 
described non-synonymous genetic (A/G) polymorphism (rs662) resulting in 
glutamine (Q) to arginine (R) substitution at codon 192. This 192Q isoform has been 
related to lower paraoxon-hydrolyzing and arylesterase (phenylacetate-hydrolyzing) 
activity 14;21;22. Another non-synonymous genetic (T/A) variant (rs854560) encodes 
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for a Leucine(L) or Methionine(M) residue at codon 55. The 55M isoform has also 
been related to lower paraoxon-hydrolyzing and arylesterase activity14;21;22. 
Paraoxonase is therefore among the potential new targets for secondary prevention 
of recurrent cardiovascular disease. Nevertheless, a recent meta-analysis of several 
(nested) case-control studies on the effect of PON1 genotype in coronary heart 
disease in the open population reported lack of such an effect23. However, to date, 
no prospective studies have established the impact of PON on cardiovascular risk 
in the context of patients with manifest vascular disease. We therefore investigated 
the relation between these well described gene variants on the 10-year risk of 
cardiovascular morbidity and mortality in a well-established prospectively defined 
cohort of patients with ischemic heart disease.

METHODS
Participants
The study participants were derived from the Regression Growth Evaluation Statin 
Study (REGRESS) study which enrolled 884 male, non-diabetic patients with 
symptomatic coronary artery disease between 1989 and 1993. The trial design and 
main findings have been reported previously24;25. In brief, the primary objectives of 
this angiographic trial were to evaluate the effects of 24 months of 40 mg pravastatin 
therapy on the evolution of atherosclerotic lesions in male patients with documented 
CAD. Within the framework of the trial, clinical and angiographic follow-up was 
documented after the initial 2-year trial. The clinical outcomes assessed (by an 
independent clinical event committee) were fatal or non-fatal Myocardial infarction 
(MI), death due to coronary artery disease, repeated coronary revascularization 
(coronary artery bypass grafting or percutaneous transluminal coronary angioplasty), 
stroke and death due to non-coronary causes. All participants gave written informed 
consent. All participants gave written informed consent and the clinical trial and 
subsequent DNA-studies were approved by all seven institutional review boards of 
the participating centers and by the medical ethics committees of all centers.

Morbidity and mortality 10 year follow-up study
To obtain 10-year follow-up data of the participants, cause-specific mortality up 
until January 1st 2001 were extracted from nation-wide registries. All diagnoses in 
these registers are coded according to the International Classification of Diseases, 
9th Revision, Clinical Modification (ICD9 and ICD10). The research protocol was 
approved by the institutional review board and ethics committee of the coordinating 
center (UMC Utrecht).
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Linkage process method
The study database, comprising all 884 REGRESS participants, was linked to the 
registers on the basis of birth date, sex and postal address code26. As is customary 
due to privacy legislation, patient names were omitted in the linkage process. On a 
per-patient basis, historical registers of the Dutch inhabitants were searched for this 
unique combination of characteristics, and once found, this automatically merged 
migration history over the follow-up time. The vital status of the participants was then 
obtained through linking municipal administration registries using a 6-charactered 
postal code. Out of the 884 participants, 861(97%) could be uniquely traced with 
the above method. The 23 patients who could not be uniquely traced were right-
censored at the end of the 24 month follow-up in the mortality analyses. Information 
on the occurrence of non-fatal MI was obtained through linkage with the register of 
hospital discharge diagnoses which uses the 4 digit part of the postal code. This 
register files admissions of all general and university hospitals in the Netherlands. 
Out of the 884 participants, 740 (84%) could be uniquely traced. The 144 patients 
who could not be uniquely traced were right-censored at the end of the 24 month 
follow-up for morbidity analyses.

Outcome events
In the outcome events analyses, we considered the primary causes of death and the 
primary clinical diagnosis recorded during hospitalization. The composite endpoint 
“death due to ischemic heart disease (IHD)” consisted of all primary causes of death 
within the ICD9 codes 410-414 and ICD10 codes I20-I25. “Non-fatal myocardial 
infarction or death due to IHD”, additionally comprised the clinical occurence of 
ICD9CM codes 4100-4109.  The composite endpoint “death due to atherosclerotic 
disease” consisted of all primary causes of death within the ICD9 codes 410-414, 
430-438, 440-448 and ICD10 codes I20-I25, I60-I69, I70-I79 and F01. 

DNA analyses
Genomic DNA was extracted from blood collected at baseline according to standard 
procedures. Genotyping of the PON1 L55M (dbSNP rs854560) and  Q192R(dbSNP 
rs662) variants  was performed using a multiplex polymerase chain reaction and 
immobilized probe-based assay (Roche Molecular Systems, Alameda, CA), and 
read-outs were  available from 791 and 793 participants respectively 27. 

Lipoprotein cholesterol content measurements
Total cholesterol was measured with an enzymatic kit (Boehringer Mannheim) and 
calibrated with a human serum calibrator. HDL cholesterol was measured after 
precipitation of apolipoprotein B–containing lipoproteins with a 4% tungstate 
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solution and centrifugation, and the triglycerides were analyzed enzymatically 
(Bayer/Technicon) by a technique that included free glycerol24. LDL cholesterol was 
calculated according to the Friedewald formula. 

Angiographic measurements
Within the framework of the original trial, patients underwent coronary arteriography 
upon enrollment. All angiograms were analyzed by quantitative coronary 
angiography, and the average mean segment diameter reflecting the extent of 
diffuse atherosclerosis, and average minimal obstruction diameter  per patient, 
reflecting extent of focal atherosclerosis, were calculated as described previously24.

Data analyses
Demographic, clinical and angiographic characteristics and concentrations of lipids 
between the three genotypes of each polymorphism were tabulated in table 1. For 
continuous values, mean values with standard deviations are displayed in principle, 
except for triglyceride concentrations and minimal obstruction diameter, where, due 
to non-normality, medians with range are displayed. 
The relation between genotype and outcome events was analyzed through survival 
analyses using proportional hazards (Cox’ regression). The Hazard Ratios (HR) 
were tabulated in table 2.  The mode of inheritance exerting the effects of these 
gene variants remains unknown. We considered co-dominant (additive) models in 
principle, and therefore the HR of the defined endpoints was estimated by entering 
the number of rare allele copies as a linear covariate in the model. We further 
estimated risks while controlling for most recent HDL-cholesterol level measured 
within the randomized trial, LDL and TG levels and current smoking, in order to 
provide more insights into clinical relevance of genotype as an independent risk 
factor and into underlying mechanisms. Absolute risk of the endpoints in the 
genotype groups were plotted using the Kaplan-Meier method, tested by the log-
rank test and p for trend values displayed. All above mentioned statistical analyses 
were carried out using SPSS for Windows, release 14.0 (SPSS Inc, Chicago, IL, 
USA). Additionally, linkage between the L55M and Q192R variants was explored 
and haplotype effects estimated using maximum likelihood estimation by means of 
the survival analysis function of the application Thesias28, release 3.1. Throughout, 
a two-tailed p value of 0.05 was interpreted as indicating a statistically significant 
difference. Analyses were performed by two of the authors (J.J.R. and A.H.Z.) and 
all authors had full access to the data and take responsibility for its integrity. All 
authors have read and agree to the manuscript as written.
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RESULTS
Distribution of allele frequencies
The study population comprised 325 (41%) LL, 352 (45% ) LM, 114 (14%) MM 
subjects and 420 (53 %) QQ, 286 (36 %) QR, 87 (11 %) RR subjects. Participants’ 
characteristics according to the L55M and Q192R variant are summarized in table 1. 

Figure 1. Temporal patterns of 10-year risk by PON1. Survival curves by PON 1 genotype 
M55L (panel A and B) and Q192R (panel C and D), vertically displaying cumulative absolute 
risk of death from IHD (panels A and C) and of all-cause mortality (panel B and D). Follow-up 
time in years is displayed horizontally. 

Genotype and cardiovascular risk
Figure 1 displays Kaplan-Meier survival curves for the outcome events death due to 
IHD, and all-cause mortality. After 10 years of follow-up, carriers of the 55M allele 
had a considerably increased risk of cardiovascular complications, as compared to 

LL
LM
MM

A

B

C

DLL
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MM

QQ
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P=0.026 P=0.031

P=0.994 P=0.064
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the L55 carriers. A marked allele-dose effect was visible from the survival curves. 
For instance, the 10-year absolute risk of death due to IHD was 4.6 % (standard 
error 1.2%) in L55 homozygote patients, whereas it was 7.1% (standard error 
1.5%) in heterozygote patients and 10.9 % (standard error 3.0) in 55M homozygote 
patients as displayed also in table 2. The M55 allele thus conferred a higher risk of 
death due to IHD, HR 1.56 (95% confidence interval 1.1-2.3, p=0.03), and non-fatal 
MI or death due to IHD, HR 1.34 (95% confidence interval 1.0-1.8, p=0.04) , but 
had no effect on all-cause mortality HR 1.00 (0.8-1.3, p=0.99). Similarly, an elevated 
risk was found in 192Q variant carriers. The relations found remained unchanged 
upon correction for HDL-C, LDL, TG and current smoking. Both polymorphisms 
were partly linked with statistical measures of Linkage Disequilibrium D’=0.86 and 
r^2=0.17. No significant haplotype effects were observed among the >1% prevalent 
haplotypes, comprising LQ (36%), MQ (35%), LR (28%).

DISCUSSION
The REGRESS 10-year follow-up study in 793 statin-treated male coronary 
artery disease patients provides evidence that genetic variation associated with 
lower paraoxonase activity is associated with increased long-term cardiovascular 
mortality and morbidity. Specifically, the 55M isotype of the PON1 enzyme, present 
in 37% of our population as well as in other Caucasian samples, can be considered 
a risk factor for recurrent myocardial infarction and death from ischemic heart 
disease, with marked allele-dose effects observed22. We can report similar findings 
for the 192Q isotype of PON1. These genotype effects remained unchanged after 
adjustments illustrating the clinical relevance of PON1 as an independent risk factor.
Both of the PON1 isotypes studied have been related to lower paraoxonase activity22, 
which has been put forward as a causal factor that may provide one explanation for 
the inverse relation between HDL-C levels and cardiovascular risk. Recently it was 
described that serum paraoxonase activity has an impact on the 15-year risk of fatal 
or non-fatal MI in 1353 males from the general population (Caerphilly Prospective 
study)20.  Of note, this effect seemed more pronounced in participants with pre-
existing coronary heart disease20.
Furthermore, the role of PON1 isotypes in the development of cardiovascular disease 
has been addressed previously in several case-control studies. A systematic review 
of the case-control evidence seems at odds with the current findings, since the 
combined evidence indicates that the192R allele occurs slightly more frequently 
in patients with cardiovascular disease than in controls20;23. However, given the 
evidence of publication bias in the combined data, the authors reach the conclusion 
that PON1 genotype distribution does not vary between cases and controls20;23. 
Notably, the combined evidence in these analyses included various ethnic groups 
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and patient categories in both cases and controls including patients with diabetes 
and nephropathy. These differences in baseline characteristics may underlie the 
discrepancy with the current REGRESS findings. The applicability of these case-
control findings furthermore may be limited in context of the significance of 
paraoxonase in a population with established coronary artery disease. In fact, 
in presence of clinically apparent cardiovascular disease, the determinants of 
cardiovascular prognosis may differ from those in the general population 29-31. 
Moreover, one potential limitation of case-control studies –those non-nested 
in particular- is potential survival bias since genetic factors predisposing to high 
case-fatality might be underrepresented among cases due to natural selection. To 
the best of our knowledge, the current study provides the first prospective data 
on the impact of the PON1 L55M and Q192R variants in patients with clinically 
manifest vascular disease. These long-term findings confirm functional data on 
PON-1 activity, and support a causal role of PON1 in the pathogenesis of recurrent 
complications of coronary artery disease. 

Potential mechanisms
The exact mechanism mediating the effects of PON1 isotypes in recurrent coronary 
artery disease can not be deducted from the current data but should be considered 
in the context of current clinical evidence. 
Regarding biological functionality of the described isoforms, considerable data are 
available on enzymatic activities14;21;22. Seemingly at odds with the current long-term 
study, are early data suggesting that the 55L and 192R isoforms of PON1 have 
relatively low peroxidase activity towards copper-induced oxidated LDL particles14. 
However, this difference appeared to be reversed when PON1 was added at later 
timepoints, at which, the 55M and 192Q isoforms were more capable of protecting 
against LDL oxidation19. Although this evidence relies on a limited number of 
patients, the latter situation indeed rhymes with a cardioprotective effect of 192R 
and 55L found in the current long-term study. 
Notably, QCA indices of coronary atherosclerotic burden did not vary by PON1 
genotypes (table 1, angiographical characteristics ).These findings are in synergy 
with the report by Turban et al and Chen et al who did not observe an effect on 
angiographical endpoints32;33. In view of the presently available evidence of no 
effects of PON1 genotype on angiographical outcome, it could be argued that the 
extent of atherosclerotic burden might insufficiently explain the effect of PON1 
genotypes on outcome. Other mechanisms need to be considered in this respect. 
It has been suggested that high paraoxonase activity is related to slow coronary 
blood flow34. Another explanation might emerge from findings on statin therapy in 
patients with hypercholesterolemia which indicate a pharmacogenetic interaction 
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such that the 192R allele is associated with a higher HDL-C increment under statin 
therapy35;36. In fact, statins influence PON1 transcriptional activity and this may 
also be partly relevant for normocholesterolemic coronary artery disease patients 
included in the current report37-39. Particularly since, given the positive effects of 
pravastatin therapy observed after the initial 24-month follow-up in REGRESS, 
all participants and treating physicians were informed of the trial outcomes and 
explicitly recommended to start or continue statin therapy. A survey at 5 years after 
completion of the trial indeed provided the necessary data that indeed 91% of 
patients were actually on statin therapy. Thus, as the great majority was on statin 
therapy for the last 8 years of the follow-up period, it seems a plausible explanation 
that the PON1 192R carriers may have benefited more from statin therapy in terms 
of clinical outcome40;41.  Such pharmacogenetic interaction might account for the 
long-term impact of the genotypes reported here, clearly meriting further exploration 
in this direction.
Moreover, it has been suggested from in-vitro data that paraoxonase may affect 
cholesterol efflux from macrophages to copper-oxidized HDL 16. This could imply 
that HDL may mediate the effect of PON1 genotype on cardiovascular outcome. 
However, the presented HDL-C-adjusted risk estimates in table 3 did not support 
such an explanation for the clinical outcomes observed. This is in line with results 
from the Caerphilly Prospective study in which serum paraoxonase activity affected 
risk independently of baseline HDL-C level.20 In turn, such findings could be a 
reflection of the fact that PON1 is present on only certain subfractions of HDL. 

Study strengths and limitations
To appreciate these findings, some aspects of our study merit consideration.  First, 
the data originate from a randomized trial in which assessment of the benefits of 
pravastatin treatment were the primary objective. Because the study medication 
taken during two years of the follow-up time, was allocated at random, i.e., 
irrespective of genotype, this will not have affected our findings. Second, our 
follow-up data set was not complete for all patients: 3% and 16% of the full cohort 
could not be uniquely identified in the mortality and hospital registries, respectively. 
Since these patients were right-censored at lost-to-follow-up time, again it seems 
unlikely that this would have affected the primary outcome of the current study. 
We elected to calculate actuarial survival across genotypes, in contrast to the 
case-control design. Survival analysis enabled us to efficiently study all available 
information, including that of censored participants. Third, an important issue is that 
the results in this study were obtained in a cohort of male Caucasian patients with 
established coronary artery disease, and further research is needed to demonstrate 
whether the results of our study also apply to women and patients of different 
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ethnicity. Nevertheless, these are the first prospective data describing the long-term 
effects of PON1 on recurrent complications of coronary artery disease, studied in 
a substantial cohort of patients, and adding significant understanding of the role of 
PON1 in cardiovascular disease.

Interventions to enhance paraoxonase activity
Several nutritional factors such as vitamin C and E may influence paraoxonase 
activity, albeit to a limited extent and the therapeutic value has been questioned in 
clinical trials42;43. In-vitro data indicate that dietary polyphenols such as resvetatrol 
may induce PON1 gene expression44;45.  At present, it is known that statins to 
some extent modulate paraoxonase activity, however, no specific modulators of 
paraoxonase activity or PON1 gene expression have been reported37. Effects of 
nicotinic acid on paraoxonase activity have not been reported thus far, nevertheless 
given the powerful HDL-C increasing effects of this compound this relation merits 
further investigation. 

Conclusion
Among symptomatic male coronary artery disease patients, carriership of the PON1 
192Q or 55M alleles appears to increase the 10-year risk of MI and mortality from 
ischemic heart disease. All cause mortality was not affected by these genotypes. 
The current data support the view that paraoxonase may be a potential target of 
secondary prevention.
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AGACCACAAATAGCATTCAGGCAAAGAGCATTTATTCCAACAATGGAG
GAGCACTGGATTTGGTTCCTAACAAAATAAAGTTTGAAATCCTGTCT
TTCCCATGTTGAAAACAAAGTTGGTACAAAACCCTTTAGCTTTTGCAA
ACCTCCTTTAAGACCCGATTTAAATGCTTCCCTCCTCATGAAGCTCTT
CTGGATCCACTCCTTCCCATCACTAAGTTGAAAGTAAGATCCCCTTCT
CTTTACTTCCATTAGACTTGGATTACAGCACTCTTTGTATCATGTATT
TAATTCTGTTTTTTAATTACAGTTAACATTTATTTGTCTTCCTCTTGA
GTGTATGCTTCTCTAGAGGAAGGTCTTTGATTCATTCTCCCCTGGCCT
TAATTCATCCCACTTAATATGGAAAAAATTTAATAAATGCTGACTTGA
ATAAGTCCAACAAGGAGAATGGGAAGCTCATCTTCCTGTCTTCTAAAA
GACTACTTAAGATAACAGGGTAATCACAGAAAAGCATTAGAAATAGAG
TTATATGAGAAACAACTGTAGTTAAGGCTAGGTTTATGTTAGACTGAG
AAATTTTAGTGCATACTTAAGTTATTTAGGCCAGGTTACTTTTTGTAG
AACAAACATTTCAGTTTCGCTCAGTTTCATTTCCGTTTCTGAGGCAGC
TGTGATTTAAGAAAATGCTCTAGTCTGTGGCATTCCATATTCAAGTAC
TTTGAGTTGTATATTAATTTATTTTTGTTAATAAGAGTGACATGACTC
ACTAAGTAATTTAGAGATTTAAACACTTTTTTAAAAAACAGTAACTTC
ATATGCATTGGATCTATTCTTCTATAAAGTCTTTTCTTGGGGGGTGTT
TGTTTAAAATTCCCCGGTGTTTTCTCTGCCAAATCCAACTTCCAAGAA
GCATTTGGAAGTCAAAACATTTTATCTGGTTAGTCTTAAAGTCCAGAT
ATTTTGTGATAGCTGGTATTTAGTTTATGATATTTCCCAGGAAGAACT
TTTTAGTAGTTGAACCATTTATGAAAGACTTCCTTGAAGCTACCTTA
GAGAGTTGATTTAGTTCTTCTAAATAAGTAAATAGAATATTAGTATTA
GGACATCTTGGAGTATAGATGCAAATATTGGTGAAAAAGAACATGGAT
ATCAGAGTCAAATTAATGTAGATTGGAATTCTGGTTATTACTAATGGA
TATCTGACATTAGGCAAGTTGCTGATCACTCTTTGCCTCAGTTTCATC
ATCTGTAAAAAGTCTTTTCTTGGGGGGTGTTTGTTTAAAATTCCCCGG
TGTTTTCTCTGCCAAATCCAACTTCCAAGAAGCATTTGGAAGTCAAAA
CATTTTATCTGGTTAGTCTTAAAGTCCAGATATTTTGTGATAGCTGGT
ATTTAGTTTATGATATTTCCCAGGAAGAACTTTTTAGTAGTTGAACCA
TTTATGAAAGACTTCCTTGAAGCTACCTTAGAGAGTTGATTTAGTTCT
TCTAAATAAGTAAATAGAATATTAGTATTAGGACATCTTGGAGTATAG
ATGCAAATATTGGTGAAAAAGAACATGGATATCAGAGTCAAATTAATG
TAGATTGGAATTCTGGTTATTACTAATGGATATCTGACATTAGGCAAG
TTGCTGATCACTCTTTGCCTCAGTTTCATCATCTGTAAAATAGGTATT
TGTGTTTGTGTATAATGTGAACCGTTAGTATTAGGACATTAGGACAAG
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ABSTRACT

BACKGROUND
Cellular cholesterol off-loading via the ATP binding cassette protein-1 (ABCA1) in 
principle may offer a target for additional secondary prevention in vascular disease. 
However, the possible impact of ABCA1 on clinical course in such patients remains 
unknown. We prospectively investigated the role of ABCA1 genetic variation on 
clinical outcomes.

METHODS AND RESULTS
We studied cause-specific ten-year mortality and quantitative coronary angiography 
data from the Regression GRowth Evaluation Statin Study (REGRESS) cohort, 
comprising 884 male CAD patients genotyped for promoter variants encompassing 
a proximal regulatory region (rs2422493, rs1800976, rs2740483 and rs1800977). 
Kaplan meier, proportional hazards and haplotype analyses were used to ascertain 
single-variant and multi-marker effects on absolute risk and extent of CAD.  
Protection from 10-year vascular death could be attributed to the rs2422493 T allele 
with absolute risk decreasing stepwise from 12.2% to 8.6% to 4.7% per each added 
allele copy (HR 0.64, p=0.03 and HR 0.53, p=0.04 in the TGCC haplotype context. 
The TGCC (p=0.04) and TCCT (p=0.003) haplotypes exhibited less extensive CAD.

CONCLUSIONS
On a background of contemporary secondary prevention, variation in the ABCA1 
promoter influences 10-year risk of vascular death and angiographic extent of CAD 
in men. These insights contribute to identification of patients sharing a specific 
prognosis, understanding of its etiological basis and development of strategies of 
risk reduction in CAD.
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E
FFECTIVE risk reduction in cardiovascular disease requires amongst 
others statin therapy. Currently however, an unmet medical need 
exists for additional options of secondary prevention in coronary artery 
disease (CAD) patients. Recent approaches aim to intervene in systemic 

cholesterol turnover, and in particular to stimulate reverse cholesterol transport. 
Reverse cholesterol transport is a phenomenon of lipid translocation from peripheral 
sites towards the liver and other tissues for excretion. At the molecular level, one 
mode of cellular cholesterol efflux depends on structural interaction between the 
transmembrane ATP-binding Cassette protein A1 (ABCA1) and apoAI present in high-
density lipoprotein (HDL)1;2. Experimental over-expression of human ABCA1 in mice 
results in protection from aortic atherosclerosis3. Clinical consequences of defective 
ABCA1 are apparent in Tangier disease, a monogenic disorder with affected patients 
exhibiting absence of HDL particles and deposits of cholesterol esters observed in 
cells of the reticuloendothelial and neural system and thrombocyte dysfunction 4-6. 
The rate of cholesterol-efflux is determined by transcriptional activity of the ABCA1 
gene and therefore under control of several responsive elements identified at its 
locus1;7-10. The body of evidence concerning regulation of ABCA1 transcription has 
been predominantly focused on the promoter region with inducing effects attributed 
to the Liver X Receptor and  Retinoid X Receptor, and repressing effects attributed 
to Zinc Finger 202 (ZNF202) 9;11. A number of common gene polymorphisms are 
situated in close proximity to these currently known ABCA1 regulatory sites6(see 
figure 1). These polymorphisms may thus modulate transcription. In fact, a recent 
functionality-study reported that carriers of the T allele of the dbSNP rs2422493 
polymorphism (C/T, formerly reported as -477), exhibit in-vitro lower ABCA1 mRNA 
levels in explanted carotid arterial macrophages12. 
Although ABCA1 may constitute a potential target of secondary prevention13, its 
engagement in long-term clinical prognosis in CAD patients remains undefined. 
Prospective investigation of key regulatory sites at the ABCA1 locus is one 
approach to confirm and quantify its prognostic contribution in a contemporary 
secondary prevention setting. We therefore prospectively evaluated the impact of 
genetic variation in the ABCA1 promoter region on 10-year mortality outcomes and 
baseline angiographical outcomes in an established secondary prevention cohort 
of patients with CAD. 
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METHODS   
Subjects with coronary artery disease
The study participants were derived from the Regression Growth Evaluation Statin 
Study (REGRESS) study which enrolled 884 male, non-diabetic patients with 
symptomatic coronary artery disease between 1989 and 1993. The trial design and 
main findings have been reported previously14;15. In brief, the primary objectives of 
this angiographic trial were to evaluate effects of 24 months of 40 mg pravastatin 
therapy on the evolution of atherosclerotic lesions in male patients with documented 
coronary artery disease. Within the framework of the trial, clinical and angiographic 
follow-up was documented after the initial 2-year trial. A distinct positive effect of 
pravastatin treatment was observed in the 24 month REGRESS trial and concurrent 
statin trials, prompting the study coordinators to urge all participants and treating 
physicians to start (placebo group) or continue (pravastatin group) statin therapy 
also according to national and international guidelines. A survey in the REGRESS 
cohort conducted five years after completion of the trial showed that 91% of patients 
were using statin therapy and were therefore on a background of contemporary 
secondary prevention.  All participants gave written informed consent and the 
clinical trial and subsequent DNA-studies were approved by all seven institutional 
review boards of the participating centers and by the medical ethics committees of 
all centers.

Mortality 10 year follow-up
In addition to the two-year follow-up from the original trial, 10-year follow-up 
data of the participants were obtained by extracting cause-specific mortality 
from nation-wide registries. All diagnoses in these registers are coded according 
to the International Classification of Diseases (ICD9 and ICD10). The research 
protocol was approved by the institutional review board and ethics committee of 
the coordinating center (UMC Utrecht). The study database, comprising all 884 
REGRESS participants, was linked to the registers on the basis of birth date, sex 
and postal address code16. As is customary due to privacy legislation, patient 
names were omitted in the linkage process. On a per-patient basis, historical 
registers of the Dutch inhabitants were searched for this unique combination of 
characteristics, and once found, this automatically merged migration history over 
the follow-up time. The vital status of the participants was then obtained through 
linking municipal administration registries using a 6-charactered postal code. Out 
of the 884 participants, 861(97%) could be uniquely traced with the above method. 
The 23 patients who could not be uniquely traced were right-censored at the end of 
the 24 month follow-up. 
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Outcome events
In the outcome events analyses, we considered the primary causes of death and the 
primary clinical diagnosis recorded during hospitalization. The composite endpoint 
“death due to vascular disease” consisted of all primary causes of death within the 
ICD9 codes 410-414, 430-438, 440-448 and ICD10 codes I20-I25, I60-I69, I70-I79 
and F01.

Table 1. Study participants’ characteristics at baseline according to rs 2422493 genotype of 
ABCA1. p-values from *one-way ANOVA, †Pearsons’ Chi-square test.

 
CC

n=177

CT

n=351

TT

n=111
p-value

demographic

age in years (SD) 57.0 (8.2) 55.3 (8.1) 56.4 (8.0)
0.07*

body mass index kg/m2 (SD) 26.0 (2.9) 26.1 (2.5) 26.2 (3.1)
0.88*

systolic RR mmHg (SD) 134.8 (18.2) 134.6 (17.7) 137.0 (19.5)
0.46*

diastolic RR mmHg (SD) 81.2 (10.8) 81.3 (9.9) 82.0 (9.9)
0.77*

current smoking 24% 28% 29% 0.62 †

history of hypertension 26% 29% 35% 0.25 †

familial heart disease 53% 48% 47% 0.50 †

previous MI (%) 48% 49% 49% 0.96 †

angiographical

mean baseline MOD, mm, 
median (min-max) 1.71 (0.8-2.7) 1.76 (0.8-3.1) 1.74 (0.6-3.1) 0.08*

mean delta MOD, mm,
median (min-max)

-0.07 (-1.8; -0.5) -0.06 (-4.0;-0.4) -0.04 (-0.9;-0.3) 0.90*

baseline MSD, mm (SD) 2.67 (0.36) 2.75 (0.40) 2.72 (0.37 0.17*

mean delta MSD, mm (SD) -0.06 (0.22) -0.09 (0.19) -0.10 (0.20) 0.33*

1-vessel disease 35% 44% 41%

0.31†2-vessel disease 38% 33% 35%

3-vessel disease 27% 22% 24%

biochemical

fasting glucose mmol/l 5.2 (1.2) 5.4 (1.2) 5.3 (1.2) 0.21*

total cholesterol mmol/l 5.89 (0.92) 6.05 (0.86) 6.0 (0.88) 0.13*

HDL-C mmol/l 0.91 (0.23) 0.92 (0.21) 0.93 (0.23) 0.82*

LDL-C mmol/l 4.19 (0.82) 4.31 (0.80) 4.25 (0.80) 0.25*
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DNA analyses and selection of variants in regulatory regions 
Previously in REGRESS, ten genetic variants have been identified which are situated 
in ABCA1 regulatory regions notably the proximal promoter, intron 1 and exons 1 
and 2 untranslated regions 6. The body of evidence regarding functionality has been 
predominantly focused on the promoter region. Furthermore, linkage disequilibrium 
among the promoter variants defines a region with minimal evidence of historical 
recombination (as depicted in the online supplemental figure 1A). For these 
reasons, the current analysis concentrated on the four variants and reconstructed 
haplotypes encompassing the proximal promoter region. These variants comprised 
rs2422493 (previously reported as C-477T or C-565T), rs1800976 (previously 
reported as G-191C), rs2740483  (previously reported as C-17G) and rs1800977 
(previously reported as T69C). Notably, these variants are also located in close 
proximity of known regulatory sites in the promoter (see figure 1). Genotypes of the 
REGRESS participants for whom DNA was available were ascertained by restriction 
fragment length polymorphism assays using oligonucleotides and endonucleases 
as described previously6;17.

Lipoprotein cholesterol content measurements
Total cholesterol was measured with an enzymatic kit (Boehringer Mannheim) and 
calibrated with a human serum calibrator. HDL cholesterol was measured after 
precipitation of apolipoprotein B–containing lipoproteins with a 4% tungstate 
solution and centrifugation, and the triglycerides were analyzed enzymatically 
(Bayer/Technicon) by a technique that included free glycerol14. LDL cholesterol was 
calculated according to the Friedewald formula. 

Angiographic outcomes
Patients underwent coronary arteriography upon enrollment, according to a uniform 
previously described 14 protocol. After completion of the trial, angiograms were 
analyzed by quantitative coronary angiography (QCA): the average per patient 
mean segment diameter (MSD), reflecting the extent of diffuse obstructive coronary 
artery disease, and per patient average minimal obstruction diameter (MOD), 
reflecting extent of focal obstructive coronary artery disease were ascertained 
as described previously 14. The current analysis included QCA parameters from 
baseline angiograms, which  were available from 99.4% of the study population 
14. Furthermore, the change (delta) reflecting progression of atherosclerosis over 
the two-year follow-up time, constituting a primary angiographic endpoint of the 
randomized clinical trial, could be ascertained in 73.8% of the cohort 14 and was 
also included as an endpoint of the current genetic study. 
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Figure 1. Genomic organization of regulatory sites, common variants and absolute risk at the 
proximal ABCA1 promoter. The four bi-allelic variants in the current analysis encompass a 
region comprising regulatory sites such as those for the ZNF202, LXR/RXR and myeloid zinc 
finger (MZF1) factors displayed (see references 7,9 and 10, respectively). The distance relative 
to translation starting point is displayed along its chromosomal position on the long arm of 
chromosome 9. On the right hand side, frequency of alleles and absolute risk of ten-year 
morality endpoints in the REGRESS sample stratified for genotype is displayed.

Data analyses
The absolute risk of mortality outcomes among genotype groups was explored and 
temporal patterns of risk were visualized by means of the Kaplan-Meier method. 
The effects of gene variants on outcomes were estimated using regression 
analyses. To explore solistic effects of gene variants on time-to-event, univariate 
proportional hazards (Cox’ regression) models were fitted and Hazard Ratios (HR) 
calculated using SPSS for Windows, release 14.0 (SPSS Inc, Chicago, IL, USA).  
Interaction between smoking and rs2422493 genotype (as previously suggested12) 
was explored by multivariable Cox’ models including smoking, genotype and the 
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Online data supplement figure 1A. Linkage Disequilibrium (LD) at the ABCA1 locus 
regulatory regions previously identified in REGRESS. Each square denotes LD between pairs 
of markers in region. Higher LD indicates no or minimal evidence of historical recombination, 
and is present in the region comprising rs2422493 (previously reported as C-477T or C-565T), 
rs1800976 (previously reported as G-191C), rs2740483  (previously reported as C-17G) and 
rs1800977 (previously reported as T69C). Numbers in squares indicate 100 x D’, statistical 
measure of LD. 

interaction term. The mode of inheritance exerting the effects of ABCA1 gene 
variants remains unknown. Therefore, we compared recessive, dominant and 
additive models, and selected the optimal model to describe the data based on 
the lowest Akaike Information Criterion (AIC). The additive model appeared to meet 
these criteria for all mortality outcomes. 
To explore the combined effects of multiple linked variants in the ABCA1 promoter 
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region, a haplotype-based approach was undertaken. The haplo.stats package 
in R for Windows version 2.9.0 (http://www.r-project.org) was used to estimate 
prevalence of haplotypes within the unphased genotype dataset and the haplo.
glm function was used for estimating haplotype-effects on baseline coronary 
arterial diameters (MOD and MSD).  For haplotype-effects on time-to-event, the 
survival analysis function of the application Thesias 18;19, release 3.1 was used. For 
all haplotype analyses, additive inheritance effects were assumed. The linkage 
disequilibrium (LD) structure between variants was calculated and visualised using 
the application Haploview 20, release 4.0. 

Demographic, clinical and angiographic characteristics and concentrations of lipids 
between the three genotypes of rs2422493 were tabulated in table 1. 
Throughout, a two-tailed p value of 0.05 was interpreted as indicating a statistically 
significant difference. Analyses were performed by two of the authors (J.J.R. and 
A.H.Z.) and all authors had full access to the data and take responsibility for its 
integrity. All authors have read and agree to the manuscript as written.
 
RESULTS 
Distribution of allele frequencies
Genotype data for the four studied ABCA1 promoter variants, comprising the 
numbers of available genotypes and allele frequency distributions are displayed 
in figure 1. For the rs2422493 variant, table 1 displays baseline characteristics 
stratified by genotype, which was  available from 639 participants due to DNA 
stock limitations.  No significant differences were observed between the genotypes 
in baseline CAD risk factors including lipoprotein profile, angiographic or lifestyle 
parameters. 

ABCA1 variation, cardiovascular risk and angiographic extent of CAD
For all four polymorphisms, absolute risk of vascular mortality and all cause mortality 
in genotype groups are listed in figure 1.  After 10 years of follow-up, carriers 
of the minor rs2422493 (T) allele had a considerably lower risk of fatal vascular 
complications, as compared to major (C) allele carriers. A marked allele-dose effect 
was visible from the survival curves displayed in figure 2. For instance, the 10-
year absolute risk of death due to vascular disease was as low as 4.7% (standard 
error 2.1%) in homozygote minor allele (TT) patients, whereas it appeared  8.6% 
(standard error 1.6%) in heterozygote (CT) patients and reached 12.2% (standard 
error 2.6%) in homozygote major allele (CC) patients as displayed also in figure 1. 
As displayed in table 2, the T allele thus marks a state of protection from death due 
to vascular disease, HR 0.64 (95% confidence interval 0.42-0.97, p=0.03). All-cause 
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Table 2. Effect of rs2422493 genotype of ABCA1 on 10-year survival outcomes. Absolute risk 
(and SE) are displayed per genotype on the left. Hazard Ratios (HR, with corresponding 95% 
Confidence Interval), p-value per each additional T allele copy are displayed on the right for 
the overall group and stratified for current smoking.  

mortality effect did not reach significance, HR 0.76 (95% confidence interval 0.57-
1.01 p=0.06). Further, no significant effects in univariate analyses were observed 
for the other three genetic variants (data not displayed). An interaction analysis 
revealed significant amplification of the rs2422493 genotype effect by smoking 
status at baseline (see table 2). Notably, among smokers the T allele marked a 
higher risk of mortality from all-causes (HR 0.45 (95% confidence interval 0.26-
0.78) p=0.004) and from vascular disease (HR 0.28 (95% confidence interval 0.12-
0.70) p=0.006), whereas this effect was absent in the non-smoking strata of both 
endpoints (p for interaction=0.04 for vascular mortality and p for interaction=0.02 
for all-cause mortality). 
Five haplotypes meeting the prevalence estimation threshold of 5% were derived, 
entered in subsequent haplotype-effects analysis, and displayed in the middle of 
figure 3. The effects of the separate haplotypes on coronary arterial diameters 
at baseline and mortality outcomes are presented in figure 3, left and right sides 
respectively.  Haplotype effects analysis identified that the TGCC haplotype was 
significantly associated with wider mean coronary arterial diameters (MSD) at 
baseline of the study (regression coefficient 0.092, standard error 0.04, p=0.04), 
and a protective state from vascular disease mortality at  10 years of follow-up (HR 
0.53 (95% CI 0.28-0.98) p=0.04). Moreover the TCCT haplotype had a significant 
effect (regression coefficient 0.113, standard error 0.04, p=0.003) on focal coronary 
stenosis (MOD) at baseline of the study, but no effect of this haplotype was 

  overall (n=639)     smokers             non-smokers  
       (n=176)            (n=463)   
             
                                                                                per-allele HR                                    per-allele HR  per-allele HR 
ten-year CC CT TT (95% c.i.) (95% c.i.) (95% c.i.) 
outcome (n=177) (n=351) (n=111) p-value p-value p-value 
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Figure 2. Temporal patterns of 10-year risk by rs2422493 of ABCA1. Survival curves by 
genotype are displayed for all-cause mortality (left-hand panel) and mortality from vascular 
disease (right-hand panel). Follow-up time in years is displayed horizontally

observed on mortality outcomes. No detectable effects of haplotypes on two-year 
progression of CAD were present, and univariate analyses revealed no significant 
effects of genotypes on extent or two-year progression of atherosclerosis (data not 
displayed). 

DISCUSSION
The current findings in a contemporary secondary prevention setting show the 
significance of common genetic variation at key regulatory sites in the ABCA1 
promoter. Effects of ABCA1 promoter variation on absolute risk of 10-year vascular 
mortality and angiographic outcomes were observed in 639 men from the REGRESS 
cohort with known baseline CAD. First, we found that carriership of the T allele 
at rs2422493 markedly reduced the absolute risk of vascular mortality in a dose-
dependent manner, with an estimated 12.2% 10-year risk in non-carriers versus 
4.5% in carriers of two T alleles (per-copy HR 0.64, 95% CI 0.42-0.97, p=0.03). 
Second, a multi-marker analysis, which integrates variation in this regulatory 
region, identified that one arrangement of linked alleles (the TGCC haplotype, with 
estimated prevalence of 16.3% in the REGRESS sample) confers significantly 
lesser extent of diffuse coronary stenosis (MSD) on QCA at study baseline, and this 
haplotype accordingly also confers a lower relative risk of 10-year vascular mortality 
(HR 0.53, 95% CI 0.28-0.98, p=0.04). Furthermore the TCCT haplotype (prevalence 
10.2%) was identified to confer a lesser extent of focal coronary stenosis (MOD). 
Notably both these haplotypes comprise the T allele at rs2422493 and the findings 
are therefore in line with the current 10-year outcomes effect of that single variant.
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Figure 2. Temporal patterns of 10-year risk by rs2422493 of ABCA1.
Survival curves by genotype are displayed for all-cause mortality (upper panel) and mortality from 
vascular disease (lower panel). Follow-up time in years is displayed horizontally
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Figure 3. Haplotype effects on angiographic and ten-year survival outcomes. On the left side, 
quantitative coronary angiographic phenotype estimations (mean MOD, inversely reflecting 
extent of focal disease and mean MSD, inversely reflecting extent of diffuse disease, both 
in mm) are displayed for the five common (prevalence >5%) haplotypes derived from the 
REGRESS sample. On the right hand side, survival effects are displayed in terms of hazard 
ratio (HR) with 95% confidence intervals. P values pertain to general linear model assessment 
of effect relative to the most common haplotype serving as reference in all haplotype analyses.

Context of the present findings
Although the consequences of genetic variation at the ABCA1 locus have not been
previously documented in terms of long-term absolute risk of mortality, the relation
between ABCA1 promoter variation and cardiovascular prognosis has been 
addressed previously. Findings in 368 CAD patients from the prospective LCAS 
cohort over a 2.5 year follow up detected no effect of three promoter variants 
including the rs2422493 on a composite cardiovascular endpoint17. Likewise, no 
single-variant or haplotype effect was observed either in the case-control ECTIM 
study of 800 MI cases and 776 healthy controls21.  A nested case control study in 
women from the Nurses Health Studies, described a protective effect (OR 0.6 [0.4-
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0.9]) of the T allele of rs2422493 observing 243 cases of coronary heart disease 
and 484 healthy controls22. Next, a study of 6 year clinical outcomes in 120 young 
male survivors of a MI showed a protective effect of the T allele of rs2422493 on a 
composite cardiovascular endpoint23. Furthermore, a study in 1028 CAD patients 
described lower age of symptom onset in presence of the T allele of rs2422493 with 
an apparent allele-dose effect24. Therefore, the current findings on this variant are 
compatible with and extend available prognostic evidence with 10-year mortality 
data.
Regarding extent of vascular disease, to the best of our knowledge, no previous 
data on haplotype-effects have been reported. Data on a single-variant effect of 
rs2422493 have been reported in the LCAS trial cohort, which described that the 
number of qualifying lesions (30-75% stenosis) was significantly higher in presence 
of the T allele among the 340 participants17. However, T allele carriers in that study 
exhibited no trend towards higher extent of CAD in terms of other indices such as 
the QCA derived minimal luminal diameter, and this agrees with the present results. 
Next, similar to the REGRESS findings, no effect of rs2422493 on number of vessels 
diseased was observed among 1166 patients with angiographically documented 
CAD12. However, a subgroup analysis from that study suggested that among the 
296 non-smokers in that study, the T allele was dose-dependently associated with 
a higher number of diseased vessels. This prompted us to investigate whether the 
current 10-year follow-up data show an interaction with smoking in REGRESS. 
Intriguingly, we observed an inverse interaction with an augmented protective 
effect of the T allele among smokers (see table 2). As an explanation for these 
opposing findings and interactions on different endpoints it might be hypothesized 
that thrombotic processes such as platelet activation, which has been suggested to 
depend on ABCA1 function5, exert divergent effects on respectively angiographic 
extent of atherosclerosis and eventually development of fatal vascular complications. 
This could be true in particular in presence of smoking, a known trigger for platelet 
activation.

Potential mechanism
The exact mechanism mediating the effects of ABCA1 promoter variation in 
cardiovascular disease can not be deduced from the current data. In many ways, a 
possible explanation involves ZNF202, which has a binding site within the studied 
region and is regarded a prominent down-regulator of ABCA1 transcription7;11;25. 
In this context, there are limited functional data on the effects of rs2422493 which 
suggest that carriership of the C allele confers stronger nuclear protein binding in-
vitro12. It is therefore tempting to speculate that C allele carriers in-vivo exhibited 
higher ZNF202 binding affinity, thus more suppression of ABCA1 transcription and 
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subsequently impaired reverse cholesterol transport with hazardous prognostic 
effects in-vivo. On the other hand, however, the C allele of rs2422493 was associated 
with higher ABCA1 mRNA expression in vitro12, and at present consistently exhibits 
hazardous prognostic effects in patients. Furthermore, prospective findings in the 
Copenhagen City Heart Study suggested an excess cardiovascular risk in presence 
of variants determining lower ZNF202 expression26, which is known to parallel high 
ABCA1 expression27. One might therefore question the conventional role attributed 
to ABCA1 in cardiovascular risk and alternatively reconsider in vivo functions of 
ABCA1 such as its suspected role in platelet activation5, clearly meriting further 
investigation. 

Study strengths and limitations
To appreciate these findings, some aspects of our study merit consideration.  First, 
the data originate from a randomized trial in which assessment of the benefits of 
pravastatin treatment were the primary objective. Because the study medication 
taken during two years of the follow-up time, was allocated at random, i.e., 
irrespective of genotype, this will not have affected our findings. Second, our follow-
up data set was not complete for all patients: 3% and 16% of the full cohort could 
not be uniquely identified in the mortality and hospital registries, respectively. Since 
these patients were right-censored at lost-to-follow-up time, again it seems unlikely 
that this would have affected the primary outcome of the current study. We elected to 
calculate actuarial survival across genotypes, in contrast to the case-control design. 
Survival analysis enabled us to efficiently study all available information, including 
that of censored participants. Third, an important issue is that the results in this 
study were obtained in a cohort of male Caucasian patients with established CAD, 
and further research is needed to demonstrate whether the results of our study also 
apply to women and patients of different ethnicity. Nevertheless, these are the first 
prospective data which describe the long-term effects of ABCA1 promoter variants 
on fatal vascular complications in a contemporary secondary prevention setting, 
and strongly affirm a role of these variants in determining cardiovascular risk.  

Conclusion
On a background of contemporary secondary prevention, variation in the ABCA1 
promoter determines 10-year risk of vascular death and angiographic extent of CAD 
in men. The current prospective genetic data confirm and quantify the prognostic 
contribution of ABCA1 in recurrent cardiovascular events and will help to strategize 
additional forms of risk reduction in CAD.
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ABSTRACT
In the field of molecular cardiology, recently several determinants of 
coronary collateral circulation have been identified. Knowing these 
factors may aid risk-stratification and put forward targets for intervention 
by stimulating development of collateral blood vessels (arteriogenesis). 
However, prognostic importance of coronary collaterals is not yet beyond 
debate, and seems to be modified by the extent of atherosclerotic burden. 
Combining these insights is essential to increase our understanding of these 
mechanisms and to proceed with developing strategies for risk-stratification 
and therapeutic stimulation of arteriogenesis.
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T
HE development of collateral circulation is seen as a natural escape 
mechanism in atherosclerotic vascular disease. Therefore, the molecular 
basis of coronary collateral formation is of increasing interest in 
cardiovascular research, both from the view of new therapeutic strategies of 

arteriogenesis and with regard to risk-stratification. Here we address recent insights 
and outline future research directions in the context of the current knowledge on 
this subject. 

Prognostic effect of coronary collaterals may be altered by extent of 
atherosclerosis
Predisposing factors like diabetes, hypertension, hypercholesterolemia, smoking, 
hyperhomocysteinemia and familial occurrence, are known to contribute to the 
development of atherosclerosis. However, it is still highly unpredictable in which 
patients occult atherosclerosis will progress into a clinically manifest coronary 
syndrome. The adequacy of collateral flow could importantly influence the 
occurrence of ischemia1;2. Notably in some patients with adequate collateral flow, 
an acute coronary occlusion may be tolerated without signs of ischemia3. Moreover, 
sufficient collateral flow may preserve cardiac function despite the presence of a 
chronic total coronary occlusion4;5. Indeed, in the setting of an acute infarction, 
the relevance of coronary collaterals has been shown in preserving myocardial 
function6-9, limiting infarct size7, reducing post-infarct ventricular dilatation at 
2 years10 and post-infarct aneurysm formation at 4 years11. Such observations 
support the view that collateral flow is a modifying factor, capable of alleviating 
the deleterious effects of atherosclerosis on cardiovascular morbidity and mortality. 
Therefore, within a group of patients with a given degree of atherosclerotic burden, 
the risk of future cardiac events may be dependent on the presence or absence of 
collaterals. The protective effect of collaterals on morbidity and mortality has been 
clearly demonstrated within patients with single- or double vessel coronary artery 
disease and a preserved ventricular function12-15. Note however, that within the 
broad spectrum of patients with coronary artery disease, these study-populations 
consisted of patients carrying an intermediate burden of coronary atherosclerosis.

In the setting of more severe atherosclerotic burden, the prognostic role of collaterals 
is probably more complex. Currently available data in these patient groups have 
so far failed to demonstrate a beneficial effect of collateral circulation16-19. One 
explanation for such findings may be that the benefit exerted by collaterals was 
obscured by the harm from extensive atherosclerotic burden. Atherosclerosis 
acts as a potent trigger for the formation of collaterals, but at the same time it has 
deleterious effects on morbidity and mortality. As proposed in figure 1, prognosis 
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may be defined by the balance between the harm of atherosclerotic burden, and 
benefit from collaterals. A second explanation could lie in the fact that, in the 
setting of triple-vessel disease, collateral flow itself may become compromised, 
and thus only moderately effective in restoring blood flow and preventing stable or 
acute ischemia. In summary, presence of collaterals favourably modifies the risk of 
morbidity and mortality in atherosclerotic coronary disease; in addition, based on 
current insights it may be hypothesized that extensive atherosclerotic burden might 
alter this protective ability of collateral circulation.

Molecular determinants and new therapeutic targets for arteriogenesis
The knowledge of vascular biology and insight in collateral formation, is rapidly 
growing and paves the way for new therapeutic options to intervene. We now 
know that the basis of collateral circulation exists of innate arteriolar connections 
already developed in the embryo. A remarkable experimental study in healthy 
individuals3 demonstrated that collaterals can be recruited on demand in 20% 
of healthy individuals. These findings suggest that working collaterals arise from 
precursory interconnections between coronary arteries. These interconnections 
are known to originate from embryonal vasculogenesis involving the formation of a 
vascular plexus from angioblasts. In adulthood, the maturation of these pre-existing 
connections to muscularized arteries is referred to as “arteriogenesis”, a process 
driven by hemodynamic stimuli such as shear stress20. Arteriogenesis seems to 
play an important role in collateral formation. It is an essentially different process21 
from angiogenesis, which is the sprouting of capillary blood vessels induced by 
hypoxia. The role of angiogenesis is strongly debated22. While it may be speculated 
that angiogenesis could precede arteriogenesis, this has been refuted based on 
pre-clinical insights in the swine heart23. Nevertheless, variation in the hypoxia 
inducible factor 1-alpha gene has been correlated to the extent of collateralization24, 
suggesting that this angiogenetic pathway is complementary to arteriogenesis. 
In turn, recent insights into arteriogenesis show that this process is initiated by 
the activation of mechanotransducers on the endothelial cell-membrane, although 
the key proteins here are still undetermined. It is proposed that stretch-sensitive 
potassium channels25 and transiently phosphorylated focal adhesions26 on the cell-
membrane act as mechanotransducers. It is yet unresolved how the mechanical 
force translates from the membrane to the nucleus. Early stages of arteriogenesis 
are associated with activation of the transcription factor early growth response-1. 
This switches on gene expression of chemokines like monocyte chemoattractant 
protein–1 which is known to attach to heparin sulphate proteoglycans of the 
endothelial cell membrane. Adhesion molecules like intercellular adhesion 
molecule20 are also upregulated. Furthermore, expression of endothelial nitric oxide 
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synthetase  is moderated by shear stress27. Its product nitric oxide permeabilizes 
endothelium. Peripheral blood monocytes become activated and attracted locally, 
and are able to transmigrate through the endothelium, as depicted in figure 2. 
Activated monocytes secrete matrix-degrading products like matrix metallo-
proteinases28, yielding outward arterial remodeling by digesting the elastin and 
collagen scaffold. Furthermore, various others cytokines are secreted by these 
monocytes, among others: granulocyte-macrophage colony stimulating factor 
and monocyte chemoattractant protein-1 (chemoattractants for other monocytes), 
platelet-derived growth factor (mitogen for smooth muscle cells) and tumor necrosis 
factor alpha. The latter promotes collateral formation via its p55 receptor, as was 
demonstrated in a knock-out model in mice29. However in contrast, Seiler et al 
reported that low intracoronary levels of tumor necrosis factor-alpha in patients 
are associated with more adequate collateral flow30. Interestingly, a dual role of this 
cytokine was described earlier by Fajardo et al who suggested a pro-angiogenic 
effect at lower concentrations and anti-angiogenic at higher31. In the context of 
collateral formation in patients with coronary artery disease, the exact and complex 
role of this cytokine remains subject of further study.
In addition, it has been debated whether pluripotent bone-marrow derived stem 
cells homing to endothelium, may give rise to formation of new vascular wall 
components32. Recruitment of these circulating progenitor cells (regulated by 
nitric oxide/reactive oxygen species balance) may relate to the molecular basis of 
collateral formation. 

Figure 1. Given a certain degree of Cardiac Ischemic Burden, genes may affect the rate 
at which Collateral Circulation is formed. Moreover, Cardiac Outcome(freedom from events) 
balances between harm of atherosclerotic disease and benefit from collaterals.

Cardiac Ischemic Burden

Collateral
Circulation

Cardiac Outcome

GENES

+

-

+

Figure	1.	Given	a	certain	degree	of	Cardiac	Ischemic	Burden,	genes	may	affect	the	
rate	at	which	Collateral	Circulation	is	formed.	Moreover,	Cardiac	Outcome	balances	
between	harm	of	disease	and	benefit	from	collaterals.
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Figure 2. Hypothesized molecular pathways involved in human coronary collateral 
development. In arteriogenesis, shear stress activates strech sensitive sodium channels 
(Na+) and Cloride channels (Cl-), and thereby the transcriprion factor early growth response-1 
(EGR-1) leading to a cascade of permeabilizing endothelium (through nitric oxide (NO) via 
endothelial nitric oxide synthethase (eNOS)), upregulated intercellular adhesion molecule 
(ICAM-1) promoting docking and monocyte chemoattractant protein (MCP-1) through its CC-
motif chemokine receptor (CCR-2) promoting transmigration of periperal blood mononuclear 
cells. Matrix metalloproteinases (MMP’s) degrade matrix and platelet-derived growth factor 
(PDGF) stimulates smooth muscle cell proliferation. Tumor necrosis factor-alpha may act by 
yet unidentified mechanisms, playing a dual role depending on local concentrations. The role 
of the angiogenesis pathway is disputed in collateral formation. Angiogenesis is promoted by 
hypoxia which upregulates the transcription-factor hypoxia-inducible factor-1-alpha (HIF-1α) 
which leads to upregulating vascular endothelal growth factor (VEGF).

Genetic determinants
It is likely that genetic constitution attributes to the varying extent of collateral 
formation. Genes may determine the presence and extent of coronary collaterals 
broadly in two ways. First, by determining the innate collateral network from 
which working collaterals arise. Second, by modifying the collateral response to 
hemodynamic changes (arteriogenesis). Recently, studies in rodents using micro-
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array techniques, pointed out that a genetic program involving many inflammatory 
genes are related to arteriogenesis33. Indeed, our own preliminary data in patients, 
suggest that polymorphisms of the tumor necrosis factor-alpha promotor region are 
related to the extent of collateral circulation as visible by angiography. Interestingly, 
a study in dogs revealed that upregulation of the acute phase protein haptoglobin in 
the myocardial interstitial fluid, could stimulate migration of vascular smooth muscle 
cells and collateral formation34. Earlier, Hochberg et al had suggested haptoglobin  
2-2 in diabetics35, as a genetic determinant of the extent of coronary collaterals. 
Furthermore, coding variants of eNOS polymorphisms have been related to the 
presence of coronary collaterals 36.

Implications for therapeutic arteriogenesis trials.
The previous outline suggests a broad molecular basis, opening several options 
for therapeutic promotion of collateral growth (arteriogenesis). Experimental 
strategies include local growth-factor therapy37, gene-transfer therapies38 and cell 
therapy39. These are now widely seen as promising options for patients in which 
angioplasty and bypass surgery are not feasible due to especially severe disease 
and high complication-risk. The first clinical trials indeed are being conducted in 
these patient groups with high atherosclerotic burden37. However, as described 
earlier, the prognostic benefit of collateral circulation in these patient groups may be 
obscured or moderated. As a consequence, effects of the studied agent may remain 
unidentified in spite of a benefit in principle. In order to avoid confusion about the 
value of the intervention studied, from a methodological point of view, there is an 
argument to investigate such interventions in patients with milder extent of coronary 
disease. However, in clinical practice therapeutic stimulation of arteriogenesis will 
most likely be applicable only to patients with refractory angina pectoris with few 
therapeutic options left2. 

In conclusion
Coronary collaterals are an important factor that can potentially alter morbidity 
and mortality in ischemic heart disease. However, in particular groups of patients, 
notably these with severe coronary artery disease, the role of collaterals is complex. 
Therefore, further studies are warranted aiming to identify the prognostic role of 
collaterals in different groups of patients with ischemic heart disease. Moreover, it is 
of importance to identify the molecular pathways and putative genetic determinants 
for targeting arteriogenesis. At least in theory, these novel therapies may prove 
most effective in patients with milder extent of coronary artery disease, although in 
practice they will be applicable to patients with extensive atherosclerotic burden.
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ABSTRACT 

BACKGROUND 
The recruitment of coronary collateral vessels results from an endogenous adaptation 
to ischemic heart disease (IHD). Presence of collaterals may exert protection at the 
time of acute or chronic obstructive coronary disease. The protective role of collaterals 
in patients with extensive coronary artery disease however, has been disputed. We 
examined the effects of coronary collateral circulation on cardiovascular outcomes, 
with an emphasis on clinical prognostic value and on a putative role of IHD burden.

METHODS  
Data analyzed were obtained in the REGRESS study, involving 879 male participants 
undergoing coronary angiography and being followed for 24 months. Presence of 
coronary collaterals spontaneously visible on angiography was assessed. Events 
included: myocardial infarction (MI), coronary heart disease death and percutaneous 
or surgical coronary intervention. Estimates of relative risks of outcome events were 
calculated using proportional hazard analysis, with adjustments for confounding 
factors and stratification for initial revascularization strategy and factors reflecting 
extent of IHD burden. 

RESULTS  
Event-free survival after two years was 84% in patients without collaterals, and 
92% in patients with collaterals (p=0.0020). The crude HR was 0.48 (95% CI: 0.30-
0.77), and 0.38 (0.23-0.65) after adjustment for confounders and cardiovascular risk 
factors. The protective effect of coronary collaterals was not modified by the extent 
of IHD burden (interaction p=0.99). 

CONCLUSION  
The angiographical presence of coronary collaterals is a clinical predictor of 
cardiovascular prognosis. Collaterals exert a protective effect on outcome in a broad 
spectrum of patients. Our data suggest that this protective effect is independent of 
disease burden, and remains present in patients with extensive IHD.
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D
EVELOPMENT of adequate collateral blood flow is an important 
mechanism of adaptation upon exposure to in coronary artery disease 
(CAD) 1. Endogenous formation of collateral vessels results from 
molecular and cellular processes involving enlargement (arteriogenesis) 

of pre-existing intercoronary anastomoses 2. There is a marked variation in quantity 
of collateral flow between patients with CAD, with some forming collaterals at 
a substantially higher rate than others. The adequacy of collateral flow may 
substantially influence the occurrence of ischemia 3. Notably, in some patients with 
adequate collateral flow, an acute coronary occlusion may be tolerated without 
signs of ischemia 4. Functional observations confirmed that collaterals may preserve 
cardiac function during acute infarction 5-7, may limit infarct size 6 and may reduce 
post-infarct ventricular dilatation after 2 years 8 and post-infarct aneurysm formation 
after 4 years 9. Subsequently, by exerting functional protection, collateral flow could 
alleviate the deleterious effects of atherosclerosis on morbidity and mortality in the 
long term. Therefore, the risk of future cardiac events could be dependent on the 
presence or absence of adequate collateral circulation, within a group of patients 
with a given degree of IHD burden. 
However, early data 10 suggested that the effect of collaterals may be attenuated in 
the setting of advanced atherosclerotic disease. Subsequently, discrepant findings 
have been reported on the prognostic relevance of collaterals. While a protective 
effect has been consistently demonstrated in patients with a moderate extent of 
CAD (single- or double vessel disease) 11;12, these protective effects on function 13;14 
and mortality were not found in patient groups with more extensive IHD burden 15;16. 
One explanation for these findings could be that the benefit exerted by collaterals 
was obscured by the harm from extensive atherosclerotic burden. Moreover, in such 
circumstances coronary steal may limit functional protection from ischemia17. A 
second explanation could be that collateral flow itself might become compromised 
10 in the presence of severe atherosclerotic burden, and therefore only moderately 
effective in restoring blood flow and preventing ischemia under these circumstances. 
Finally, the inconsistencies of previous reports could be due to different definitions 
of collateral circulation 11. Previously a distinction was suggested between collateral 
circulation visible spontanteously, and that visible upon recruitment due to coronary 
occlusion 18. These data suggested that collaterals which are spontaneously visibile 
may prevent ischemia in 90% of patients upon subsequent coronary occlusion 18. 
The prognostic impact of spontaneously visible collaterals was previously 
demonstrated in patients undergoing coronary revascularization19;20, but is unknown 
in a broader spectrum of patients. Consequently, we analyzed the clinical predictive 
value and the protective effect of angiographically visible coronary collateral 
circulation on the occurrence of future cardiac events, additionally addressing 
a putative modifying role of the severity of IHD21. We therefore examined these 
relations in the overall group and stratified for IHD burden.
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METHODS
Design and study population
The population of this study originated from the 884 participants enrolled in the 
Regression Growth Evaluation Statin Study (REGRESS) trial, which was conducted 
between 1991 and 1993 at eleven cardiology centers in the Netherlands. The primary 
objectives of this angiographic trial were to evaluate the effects of 24 months of 
40 mg Pravastatin therapy on the evolution of atherosclerotic lesions and cardiac 
events in patients with proven CAD and normocholesterolemia. Main secondary 
objectives were to evaluate effects of genetic and angiographic characteristics on 
these outcomes.  The trial design and main findings were reported previously 22;23. 
In brief, all subsequent male patients scheduled for elective coronary angiography, 
less than 70 years of age, non-diabetic and with total cholesterol level between 
4.0 and 8.0 mmol/L were considered for entry.  After randomization patients were 
scheduled for revascularization by Percutaneous Transluminal Coronary Angioplasty 
(PTCA at entry stratum, n=230) or Coronary Artery Bypass Grafting (CABG at entry 
stratum, n=282), or medical management (MM at entry stratum, n=372) at treating 
physicians’ discretion. Clinical and angiographic follow-up was documented after 
24 months. Due to loss of 5 baseline angiograms, the population for the current 
analysis comprised 879 patients. The trial was approved by the institutional review 
committee of each of the participating institutes; written informed consent was 
obtained from all participants.

Angiographic data
Participants underwent coronary arteriography at baseline according to a uniform 
previously described 22 protocol. Isosorbide dinitrate was administered sublingually 
prior to all study procedures. After completion of the follow-up period, angiograms 
were analyzed by quantitative coronary angiography and visual inspection by two 
experienced cardiologists blinded to the treatment assignment using a 38-segment 
coding system 24. Collaterals were identified at visual inspection of the baseline 
angiograms, and defined to be present if any of the 38 segments was filled by visible 
collateral flow. The extent of atherosclerosis and left ventricular ejection fraction 
were assessed using quantitative coronary angiography and according to the area-
length method after manual contour tracing respectively, as previously described 22.  

Outcome events
The cohort was followed for 24 months. Either one of the following events was 
considered as an outcome event in the current analyses. (i) MI (fatal or nonfatal): to 
establish a diagnosis of a new  MI, two of the following three criteria had to be met: 

characteristic angina 30 minutes in duration, new ischemic Q waves or ST-T–wave 
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Table 1. Baseline characteristics of patients with and without collaterals visible on coronary 
angiograpy. *P-value of Student’s t-test, Mann-Whitney, or chi-square test, where appropriate. 
n = sample size; SD = standard deviation.

 

collaterals
not visible
( n=616 )

collaterals
visible 
( n=263 )

P-value*

age (years): mean (SD) 56 (8) 57 (8) 0.043

body mass index (kg/m2): mean (SD) 25.9 (2.7) 26.2 (2.5) 0.13

smoking ever: n (%) 539 (88%) 234 (89%) 0.54

smoking currently: n (%) 161 (26%) 82 (31%) 0.13

familial occurrence of heart-disease: n (%) 305 (50%) 121 (46%) 0.36

systolic blood pressure (mmHg): mean (SD) 135 (19) 133 (17) 0.16

diastolic blood pressure (mmHg): mean (SD) 82 (10) 81 (9) 0.14

history of hypertension: n (%) 171 (28%) 74 (28%) 0.91

history of myocardial infarction: n (%) 257 (42%) 159 (61%) <0.001

total cholesterol (mmol/L): mean (SD) 6.0 (0.86) 6.12 (0.86) 0.07

high density lipoprotein (mmol/L): mean (SD) 0.94 (0.23) 0.91 (0.23) 0.16

low-density lipoprotein (mmol/L): mean (SD) 4.27 (0.78) 4.40 (0.77) 0.019

triglycerides (mmol/L): mean (SD) 1.78 (0.77) 1.77 (0.75) 0.86

mean segment diameter (mm): mean (SD) 2.76 (0.37) 2.68 (0.37) 0.004

MOD (mm): mean (SD) 1.85 (0.34) 1.54 (0.29) <0.001

1-vessel disease
2-vessel disease
3-vessel disease

302 (49%)
197 (32%)
117 (19%)

59 (22%)
103 (39%)
101 (38%)

<0.001

intervention stratum: n (%)
MM
CABG
PTCA

265 (43%)
157 (26%)
194 (32%)

107 (41%)
122 (46%)
34 (13%)

<0.001

left-ventricular ejection fraction (%): mean (SD) 71.7 (12.0) 67.5 (13.3) <0.001

use of oral nitrates: n (%) 330 (54%) 159 (60%) 0.076

use of beta-blockers: n (%) 456 (74%) 189 (72%) 0.51

use of calcium channel blockers: n (%) 374 (61%) 158 (60%) 0.86

pravastatin (randomized allocation): n (%) 310 (50%) 139 (53%) 0.49
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changes in the electrocardiogram, and elevation of serum creatine kinase–MB (CK-
MB) fraction to 3 times the upper limit of normal.  Effectively, this 3 time elevation of 
CK-MB had occurred in all instances identified as MI in the study. (ii) Coronary heart 
disease death (other than known fatal MI): no known non-atherosclerotic cause and 
presence of cardiac symptoms within 72 hours of death. (iii)  Non-scheduled PTCA 
or CABG: PTCA and CABG other than these at enrolment (e.g., PTCA in the MM 
stratum, CABG in the PTCA stratum, second PTCA in the PTCA stratum, etc). Events 
occurring within 24 hours after a scheduled PTCA or CABG were not counted. 
When a PTCA was performed instead of a scheduled CABG or a CABG instead of 
a scheduled PTCA, this procedure was not counted as a clinical event. All events 
were counted for the full 24-month follow-up period. In subjects who discontinued 
the trial prematurely, and for whom no subsequent follow-up was available (n=26), 
events were counted up until the discontinuation date. All cardiovascular clinical 
events were evaluated and identified according to the above guidelines by two 
physicians blinded for the baseline data. In case of disagreement a third physician 
was consulted and the decision was made based on majority of votes. 

Data analysis
To estimate the relationship between presence of collaterals and outcome events 
during follow-up, hazard ratios (HR) and corresponding 95% confidence intervals 
(CI) were estimated using proportional hazard analysis in SPSS 11.5 for Windows. We 
explored the possible modification of this relationship by severity of atherosclerotic 
burden in a stratified analysis. Therefore, we calculated the HR, according to strata 
of 1-, 2- and 3-vessel disease and strata of a history of MI. In addition to crude HRs, 
adjustment for covariates was applied in three separate models. Model 1 comprised 
age and the prior use of oral nitrates which were considered confounders due to 
their association with both collaterals and outcome. Model 2 comprised age, mean 
minimum obstruction diameter (MOD), a history of MI, the initial revascularization 
strategy (PTCA, CABG or MM) and use of oral nitrates. These covariates reflect 
the extent of IHD and could also be viewed as confounders. Model 3 comprised 
age, diastolic blood pressure, current smoking, low-density lipoprotein, mean MOD, 
number of vessel disease, history of MI, treatment stratum  and use of oral nitrates. 
These covariates were selected based on their established role as a risk factor for 
cardiovascular disease or their apparent association with collaterals.

RESULTS
Coronary collaterals were present in 263 (30%) out of the 879 patients with an 
available angiogram. Patients with collaterals were slightly older, had more often 
experienced an MI, smaller mean coronary arterial diameters (represented by 
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MOD), slightly increased low-density lipoprotein cholesterol levels, and were more 
often treated with bypass grafting (Table 1). Notably, among the 616 patients 
without visible collaterals at baseline, 37 patients developed collaterals over the 24 
month study duration under study medication. In agreement with data described by 
Rockstroh et al25, this rate did not vary significantly (p=0.58) by pravastatin (n=20) 
or placebo (n=17) treatment. 
In total, as listed in Table 3, 118 first-events occurred during follow-up of which 

Table 2. Estimates of cardiovascular risk in presence of coronary collateral circulation, stratified 
by (A) intervention stratum and (B) number of vessels diseased and (C) history of myocardial 
infarction (MI). Model 1: adjusted for age and use of oral nitrates. Model 2: adjusted for age, 
mean MOD, history of MI infarction, treatment stratum (Medical, PTCA, CABG), use of oral 
nitrates. Model 3: adjusted for age, diastolic blood pressure, smoking currently, low-density 
lipoprotein, mean MOD, number of vessel disease, history of MI, treatment stratum (Medical, 
PTCA, CABG), use of oral nitrates. n = sample size; CI = confidence interval.

crude
HR(95% CI)

model 1
HR(95% CI)

model 2
HR(95% CI)

model 3
HR (95% CI)

overall ( n=879)
0.48 
(0.30-0.77)

0.49 
(0.31-0.79)

0.43
(0.26-0.72)

0.38
(0.23-0.65)

A

medically 
managed
(n=372 )

0.55
(0.28-1.05)

0.53
(0.27-1.01)

0.39
(0.19-0.78)

0.35
(0.17-0.72)

PTCA
treated
(n= 228)

0.84
(0.38-1.86)

0.86
(0.39-1.91)

0.48
(0.20-1.13)

0.39
(0.16-0.97)

CABG
treated
(n=279)

1.25
(0.25-6.18)

1.28
(0.26-6.34)

0.59
(0.10-3.31)

0.89
(0.12-6.46)

B

1-vessel
disease
 (n= 361)

0.34
(0.10-1.08)

0.33
(0.10-1.08)

0.23
(0.07-0.76)

0.23
(0.07-0.79)

2-vessel 
disease
(n= 300)

0.51
(0.26-1.00) 

0.53
(0.27-1.04)

0.47
(0.23-0.98)

0.50
(0.24-1.05)

3-vessel
disease
(n= 218)

0.50
(0.20-1.22) 

0.48
(0.20-1.19)

0.59
(0.21-1.67)

0.43
(0.14-1.33)

C

history of MI  
(n=416)

0.56
(0.32-1.00)

0.58
(0.33-1.03)

0.49
(0.26-0.91)

0.44
(0.23-0.82)

no history of MI  
(n=463)

0.31
(0.12-.77)

0.31
(0.12-0.77)

0.33
(0.13-0.87)

0.26
(0.09-0.75)
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96 in the group without collaterals and 22 in those with collaterals. Event-free 
survival after two years of follow-up was 84.4% in patients without collaterals, and 
significantly higher 91.6% (p=0.002) in patients with collaterals (figure 1).  As shown 
in table 2, the unadjusted HR was 0.48 (95% CI: 0.30-0.77). Applying adjustment for 
confounders and cardiovascular risk factors (model 3), the HR was 0.38 (0.23-0.65). 
The protective effect exerted by coronary collaterals appeared to vary insignificantly 
across the groups with different extent of coronary disease. This is illustrated in 
table 2 by the absence of significant variation in HR: patients with single-vessel 
disease and collaterals had an adjusted HR of 0.23 (0.07-0.79), patients with two-
vessel disease and collaterals had an adjusted HR of 0.50 (0.24-1.05), patients 
with three-vessel disease and collaterals had an adjusted HR of 0.43 (0.14-1.33), 
statistical significance of interaction p=0.99.

DISCUSSION
The findings of this follow-up study in a cohort of 879 patients with CAD demonstrate 
that the presence of coronary collaterals is a clinical predictor of cardiovascular 
prognosis. Moreover, a direct protective effect of collateral circulation is affirmed. 
This protective impact of collaterals varied insignificantly across categories of IHD 
burden.

Prognostic impact of collaterals: potential sources of bias. 
To appreciate these findings, some issues need to be addressed. First, the data 
originate from a randomized trial in which assessment of the benefits of pravastatin 
treatment were the primary objective. Because the study medication was allocated 

Table 3. Clinical end-points (number and %) at 24 months in patients with and without 
collaterals MI = myocardial infarction; CHD = coronary heart disease; PTCA = Percutaneous 
Transluminal Coronary Angioplasty; CABG = Coronary Artery Bypass Grafting.

clinical endpoint
collaterals not visible 
(n=616)

collaterals visible 
(n=263)

myocardial Infarction (MI) 12 (1.9%) 5 (1.9%)

fatal MI 2 (0.3%) 0 

CHD death 4 (0.6%) 2 (0.8%)

PTCA 48 (7.8%) 8 (3.0%)

CABG 30 (4.9%) 7 (2.7%)
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Figure 1. Temporal patters of risk by presence of visible collaterals on angiography.

at random, i.e., irrespective of presence or absence of collaterals, this will not have 
affected our findings. Moreover, not all participants in the trial were included in the 
present analysis because baseline angiograms were not available in five out of 884 
subjects. Again, this is unlikely to impact the results. 
A second important issue is confounding. To disclose the possible causal role of 
collaterals in preventing future events, confounding variables associated both with 
collateral presence and future events need to be taken into account. This generally 
includes age and sex but here also applies to the prior use of oral nitrates which 
may affect the visibility of collaterals while at the same time potentially reflecting 
a difference in prognosis. The question whether indicators of disease burden act 
as confounders is more difficult to answer. Severity of atherosclerosis and IHD 
determines presence of collaterals26. At the same time, obviously, more diseased 
patients are at an increased risk of events irrespective of collateral presence. To 
estimate the true protective impact of collaterals, adjustment for indicators of 
disease severity such as degree of stenosis (reflected by MOD), number of vessels 
involved, initial revascularization strategy chosen (PTCA/CABG/MM) and history 
of MI appears indicated. From a clinical and prognostic perspective for patients, 
however, the overall eventual benefit of collaterals can not be separated from 
the underlying disease severity. Consequently, we have provided estimates of 
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risks with and without these adjustments. Furthermore, the risk of cardiovascular 
outcome events such as repeat revascularizations, is potentially influenced by the 
initial revascularization strategy chosen. This in turn, is related to the severity of 
atherosclerotic disease and likely thereby related to the presence of collaterals (Table 
1). We therefore additionally investigated the impact of collaterals on outcome, within 
the groups of initial treatment strategy (PTCA/CABG/MM) in a stratified analysis. 

Study limitations
One may argue the method of assessment of coronary collaterals in the present 
study. Visual assessment of coronary collaterals has been reported originally by 
Rentrop et al, using balloon catheter occlusion 27;28. A modified method in absence 
of balloon occlusion, assesses spontaneously visible collaterals, and is likely a 
more crude reflection of collateral flow. However, spontaneously visible collaterals 
may ultimately warrant protection from balloon-induced ischemia18. Some 
underestimation of collaterals may have occurred when comparing to the original 
method of Rentrop or to functional quantification of collateral flow. However, from a 
clinical point of view, here we demonstrate that spontaneously visible collaterals on 
daily practice coronary angiograms  is a strong predictor of prognosis.
A second issue in the present study is the limited number of hard end-points. In 
this analysis a composite endpoint was used comprising repeat revascularizations 
(PTCA and CABG), myocardial infarction and coronary heart disease death. With 
regard to coronary collaterals it seems more appropriate to limit the analyses to 
hard clinical endpoints such as myocardial infarction and cardiac death. Given the 
low number of such events within the 24 month follow-up period we were not able 
to perform such an analysis. 
Moreover, a limitation of this study is that the findings were obtained in males, 
although the importance of obtaining data in females is fully recognised.  Finally, a 
common limitation relates to statistical power in subgroup-analyses. While in the 
overall group of 879 patients, the sample was sufficiently large having a 80% power 
for a relative risk of 0.51 or less, the modest amount of end-points led to less power in 
subgroup-analyses such as the analysis stratified to initial revascularization strategy. 
Although the point-estimate of the HR was below unity (which suggests protection 
in all strata), statistical significance was not reached in some subgroups such as 
the stratum of patients with initial CABG treatment. On the other hand, however, 
the overall group HR adjusted for the initial treatment by multivariable analysis 
(Table 2, Models 2 and 3), demonstrates that a robust protective effect. Hence, 
these adjusted analysies affirmed that the impact of collaterals on cardiovascular 
outcome is irrespective of the initial treatment, and direct protection from collaterals 
is present in the broad spectrum of patients with CAD, represented here.
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Context of the present analysis 
Our findings on the protective effect of collaterals are in agreement with previous 
studies 11;12 in which physiologically assessed collateral flow was taken as a 
direct measure of adequate collateral blood supply. These previous studies were 
performed within a homogenous population of patients with a moderate CAD 
burden. Moreover, previous data had suggested that collateral circulation visible 
on diagnostic angiography, may be functionally effective in preventing ischemia18 
and adverse oucomes19;20. However, other studies could not uncover the beneficial 
role of collaterals15;16, which may relate to the extent of ischemic burden in the 
study populations. This prompted us to examine whether the protective effect 
of collaterals can be extrapolated to patients with a more extensive cardiac 
atherosclerotic burden. To this aim we stratified our population according to various 
degrees of disease burden as reflected by number of vessels diseased, history of 
MI and treatment strategy. The principal finding here is, that the protective ability of 
collaterals provides similar risk estimates across strata of IHD burden, reflected by 
no statistically significant interaction. Therefore, within the broad spectrum of CAD 
present in the current study population, the protective effect from collaterals seems 
independent of IHD severity. These findings are promising for therapies of activating 
collateral growth by growth factors and cell therapies for angio-, vasculo- and 
arteriogenesis, which are aimed at patients with extensive coronary artery disease 
suffering from refractory angina.  

Conclusion
In conclusion, these findings support the view that angiographical presence of 
collaterals is a clinically relevant prognostic factor. Coronary collateral circulation 
appears to have a directly protective effect on the risk of future cardiovascular 
events, which was demonstrated in this well-defined cohort of patients with a broad 
spectrum of CAD severity. While the protective effect of collaterals may theoretically 
be reduced in more extensive burden of IHD, the impact on cardiovascular risk 
appears present also in those with marked disease. 



124

CHAPTER SEVEN

REFERENCES

1.	 Seiler	C.	The	human	coronary	collateral	circulation.	Heart.	2003;89:1352-1357.
2.	 Heil	M,	Schaper	W.	Influence	of	mechanical,	cellular,	and	molecular	factors	on	collateral	artery	growth	

(arteriogenesis).	Circ Res.	2004;95:449-458.
3.	 Koerselman	J,	Van	der	Graaf	Y,	de	Jaegere	PP,	Grobbee	DE.	Coronary	collaterals:	an	important	and	

underexposed	aspect	of	coronary	artery	disease.	Circulation.	2003;107:2507-2511.
4.	 Wustmann	K,	Zbinden	S,	Windecker	S,	Meier	B,	Seiler	C.	Is	there	functional	collateral	flow	during	

vascular	occlusion	in	angiographically	normal	coronary	arteries?	Circulation.	2003;107:2213-2220.
5.	 Cohen	 M,	 Rentrop	 KP.	 Limitation	 of	 myocardial	 ischemia	 by	 collateral	 circulation	 during	 sudden	

controlled	coronary	artery	occlusion	in	human	subjects:	a	prospective	study.	Circulation.	1986;74:469-
476.

6.	 Habib	GB,	Heibig	J,	Forman	SA,	Brown	BG,	Roberts	R,	Terrin	ML,	Bolli	R.	 Influence	of	coronary	
collateral	vessels	on	myocardial	infarct	size	in	humans.	Results	of	phase	I	thrombolysis	in	myocardial	
infarction	(TIMI)	trial.	The	TIMI	Investigators.	Circulation.	1991;83:739-746.

7.	 Nohara	R,	Kambara	H,	Murakami	T,	Kadota	K,	Tamaki	S,	Kawai	C.	Collateral	function	in	early	acute	
myocardial	infarction.	Am J Cardiol.	1983;52:955-959.

8.	 Kodama	K,	Kusuoka	H,	Sakai	A,	Adachi	T,	Hasegawa	S,	Ueda	Y,	Mishima	M,	Hori	M,	Kamada	T,	
Inoue	M,	Hirayama	A.	Collateral	channels	that	develop	after	an	acute	myocardial	infarction	prevent	
subsequent	left	ventricular	dilation.	J Am Coll Cardiol.	1996;27:1133-1139.

9.	 Hirai	T,	Fujita	M,	Nakajima	H,	Asanoi	H,	Yamanishi	K,	Ohno	A,	Sasayama	S.	Importance	of	collateral	
circulation	 for	 prevention	 of	 left	 ventricular	 aneurysm	 formation	 in	 acute	 myocardial	 infarction.	
Circulation.	1989;79:791-796.

10.	Webster	 JS,	Moberg	C,	Rincon	G.	Natural	 history	 of	 severe	proximal	 coronary	 artery	 disease	as	
documented	by	coronary	cineangiography.	Am J Cardiol.	1974;33:195-200.

11.	 Billinger	M,	Kloos	P,	Eberli	FR,	Windecker	S,	Meier	B,	Seiler	C.	Physiologically	assessed	coronary	
collateral	flow	and	adverse	cardiac	ischemic	events:	a	follow-up	study	in	403	patients	with	coronary	
artery	disease.	J Am Coll Cardiol.	2002;40:1545-1550.

12.	Pijls	NH,	Bech	GJ,	el	Gamal	MI,	Bonnier	HJ,	De	Bruyne	B,	Van	Gelder	B,	Michels	HR,	Koolen	JJ.	
Quantification	of	recruitable	coronary	collateral	blood	flow	in	conscious	humans	and	its	potential	to	
predict	future	ischemic	events.	J Am Coll Cardiol.	1995;25:1522-1528.

13.	Helfant	RH,	Kemp	HG,	Gorlin	R.	Coronary	atherosclerosis,	coronary	collaterals,	and	their	relation	to	
cardiac	function.	Ann Intern Med.	1970;73:189-193.

14.	Helfant	RH,	Vokonas	PS,	Gorlin	R.	Functional	importance	of	the	human	coronary	collateral	circulation.	
N Engl J Med.	1971;284:1277-1281.

15.	Antoniucci	D,	Valenti	R,	Moschi	G,	Migliorini	A,	Trapani	M,	Santoro	GM,	Bolognese	L,	Cerisano	G,	
Buonamici	 P,	 Dovellini	 EV.	 Relation	 between	 preintervention	 angiographic	 evidence	 of	 coronary	
collateral	circulation	and	clinical	and	angiographic	outcomes	after	primary	angioplasty	or	stenting	for	
acute	myocardial	infarction.	Am J Cardiol.	2002;89:121-125.

16.	Koerselman	J,	de	Jaegere	PP,	Verhaar	MC,	Grobbee	DE,	van	der	GY.	Prognostic	significance	of	
coronary	 collaterals	 in	 patients	 with	 coronary	 heart	 disease	 having	 percutaneous	 transluminal	
coronary	angioplasty.	Am J Cardiol.	2005;96:390-394.

17.	Werner	GS,	Surber	R,	Ferrari	M,	Fritzenwanger	M,	Figulla	HR.	The	functional	reserve	of	collaterals	
supplying	long-term	chronic	total	coronary	occlusions	in	patients	without	prior	myocardial	infarction.	
Eur Heart J.	2006;27:2406-2412.

18.	van	Liebergen	RA,	Piek	JJ,	Koch	KT,	de	Winter	RJ,	Schotborgh	CE,	Lie	KI.	Quantification	of	collateral	
flow	in	humans:	a	comparison	of	angiographic,	electrocardiographic	and	hemodynamic	variables.	J 
Am Coll Cardiol.	1999;33:670-677.



125

COLLATERALS PROGNOSIS

 7

19.	Nathoe	HM,	Buskens	E,	Jansen	EW,	Suyker	WJ,	Stella	PR,	Lahpor	JR,	van	Boven	WJ,	van	DD,	
Diephuis	JC,	Borst	C,	Moons	KG,	Grobbee	DE,	de	Jaegere	PP.	Role	of	coronary	collaterals	in	off-
pump	and	on-pump	coronary	bypass	surgery.	Circulation.	2004;110:1738-1742.

20.	Nathoe	HM,	Koerselman	J,	Buskens	E,	van	DD,	Stella	PR,	Plokker	TH,	Doevendans	PA,	Grobbee	
DE,	de	Jaegere	PP.	Determinants	and	prognostic	significance	of	collaterals	in	patients	undergoing	
coronary	revascularization.	Am J Cardiol.	2006;98:31-35.

21.	Regieli	 JJ,	 Nathoe	 HM,	 Koerselman	 J,	 van	 der	 GY,	 Grobbee	 DE,	 Doevendans	 PA.	 Coronary	
collaterals--insights	in	molecular	determinants	and	prognostic	relevance.	Int J Cardiol. 2007;116:139-
143.

22.	Jukema	JW,	Bruschke	AV,	van	Boven	AJ,	Reiber	JH,	Bal	ET,	Zwinderman	AH,	Jansen	H,	Boerma	GJ,	
van	Rappard	FM,	Lie	KI,	.	Effects	of	lipid	lowering	by	pravastatin	on	progression	and	regression	of	
coronary	artery	disease	in	symptomatic	men	with	normal	to	moderately	elevated	serum	cholesterol	
levels.	 The	 Regression	 Growth	 Evaluation	 Statin	 Study	 (REGRESS).	Circulation.	 1995;91:2528-
2540.

23.	Kuivenhoven	 JA,	 Jukema	 JW,	 Zwinderman	AH,	 de	 Knijff	 P,	 McPherson	 R,	 Bruschke	AV,	 Lie	 KI,	
Kastelein	 JJ.	 The	 role	 of	 a	 common	 variant	 of	 the	 cholesteryl	 ester	 transfer	 protein	 gene	 in	 the	
progression	of	coronary	atherosclerosis.	The	Regression	Growth	Evaluation	Statin	Study	Group.	N 
Engl J Med.	1998;338:86-93.

24.	James	TN,	Bruschke	AV,	Bothig	S,	Dodu	SR,	Gil	JF,	Kawamura	K,	Paulin	SJ,	Piessens	J.	Report	of	
WHO/ISFC	Task	Force	on	Nomenclature	of	Coronary	Arteriograms.	Circulation.	1986;74:451A-455A.

25.	Rockstroh	 J,	 Brown	 BG.	 Coronary	 collateral	 size,	 flow	 capacity,	 and	 growth:	 estimates	 from	 the	
angiogram	in	patients	with	obstructive	coronary	disease.	Circulation.	2002;105:168-173.

	 26.	 Koerselman	 J,	 de	 Jaegere	PP,	Verhaar	MC,	Grobbee	DE,	 der	GY.	Cardiac	 ischemic	 score	
determines	the	presence	of	coronary	collateral	circulation.	Cardiovasc Drugs Ther.	2005;19:283-289.

27.	Rentrop	KP,	Cohen	M,	Blanke	H,	Phillips	RA.	Changes	in	collateral	channel	filling	immediately	after	
controlled	coronary	artery	occlusion	by	an	angioplasty	balloon	in	human	subjects.	J Am Coll Cardiol. 
1985;5:587-592.

28.	Rentrop	KP,	Thornton	JC,	Feit	F,	Van	BM.	Determinants	and	protective	potential	of	coronary	arterial	
collaterals	as	assessed	by	an	angioplasty	model.	Am J Cardiol.	1988;61:677-684.

 



AGACCACAAATAGCATTCAGGCAAAGAGCATTTATTCCAACAATGGAG
GAGCACTGGATTTGGTTCCTAACAAAATAAAGTTTGAAATCCTGTCT
TTCCCATGTTGAAAACAAAGTTGGTACAAAACCCTTTAGCTTTTGCAA
ACCTCCTTTAAGACCCGATTTAAATGCTTCCCTCCTCATGAAGCTCTT
CTGGATCCACTCCTTCCCATCACTAAGTTGAAAGTAAGATCCCCTTCT
CTTTACTTCCATTAGACTTGGATTACAGCACTCTTTGTATCATGTATT
TAATTCTGTTTTTTAATTACAGTTAACATTTATTTGTCTTCCTCTTGA
GTGTATGCTTCTCTAGAGGAAGGTCTTTGATTCATTCTCCCCTGGCCT
TAATTCATCCCACTTAATATGGAAAAAATTTAATAAATGCTGACTTGA
ATAAGTCCAACAAGGAGAATGGGAAGCTCATCTTCCTGTCTTCTAAAA
GACTACTTAAGATAACAGGGTAATCACAGAAAAGCATTAGAAATAGAG
TTATATGAGAAACAACTGTAGTTAAGGCTAGGTTTATGTTAGACTGAG
AAATTTTAGTGCATACTTAAGTTATTTAGGCCAGGTTACTTTTTGTAG
AACAAACATTTCAGTTTCGCTCAGTTTCATTTCCGTTTCTGAGGCAGC
TGTGATTTAAGAAAATGCTCTAGTCTGTGGCATTCCATATTCAAGTAC
TTTGAGTTGTATATTAATTTATTTTTGTTAATAAGAGTGACATGACTC
ACTAAGTAATTTAGAGATTTAAACACTTTTTTAAAAAACAGTAACTTC
ATATGCATTGGATCTATTCTTCTATAAAGTCTTTTCTTGGGGGGTGTT
TGTTTAAAATTCCCCGGTGTTTTCTCTGCCAAATCCAACTTCCAAGAA
GCATTTGGAAGTCAAAACATTTTATCTGGTTAGTCTTAAAGTCCAGAT
ATTTTGTGATAGCTGGTATTTAGTTTATGATATTTCCCAGGAAGAACT
TTTTAGTAGTTGAACCATTTATGAAAGACTTCCTTGAAGCTACCTTA
GAGAGTTGATTTAGTTCTTCTAAATAAGTAAATAGAATATTAGTATTA
GGACATCTTGGAGTATAGATGCAAATATTGGTGAAAAAGAACATGGAT
ATCAGAGTCAAATTAATGTAGATTGGAATTCTGGTTATTACTAATGGA
TATCTGACATTAGGCAAGTTGCTGATCACTCTTTGCCTCAGTTTCATC
ATCTGTAAAAAGTCTTTTCTTGGGGGGTGTTTGTTTAAAATTCCCCGG
TGTTTTCTCTGCCAAATCCAACTTCCAAGAAGCATTTGGAAGTCAAAA
CATTTTATCTGGTTAGTCTTAAAGTCCAGATATTTTGTGATAGCTGGT
ATTTAGTTTATGATATTTCCCAGGAAGAACTTTTTAGTAGTTGAACCA
TTTATGAAAGACTTCCTTGAAGCTACCTTAGAGAGTTGATTTAGTTCT
TCTAAATAAGTAAATAGAATATTAGTATTAGGACATCTTGGAGTATAG
ATGCAAATATTGGTGAAAAAGAACATGGATATCAGAGTCAAATTAATG
TAGATTGGAATTCTGGTTATTACTAATGGATATCTGACATTAGGCAAG
TTGCTGATCACTCTTTGCCTCAGTTTCATCATCTGTAAAATAGGTATT
TGTGTTTGTGTATAATGTGAACCGTTAGTATTAGGACATTAGGACAAG

chapter  EIGHT



AGACCACAAATAGCATTCAGGCAAAGAGCATTTATTCCAACAATGGAG
GAGCACTGGATTTGGTTCCTAACAAAATAAAGTTTGAAATCCTGTCT
TTCCCATGTTGAAAACAAAGTTGGTACAAAACCCTTTAGCTTTTGCAA
ACCTCCTTTAAGACCCGATTTAAATGCTTCCCTCCTCATGAAGCTCTT
CTGGATCCACTCCTTCCCATCACTAAGTTGAAAGTAAGATCCCCTTCT
CTTTACTTCCATTAGACTTGGATTACAGCACTCTTTGTATCATGTATT
TAATTCTGTTTTTTAATTACAGTTAACATTTATTTGTCTTCCTCTTGA
GTGTATGCTTCTCTAGAGGAAGGTCTTTGATTCATTCTCCCCTGGCCT
TAATTCATCCCACTTAATATGGAAAAAATTTAATAAATGCTGACTTGA
ATAAGTCCAACAAGGAGAATGGGAAGCTCATCTTCCTGTCTTCTAAAA
GACTACTTAAGATAACAGGGTAATCACAGAAAAGCATTAGAAATAGAG
TTATATGAGAAACAACTGTAGTTAAGGCTAGGTTTATGTTAGACTGAG
AAATTTTAGTGCATACTTAAGTTATTTAGGCCAGGTTACTTTTTGTAG
AACAAACATTTCAGTTTCGCTCAGTTTCATTTCCGTTTCTGAGGCAGC
TGTGATTTAAGAAAATGCTCTAGTCTGTGGCATTCCATATTCAAGTAC
TTTGAGTTGTATATTAATTTATTTTTGTTAATAAGAGTGACATGACTC
ACTAAGTAATTTAGAGATTTAAACACTTTTTTAAAAAACAGTAACTTC
ATATGCATTGGATCTATTCTTCTATAAAGTCTTTTCTTGGGGGGTGTT
TGTTTAAAATTCCCCGGTGTTTTCTCTGCCAAATCCAACTTCCAAGAA
GCATTTGGAAGTCAAAACATTTTATCTGGTTAGTCTTAAAGTCCAGAT
ATTTTGTGATAGCTGGTATTTAGTTTATGATATTTCCCAGGAAGAACT
TTTTAGTAGTTGAACCATTTATGAAAGACTTCCTTGAAGCTACCTTA
GAGAGTTGATTTAGTTCTTCTAAATAAGTAAATAGAATATTAGTATTA
GGACATCTTGGAGTATAGATGCAAATATTGGTGAAAAAGAACATGGAT
ATCAGAGTCAAATTAATGTAGATTGGAATTCTGGTTATTACTAATGGA
TATCTGACATTAGGCAAGTTGCTGATCACTCTTTGCCTCAGTTTCATC
ATCTGTAAAAAGTCTTTTCTTGGGGGGTGTTTGTTTAAAATTCCCCGG
TGTTTTCTCTGCCAAATCCAACTTCCAAGAAGCATTTGGAAGTCAAAA
CATTTTATCTGGTTAGTCTTAAAGTCCAGATATTTTGTGATAGCTGGT
ATTTAGTTTATGATATTTCCCAGGAAGAACTTTTTAGTAGTTGAACCA
TTTATGAAAGACTTCCTTGAAGCTACCTTAGAGAGTTGATTTAGTTCT
TCTAAATAAGTAAATAGAATATTAGTATTAGGACATCTTGGAGTATAG
ATGCAAATATTGGTGAAAAAGAACATGGATATCAGAGTCAAATTAATG
TAGATTGGAATTCTGGTTATTACTAATGGATATCTGACATTAGGCAAG
TTGCTGATCACTCTTTGCCTCAGTTTCATCATCTGTAAAATAGGTATT
TGTGTTTGTGTATAATGTGAACCGTTAGTATTAGGACATTAGGACAAG

1 2 3 4 5 6 7 8 9 10

  Presence of coronary collaterals is 
determined by polymorphisms in the 

TNF-α gene promoter region

Sunanto Ng*, Jakub J. Regieli*, J. Wouter Jukema, 
Aeilko H. Zwinderman, Pascalle S Monraats,  Yolanda van der Graaf,  

Diederick E. Grobbee, Pieter A. Doevendans.
* both authors contributed equally to the current manuscript





129

COLLATERALS TNF-α

 8

R
ECRUITMENT of collateral vessels in response to coronary stenosis 
may improve long- term prognosis in coronary artery disease (CAD).1 
However, the extent of collateral formation is highly variable among 
patients and appears to be only partially attributable to differences in the 

degree of the coronary occlusion.2 Several other factors associated with presence 
of collateral formation have been described, including aging, hypercholesterolemia, 
hypertension, and smoking.3-5  Recent clinical insights suggest that genetic factors 
may determine the inter-individual difference of developing adequate collateral 
circulation, in presence of manifest CAD. Accordingly, an experimental arterial 
occlusion model provided evidence of a genomic program underlying collateral 
vessel development.6 In man, however, the genetic loci involved in arteriogenesis 
remain unresolved. 
Tumor Necrosis Factor-alpha (TNF-α), a proinflammatory cytokine, has been 
suggested to act as a positive modulator of adaptive arteriogenesis in animal 
studies.7 Several polymorphisms that may affect TNF-α expression have been 
identified inside the TNF-α promoter.8 It is possible that these polymorphisms have 
a bearing on the level of TNF-α production, which in turn might have an impact on 
vessels adaptation during stress. We examined the relation between polymorphisms 
in the promoter region of TNF-α gene and coronary collateral formation in patients 
with varying degrees of ischemic cardiac disease.  

METHODS
For the present study, data were collected on subjects that had participated in the 
Regression Growth Evaluation Statin Study (REGRESS). Design and main finding of 
this clinical trial have been described previously.9 Recently, an angiographic sub-
study on coronary collaterals of the REGRESS cohort has been reported.10 In brief, 
participants included 884 males, less than 70 years of age, who underwent coronary 
angiography due to symptomatic CAD and had at least one major coronary artery 
stenosis of more than 50 percent as assessed angiographically. Various degrees of 
ischemic heart disease were represented in the cohort. Several significant metabolic 
diseases, including renal disease and oral therapy or insulin–dependent diabetes 
mellitus were some of excluding criteria. In addition to the main trial, a DNA sub-
study was added. Both the REGRESS trial and the DNA sub-study were approved 
by the institutional review boards of the participating centers and by the medical 
ethics committees of all centers. Written informed consent was obtained from all 
participants.
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Angiographic data
All coronary angiograms were reviewed initially by the REGRESS center coordinator 
and were subsequently sent to the Central Angiographic Core Laboratory at 
the Interuniversity Cardiology Institute of The Netherlands (ICIN), Utrecht, The 
Netherlands, for assessment of quality according to standards guidelines. If the 
views obtained or the film quality was inadequate, the patient was excluded from the 
trial. The angiography protocol required administration of coronary vasodilators (5 
to 10 minutes before angiography, 5 to 10 mg isosorbide dinitrate was administered 
sublingually; this was repeated during the procedure if necessary).  Baseline 
coronary angiograms were analyzed for collateral assessment in purpose of current 
study. Five of 884 baseline angiograms of the REGRESS population were lost; 
therefore, 879 subjects were included in current study. Coronary collaterals were 
assessed visually from these baseline angiograms with consensus readings by two 
experienced cardiologists blinded to the genotype data. Collaterals were defined to 
be present if filling of contrast media was seen in any of the 38 epicardial segments 
of a coronary artery via collateral channels. 

DNA Analysis
Genomic DNA was extracted from blood samples collected at baseline of the study 
according to standard procedures, and was available from 686 participants due to 
stock shortage. Previously validated G to A single nucleotide polymorphism (SNP) 
at position -238 (rs361525), -376 (rs1800750) and -308 (rs1800629) in the TNF-α	
gene promoter region were determined. Genotypes were assessed by the Line 
Arrays Detection System (Roche Molecular Systems), hybridizing an immobilized 
oligonucleotide probe with amplified DNA.11 

Data Analysis
Baseline demographic and clinical characteristics between collateral groups were 
compared and tested using Student’s t test or Pearson’s chi-square test, where 
appropriate. To assess the relation between variants of the TNF-α gene and the 
presence of coronary collaterals, we compared the odds of collaterals across 
groups with contrasting genetic polymorphisms using logistic regression analysis. 
Both univariate and multivariate analyses were performed. Odds ratios were 
calculated with corresponding 95% confidence intervals. A two-sided p-value of ≤ 
0.05 was considered statistically significant. All statistical analyses were carried out 
by three of the authors (S.N., J.J.R. and A.H.Z.) using SPSS for Windows, release 
15.0 (SPSS Inc, Chicago, IL, USA). All authors had full access to the data and take 
responsibility for its integrity. 
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Results
Coronary collaterals were present in 263 (30%) of 879 patients in the full cohort. 
Patients with collaterals were slightly older; more frequently had previous myocardial 
infarction and had more extensive baseline coronary artery disease (Table 1). 

Distribution of TNF-α Allele Frequencies
Among the 879 subjects, TNF-α genotype variant were successfully identified 
in approximately 79% subjects, including 686 genotypes at position -238, 692 
genotypes at -308 and 685 genotypes at -376.  All distributions of polymorphisms 
were in Hardy Weinberg equilibrium. Frequencies of allele A at position -238, -308 
and -376 were 5%, 18.6%% and 1.5%, respectively. There were 21 (3%) subjects 

Table 1. Demographic and clinical characteristics of study population.

characteristic
no coronary collaterals 
(n=616)

coronary 
collaterals 
(n=263) P value

demographic and co-morbidity

age, years 56 ± 8 57 ± 8 0.04

body mass index, kg/m2 26 ± 3 26 ± 3 0.13

current or former smoker, n (%) 540 (88) 234 (89) 0.58

current smoker, n (%) 161 (26) 82 (31) 0.13

family history, n (%) 305 (50) 121 (46) 0.36

hypertension, n (%) 171 (28) 74 (28) 0.91

previous myocardial infarction, n (%) 257 (42) 159 (61) <0.01

angiographic

minimal obstruction diameter, mm 1.85 ± 0.34 1.54 ± 0.29 <0.001

mean segment diameter, mm 2.76 ± 0.37 2.68 ± 0.37 <0.001
coronary artery diseases, n (%)

      1 vessel 302 (49) 59 (22)

< 0.01      2 vessels 197 (32) 103 (39)

      3 vessels 117 (19) 101 (38)

medication, n (%)

      nitrates 330 (54) 159 (60) 0.08

      beta-blocker 456 (74) 189 (72) 0.51

      calcium channel blocker 374 (61) 158 (60) 0.86
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with TNF-308AA homozygote, whilst no rare allele (AA) homozygote was identified in 
TNF -238 and -376 polymorphisms.  To evaluate possible linkage of allele A among 
the genotypes, we inspected the prevalence of individuals based on genotype 
characteristic of TNF -238, -308 and -376 polymorphism. The TNF-376*A genotype 
was in strong linkage disequilibrium with TNF-238*A, such that no individuals were 
found who carried allele A in position -376 in the absence of TNF-238*A. Thus, 
individuals carrying TNF-376*A were a subset of those carrying TNF-238*A (Table 
2). 

TNF-α Polymorphisms and Presence of Coronary Collaterals.
Subjects with allele A in TNF -238 genotype or TNF -376 genotype showed a higher 
frequency of collaterals (Table 3). The presence of polymorphisms in position -308 
was not related to the presence of collaterals. To dissect the complex patterns of 
linkage among the three genotypes, we carried out multivariate logistic regression 
relating all three polymorphisms to the presence of coronary collaterals. This 
analysis identified TNF-376*A as an independent determinant of collaterals with an 
estimated odds ratio (OR) of 2.88 (95% confidence interval 1.0 – 8.32, P = 0.051) 
(Table 4).

Table 2. Distribution of subjects according to TNF-α genotype at position -376, -238 and 
-308. Numbers are presented as count (percentage). 376*, 238*, 308* refer to genotypes of 
TNF-α which do not contain allele A at position -376, -238 and -308, respectively. 376*A, 
238*A, 308*A refer to genotypes which contain allele A.

genotype characteristics frequency (n = 679)

376* / 238* / 308* 393 (57.9)

376* /238* / 308*A 218 (32.1)

376* / 238*A / 308* 34 (5.0)

376* / 238*A / 308*A 13 (1.9)

376*A / 238*A / 308* 18 (2.7)

376*A / 238*A / 308*A 3 (0.4)

376*A /238* / 308*A 0 (0)

376*A / 238* / 308* 0 (0)
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DISCUSSION
Coronary collateral formation is an extremely powerful endogenous response to 
cardiac ischemia that may have profound prognostic implications when expressed 
early in the development of CAD. Knowledge on factors that determine inter-
individual variations in the extent of collateral formation may help to disclose 
approaches to promote protection from ischemia. The current study in 686 patents 
with documented CAD, to our knowledge, is the largest study to date to examine 
the relation of genetic polymorphisms and the presence of coronary collaterals. 
Our findings indicate that polymorphisms in the promoter region of TNF-α gene are 
related to the presence of coronary collaterals. G àA substitution at position -238 
and -376 was significantly associated with higher prevalence of coronary collaterals.

Mechanism of Action
The exact mechanism mediating effects of TNF- α promoter polymorphisms on 
collateral circulation cannot be deducted from the current clinical data per se. 

Table 3. Association between TNF-α polymorphisms and presence of coronary collaterals. 
Numbers are presented as numbers of each genotype variant in each collateral group 
(percentage). WT = wild type (GG genotype); 376*A, 238*A, 308*A refer to genotypes which 
contain allele A; NA = not applicable; OR = odds ratio; CI = confidence interval.

genotypes
no coronary 
collaterals

coronary 
collaterals OR (95% CI) P-value

TNF – 238 (n = 686)
WT 442/483 (92) 175/203 (86) 1.0 NA

-238*A 41/483 (8) 28/203 (14) 1.73 (1.03 – 2.88) 0.037

TNF – 308 (n = 692)

WT 323/487 (66) 133/205 (65) 1.0 NA

-308*A 164/487 (34) 72/205 (35) 1.07 (0.76 – 1.50) 0.714

TNF – 376 (n = 685)

WT 475/484 (98) 189/201 (94) 1.0 NA

-376*A 9/484 (2) 12/201 (6) 3.35 (1.39 – 8.08) 0.007
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However, in the perspective of experimental and limited clinical evidence, current 
data give further support to TNF-α as an intermediate factor in collateral formation in 
patients with CAD. Notably, human monocytes, the main source of TNF-α synthesis, 
have large and stable differences in TNF-α production levels.12, 13 Studies on the 
intersubject variations in TNF-α production have been associated with genetic 
TNF-α	 polymorphisms.14, 15 Several polymorphisms have been identified inside 
the TNF-α promoter and have been shown to be correlated with transcriptional 
activity. The -308*A and the -238*A alleles have been associated with higher TNF-α	
production, but this might be because they are linked to a functional polymorphism, 
for example at -376.8 The TNF-376 polymorphism is located in a region of multiple 
DNA-protein interactions, and the less common allele (-376A) acts to recruit OCT-1 to 
this region.16 OCT-1 is a transcriptional factor whose interactions with other proteins 
leads to diverse effects on gene regulation, in most cases acting to enhance,16, 17 but 
in some contexts acting to repress,18 transcription. 
Pre-clinical findings suggested that TNF-α has essential modulating roles in 
arteriogenesis.19, 20 The development of adequate collateral flow has been widely 
attributed to arteriogenesis,21 which, in adult organisms, represents in situ proliferation 
of preexisting arteriolar connections into mature collateral arteries.19 TNF-α, via the 
p55 pathway, enhances arteriogenesis. Indeed, TNF-α is responsible for adhesion 
and activation of additional monocytes via upregulation of cell adhesion molecules 
on both endothelial cells and monocytes, and by upregulation of granulocyte-
macrophage colony-stimulating-factor (GM-CSF). Injection of lipopolysaccharide 
(LPS), the most potent stimulator of TNF-α production, produces increased collateral 
conductance in rabbit hindlimb.20

Intriguing data in patients with CAD showed an inverse correlation between 
circulating TNF-α levels and collateral flow,22 and it was suggested that this inverse 
relation reflected a situation whereby augmented expression of TNF-α is needed in 
patients with poorly grown collaterals, while TNF-α was downregulated in patients 
with adequate collateral flow.

Table 4. Multiple logistic regression by genotype with presence of coronary collaterals as the 
outcome. -376*A,  -238*A, -308*A refer to genotypes which contain allele A. OR = odds ratio, 
CI = confidence interval 

determinant variable OR (95% CI) P value

TNF-238*A 1.216 (0.642 -2.305) 0.548

TNF-308*A 1.093 (0.769 - 1.554) 0.621

TNF-376*A 2.879 ( 0.997 - 8.320) 0.051
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Linkage at TNF-α Promoter Region
Interestingly, our result showed that TNF-376*A was in strong linkage disequilibrium 
with TNF-238A. This intimate relation between the two alleles has been preserved in 
East African, West African and European populations.16 Logistic regression analysis 
of the three TNF promoter polymorphism indicated that the association of TNF-376A 
allele was independent from TNF-238A and -308A alleles. A postulated evolutionary 
origin of the TNF-376A allele is notable in that it appears to have resulted from a 
mutation of a haplotype bearing the TNF-238A allele. This raises the question of 
whether the more recent -376 polymorphism reflects a compensatory mutation, 
thus generating a complex system of TNF regulation that confers an overall selective 
advantage. 

Study Limitations
To appreciate these findings, some limitations need to be addressed. First, the gene 
for TNF-α is located within the MHC region on chromosome 6p21.3. This is a highly 
polymorphic region, and the TNF-α itself contains a large number of polymorphisms. 
There is strong linkage disequilibrium between alleles across the MHC, which 
implies that, rather than being randomly assorted, the genes in this region do not 
segregate independently and tend to be inherited en bloc as a haplotype. Therefore, 
the association with phenotypes might not be due to a polymorphism within the 
TNF gene itself, but to variation in a linked gene that regulates expression of this 
cytokine.
Second, the current study applies an assessment of spontaneously visible collaterals 
on daily practice angiograms, which is likely a more crude estimate of collateral flow 
than a quantitative measure of collateral flow described previously.23 The current 
method might underestimate presence of collaterals in the present study. However, 
at the merit of this less quantitative method, we were able to include a large number 
and broad spectrum of patients with CAD. Third, a limitation of the REGRESS study 
is that the findings were obtained in males, although the importance of obtaining 
data in females is fully recognized.

CONCLUSIONS
In conclusion, the results of this study support the view that a polymorphism G to A in 
the promoter region -376 and -238 of TNF-α gene affects the formation of coronary 
collaterals in subjects with established coronary artery diseases. This finding may 
help to explain the large inter-individual variation in coronary collateral formation 
following ischemic cardiac disease and indicate ways to promote endogenous 
protection against ischemia.
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AGACCACAAATAGCATTCAGGCAAAGAGCATTTATTCCAACAATGGAG
GAGCACTGGATTTGGTTCCTAACAAAATAAAGTTTGAAATCCTGTCT
TTCCCATGTTGAAAACAAAGTTGGTACAAAACCCTTTAGCTTTTGCAA
ACCTCCTTTAAGACCCGATTTAAATGCTTCCCTCCTCATGAAGCTCTT
CTGGATCCACTCCTTCCCATCACTAAGTTGAAAGTAAGATCCCCTTCT
CTTTACTTCCATTAGACTTGGATTACAGCACTCTTTGTATCATGTATT
TAATTCTGTTTTTTAATTACAGTTAACATTTATTTGTCTTCCTCTTGA
GTGTATGCTTCTCTAGAGGAAGGTCTTTGATTCATTCTCCCCTGGCCT
TAATTCATCCCACTTAATATGGAAAAAATTTAATAAATGCTGACTTGA
ATAAGTCCAACAAGGAGAATGGGAAGCTCATCTTCCTGTCTTCTAAAA
GACTACTTAAGATAACAGGGTAATCACAGAAAAGCATTAGAAATAGAG
TTATATGAGAAACAACTGTAGTTAAGGCTAGGTTTATGTTAGACTGAG
AAATTTTAGTGCATACTTAAGTTATTTAGGCCAGGTTACTTTTTGTAG
AACAAACATTTCAGTTTCGCTCAGTTTCATTTCCGTTTCTGAGGCAGC
TGTGATTTAAGAAAATGCTCTAGTCTGTGGCATTCCATATTCAAGTAC
TTTGAGTTGTATATTAATTTATTTTTGTTAATAAGAGTGACATGACTC
ACTAAGTAATTTAGAGATTTAAACACTTTTTTAAAAAACAGTAACTTC
ATATGCATTGGATCTATTCTTCTATAAAGTCTTTTCTTGGGGGGTGTT
TGTTTAAAATTCCCCGGTGTTTTCTCTGCCAAATCCAACTTCCAAGAA
GCATTTGGAAGTCAAAACATTTTATCTGGTTAGTCTTAAAGTCCAGAT
ATTTTGTGATAGCTGGTATTTAGTTTATGATATTTCCCAGGAAGAACT
TTTTAGTAGTTGAACCATTTATGAAAGACTTCCTTGAAGCTACCTTA
GAGAGTTGATTTAGTTCTTCTAAATAAGTAAATAGAATATTAGTATTA
GGACATCTTGGAGTATAGATGCAAATATTGGTGAAAAAGAACATGGAT
ATCAGAGTCAAATTAATGTAGATTGGAATTCTGGTTATTACTAATGGA
TATCTGACATTAGGCAAGTTGCTGATCACTCTTTGCCTCAGTTTCATC
ATCTGTAAAAAGTCTTTTCTTGGGGGGTGTTTGTTTAAAATTCCCCGG
TGTTTTCTCTGCCAAATCCAACTTCCAAGAAGCATTTGGAAGTCAAAA
CATTTTATCTGGTTAGTCTTAAAGTCCAGATATTTTGTGATAGCTGGT
ATTTAGTTTATGATATTTCCCAGGAAGAACTTTTTAGTAGTTGAACCA
TTTATGAAAGACTTCCTTGAAGCTACCTTAGAGAGTTGATTTAGTTCT
TCTAAATAAGTAAATAGAATATTAGTATTAGGACATCTTGGAGTATAG
ATGCAAATATTGGTGAAAAAGAACATGGATATCAGAGTCAAATTAATG
TAGATTGGAATTCTGGTTATTACTAATGGATATCTGACATTAGGCAAG
TTGCTGATCACTCTTTGCCTCAGTTTCATCATCTGTAAAATAGGTATT
TGTGTTTGTGTATAATGTGAACCGTTAGTATTAGGACATTAGGACAAG
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GGACATCTTGGAGTATAGATGCAAATATTGGTGAAAAAGAACATGGAT
ATCAGAGTCAAATTAATGTAGATTGGAATTCTGGTTATTACTAATGGA
TATCTGACATTAGGCAAGTTGCTGATCACTCTTTGCCTCAGTTTCATC
ATCTGTAAAAAGTCTTTTCTTGGGGGGTGTTTGTTTAAAATTCCCCGG
TGTTTTCTCTGCCAAATCCAACTTCCAAGAAGCATTTGGAAGTCAAAA
CATTTTATCTGGTTAGTCTTAAAGTCCAGATATTTTGTGATAGCTGGT
ATTTAGTTTATGATATTTCCCAGGAAGAACTTTTTAGTAGTTGAACCA
TTTATGAAAGACTTCCTTGAAGCTACCTTAGAGAGTTGATTTAGTTCT
TCTAAATAAGTAAATAGAATATTAGTATTAGGACATCTTGGAGTATAG
ATGCAAATATTGGTGAAAAAGAACATGGATATCAGAGTCAAATTAATG
TAGATTGGAATTCTGGTTATTACTAATGGATATCTGACATTAGGCAAG
TTGCTGATCACTCTTTGCCTCAGTTTCATCATCTGTAAAATAGGTATT
TGTGTTTGTGTATAATGTGAACCGTTAGTATTAGGACATTAGGACAAG

1 2 3 4 5 6 7 8 9 10
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ABSTRACT

OBJECTIVES
Formation of collateral circulation is an endogenous response to atherosclerosis, and 
is a natural escape mechanism by re-routing blood. Inflammatory response related 
genes underlie the formation of coronary collaterals. We explored the genetic basis 
of collateral formation in man postulating interaction networks between functional 
Single Nucleotide Polymorphisms (SNPs) in these inflammatory gene candidates. 

METHODS
The contribution of 41 genes as well as the interactions among them was examined 
in a cohort of 226 coronary artery disease patients, genotyped for 54 candidate 
SNPs. Patients were classified to the extent of collateral circulation. Stepwise 
logistic regression analysis and a haplotype entropy procedure were applied to 
search for haplotype interactions among all 54 polymorphisms. Multiple testing was 
addressed by using the false discovery rate (FDR) method. 

RESULTS
The population comprised 84 patients with and 142 without visible collaterals. 
Among the 41 genes, 16 pairs of SNPs were implicated in the development of 
collaterals with the FDR of 0.19. Nine SNPs were found to potentially have main 
effects on collateral formation. Two sets of coupling haplotypes that predispose to 
collateral formation were suggested.

CONCLUSIONS
These findings suggest that collateral formation may arise from the interactions 
between several SNPs in inflammatory response related genes, which may represent 
targets in future studies of collateral formation. This may enhance developing 
strategies for risk stratification and therapeutic stimulation of arteriogenesis.
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F
ORMATION of collateral circulation is an endogenous response to 
occlusive atherosclerotic arterial disease, and could be seen as a natural 
escape mechanism by re-routing blood to areas jeopardized by critical 
blood flow[1;2]. In ischemic heart disease, collaterals potentially improve 

prognosis[3], by preserving myocardial function and perfusion[4;5] and reducing 
infarct size[6;7]. Understanding the genomic program leading to collateral formation 
may be of fundamental importance to improve diagnosis, treatment and prevention 
of coronary artery diseases. Despite its importance, currently the determinants and 
mechanisms of collateral artery formation in man are incompletely understood.  
A major trigger in the etiology of collateral formation is chronic ischemia and the 
extent of atherosclerotic burden. However, in the presence of  a certain fixed 
degree of stenosis[8] or even sudden occlusion[9] , there is ample evidence to 
support a large variation between individuals in extent of collateral formation. This 
variation is only partly attributable to clinical characteristics. Seminal studies on 
etiology of neovascularization[10]  have shown that several biochemical pathways 
underlie formation of collaterals. Notably the processes occurring are the sprouting 
of new capillaries (angiogenesis)[11]  and the maturation of precursor collaterals 
(arteriogenesis)[12] involving remodelling by monocyte activation and inflammation. 
Accordingly, the use of immunosuppressants in coronary stents is associated with 
less functional collateral circulation[13]. A recent study seeking a genomic model 
of arteriogenesis using mircoarray data for temporal functional analyses of gene-
expression, showed that inflammatory response related genes comprised the 
largest cluster among the up-regulated genes[14]. These fascinating insights in other 
species support a genetic component in the formation of collaterals, where the action 
of multiple genes in inflammatory response pathways may be required. Once a set 
of candidate genes has been identified, a number of potentially modifying genetic 
variants may exist in these genes. These genetic variants, in concert with specific 
gene-environment effects and gene-gene interactions, may play an important role 
in the pathogenesis of collateral formation. For example, the effect of an allele of a 
certain SNP at a locus may be mediated by specific alleles on other loci. Therefore, 
any single gene or locus based study may not be sufficient for identification of the 
determinants or modifying factors in the development of collaterals.
In the current study, we postulated that the genetic basis of collateral formation is 
comprised of interaction networks between functional SNPs in several inflammatory 
genes. We therefore analysed genotypes of patients with coronary artery disease, 
using a panel of polymorphisms in 41 genes that are related to various inflammatory 
processes.  We first analyze the data with a stepwise logistic regression[15]. Then we 
conduct a search for locus-locus interactions through use of the haplotype entropy 
procedure[16].
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Table 1.  SNPs used in the present study. * These SNPs were genotyped using Restriction 
Fragment Length Polymorphism assays.

block and SNP 
(symbol)

location gene name rs# MIM #

1:00     

T707C [V1] 1p32-p31 VCAM1 1041163 192225

A153C [V2] 1q22-q25 SELE 5361 131210

G40A [V3] 1q21-24 SELP 6131 173610

G75271T [V4] 1q21-24 SELP 6133  

C8700A [V5] 1q31-32 IL10 1800872 124092

2:00     

T549C [V6] 2q12-21 IL1A 1800587 147760

C1423T [V7] 2q14 IL1B 16944 147720

C4336T [V8] 2q14 IL1B 1143634  

C875T [V9] 2q33 CTLA4 5742909 123890

A1241C [V10] 2q33 CTLA4 231775  

3:00     

G46295A [V11] 3p21 CCR2 1799864 601267

C320T [V12] 3p21.3 CCR3 5742906 601268

Wt/Δ580-611[V13] 3p21 CCR5 333 601373

G59029A [V14] 3p21 CCR5 1799987  

G482A [V15] 3p24-26 IL5RA 2290608 147851

4:00     

G35706 [V16] 4q12-13 GC 7041 139200

5:00     

C582T [V17] 5q23-31 IL4 2243250 147780

C4045T [V18] 5q31 IL13 1295686 147683

A1633G [V19] 5q31-32 ADRB2 1042713 109690

C1666G [V20] 5q31-32 ADRB2 1042714  

C2078T [V21] 5q31-32 ADRB2 1800888  

C2232T [V22] 5q22-32 CD14 2569190 158120

C883A [V23] 5q31 TCF7 5742913 189908

A383T [V24] 5q31.1 TCF7 244656 189908

C4244T [V25] 5q31-35 IL9 2069885 146931

T2600C [V26] 5q31.1 CSF2 25882 138960

A620C [V27] 5q35 LTC4S 730012 246530
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block and SNP 
(symbol)

location gene name rs# MIM #

6:00     

G405C [V28] (*) 6p12 VEGF 192240 192240

A1069G [V29] 6p21.3 LTA 909253 153440

G3787A [V30] 6p21.3 TNF 1800629 191160

G3857A [V31] 6p21.3 TNF 361525  

7:00     

G589C [V32] 7p15-21 IL6 1800796 147620

G987C [V33] 7p15-21 IL6 1800795  

A498G [V34] 7q35-36 NOS3 1800779 163729

G7002T [V35] 7q35-36 NOS3 1799983  

8:00     

A896G [V36] (*) 9q32-33 TLR4 603030 603030

A2416G [V37] 9q32-34 C5 187611 120900

9:00     

G880A [V38] 10q11.1 SDF1 1801157 600835

10:00     

A7297G [V39] 11q13 FCERB1 569108 147138

G587A [V40] 11q11-ter UGB 3741240 192020

11:00     

T12022C [V41] 12q13.1 VDR 2228570 601769

G45082A [V42] 12q13.1 VDR 1544410  

12:00     

Hp2FS>Hp1S [V43] (*) 16q22.1 haptoglobin(Hp) 140100

A398G [V44] 16p11.2-12.1 IL4R 1805010 147781

T1682C [V45] 16p11.2-12.1 IL4R 1805015  

A1902G [V46] 16p11.2-12.1 IL4R 1801275  

13:00     

A-2518G [V47] (*) 17q11.2-12 MCP1 158105 158105

G361A  [V48] 17q21.1-21.2 SCYA11 3744508 601156

C231T  [V49] 17q11.2-12 NOS2A 1137933 163730

G1169A [V50] 17q21.1-21.2 SCYA11 4795895 601156

14:00     

A120T [V51] 19p13.2 ICAM1 5491 147840

G657A [V52] 19p13.2 ICAM1 1799969  

C629T [V53] 19q13.1 TGFB1 1800469 190180

C364G [V54] 19p13.2-13.3 C3 2230199 120700
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METHODS
Study-population
The source population for the present study originated from the Second 
Manifestations of Arterial Disease (SMART) Study, an ongoing prospective 
cohort study at the University Medical Centre Utrecht designed to establish the 
prevalence of concomitant arterial diseases and risk factors for atherosclerosis in 
a high-risk population[17]. The local ethics committee approved the study, and all 
participants gave their written informed consent. Clinical information was obtained 
using a standardized health questionnaire. DNA was extracted from buffycoats 
using an extraction kit (QIagen biosystems) and stored at -80°C. For the present 
cross-sectional study, based on a case-cohort study investigating determinants 
and prognostic value of coronary collateral formation, 226 consecutive patients 
referred for revascularization and included between January 1998 and July 2002 
were enrolled. All patients had symptoms of stable angina pectoris at the time of 
enrollment. 

Angiographic assessment
Coronary angiograms originated from the participants’ diagnostic work-up preceding 
a scheduled coronary intervention at the UMC Utrecht. Two experienced observers, 
blinded to all patient characteristics, independently reviewed the angiograms. The 
Rentrop classification[18] was used to determine the extent of collateral formation 
(grade 0: no filling of collateral vessels; grade 1: filling of collateral vessels without 

Table 2. Pairs of SNPs in Linkage Disequilibrium in both the case and control groups (with 
and without visible collateral respectively). 
 

block pair/chrom. loc.
SNP pair/gene Pair 

    visible collaterals    invisible collaterals
P Value           Z Score P Value         Z Score

[3,6]/[3,6]
     [V11:V30]/[CCR2:TNF] 0.015               -0.643 0.005            -6.234
[1,1]/[1,1]
     [V2:V3]/[SELE:SELP] 0.000                18.538 0.000            -8.668
[2,2]/[2,2]
     [V6:V8]/[IL1A:IL1B]
     [V7:V8]/[IL1B:IL1B]
     [V9:V10]/[CTLA4:CTLA4]

0.000              -8.153
0.005              -0.796
0.000              -5.189

0.000            -15.940
0.040            -2.208
0.005            -4.106

[3,3]/[3,3]
     [V11:V14]/[CCR2:CCR5]
     [V13:V14]/[CCR5:CCR5]

0.000               -0.725
0.000               -0.818

0.040             -2.956
0.000             -5.111

[5,5]/[5,5]
     [V19:V20]/[ADRB2:ADRB2]

               
0.000               -24.281 0.000             -12.471
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any epicardial filling of the recipient artery; grade 2: partial epicardial filling by 
collateral vessels of the recipient artery; and grade 3: complete epicardial filling 
by collateral vessels of the recipient artery). The patients were assigned to either 
the case group (with visible collaterals, i.e., Rentrop score ≥ 1) or the control group 
(without visible collaterals, i.e., Rentrop score = 0). Severity of coronary artery 
disease was defined (single, two, or three vessel disease) as the degree of the 
most severe stenosis (50–90, 90–99, or 100% stenosis). A 50% diameter reducing 
stenosis was regarded as significant[19].

Genotyping
Genes involved in various inflammatory processes were considered as candidates. 
A SNP assay designed by Roche Molecular Systems was used in this study. This 
assay for detecting bi-allelic variants contained mostly coding non-synonymous 
SNPs previously reported in genes involved in inflammatory processes. Each DNA 
sample was amplified using two multiplex polymerase chain reactions, and the 
alleles were genotyped simultaneously using an array of immobilized, sequence-
specific oligonucleotide probes as described elsewhere[20]. The assay was 
composed of a panel of 51 SNPs, listed in Table 1. One of them [GC(C35717A)] was 
not used in the analysis afterward because the poor quality of genotyping on this 

Table 3. Main characteristics of study subjects (n=226) * * number presented in count (%) 
or mean ± standard deviation. MI=myocardial infarction; PTCA=percutaneous transluminal 
coronary angioplasty; CABG=coronary artery bypass grafting ** number presented in median 
(10-90% percentiles). The p-values were calculated based on the two-sample test for 
proportions or for means.

characteristics visible collaterals 
(n=84)

invisible collaterals 
(n=142)

p-value

age, years 57 ±9.5 58 ±9 0.5705
male 72 (86) 113 (80) 0.3279
clinical conditions
    systemic hypertension
    hyperlipididemia
    diabetes
    alcohol consumption
    smoking
    previous MI
    duration since MI until PTCA, years **     
    previous PTCA and/or CABG   
    multi-vessels disease

25 (30)
71 (85)
23 (27)
69 (82)
32 (38)
41 (49)
1 (0-19)
26 (31)
47 (56)

62 (44)
117 (82)
23 (16)
117 (82)
31 (22)
54 (39)
1 (0-8)
47 (33)
42 (30)

0.0531
0.8184
0.0647
1
0.0131
0.1336

0.8522
<0.0001
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locus.  In addition, four extra polymorphisms (Haptoglobin(Hp2FS>Hp1S), MCP1(A-
2518G), VEGF(G405C), TLR4(A896G)) were genotyped separately using Restriction 
Fragment Length Polymorphism assays. This gives 54 polymorphisms totally. 
These genetic variants were numbered [V1 through V54] and grouped into blocks 
according to chromosomes where they were located (see Table 1). Here we use 
these chromosome blocks to distinguish the physically linked SNPs from physically 
unlinked SNPs. We are particularly interested in finding physically unlinked but 
interacting SNPs.

Statistical analysis
Search for main factors. 
To detect main effects of individual genes, we conducted a logistic regression analysis 
on the genotype data following the stepwise approach of Cordell and Clayton[15]. We 
took the Rentrop score as a response variable and the polymorphisms as covariates.  
The covariate will take value of -0.5 if the genotype at the corresponding locus is 
0 (homozygous with wild type), and 0.5 if the genotype is 1 (homozygous with rare 
variant), or 2 (heterozygous), or missing. We set the threshold p-value of 0.05 in the 
stepwise selection of these polymorphisms. 
Search for haplotype interactions.
As pointed out by Zhang et al.[16], the above logistic regression approach may be 
unable to detect the contributions of haplotype-interactions to collateral formation. 
This is because the logistic regression approach allows only for testing genotype 
interactions; possibly miss the interactions reflected only at the haplotype level. To 

Table 4. The loci and alleles that have main effects on the formation of collaterals 

            
gene locus genotypic Allele p-value

IL1A V6 (T549C) 1 (TT) 0.0325

VDR V42 (G45082A) 0 (AA) 0.0488

SCYA11 V48 (G361A) 1 (GG) 0.0278

CD14 V22 (C2232T) 1 (CC) 0.0351

TCF7 V23 (C883A) 0 (AA) 0.0474

SDF1 V38 (G880A) 0 (AA) 0.0443

VEGF V28 (G405C) 1 (GG) 0.0426

LTC4S V27 (A620C) 0 (CC) 0.0470

NOS3 V34 (A498G) 0 (GG) 0.0360
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Table 5. Haplotype interactions that may influence the formation of collaterals based on all 
subjects: The SNP/gene pairs which showed significant up- or down-Interactions via the 
contrast of the interaction patterns between the group with visible collaterals and that without 
visible collaterals. The significance of these interactions was measured by the haplotype-
entropy based p-values and Z-values [16]. ‘Yes’ stands for passing the FDR criteria.

block pair /chrom.loc.
or  SNP pair/gene pair 

no visible collaterals visible collaterals  interaction FDR  level
P Value   Z Score P value   Z score 0.056   0.19

[1,3]/[1,3]
[V1:V14]/[VCAM1:CCR5]
[V4:V11]/[SELP:CCR2]

0.005     -2.106
0.010     -2.798
0.005     -3.210

0.110    -1.266
0.580     0.216
0.980    -0.080

down
down
down

No     Yes
Yes    Yes
Yes    Yes

[2,9]/[2,10]
[V10:V38]/[CTLA4:SDF1]

0.925       1.263
0.430       0.052

0.010    -3.073
0.000    -4.395

up
up Yes    Yes

[3,6]/[3,6]
[V14:V28]/[CCR5:VEGF]
[V14:V29]/[CCR5:LTA]
[V15:V29]/[IL5RA:LTA]

0.000      -3.216
0.015      -2.541
0.985       1.540
0.833      -0.149

0.350    -0.299
0.960     0.837
0.030    -2.156 
0.030    -2.114

down
down
up
up

Yes    Yes
Yes    Yes
No     Yes
No     Yes

[3,11]/[3,12]
[V13:V41]/[CCR5:VDR]

0.655       0.552
0.670       0.414

0.045    -2.017
0.015    -0.489

up
up

No      No
No      No

[4,5]/[4,5]
[V16:V26]/[GC:CSF2]

0.525       0.081
0.433      -0.324

0.000    -2.104
0.005    -0.886

up
up

No      No
No      No

[4,9]/[4,10]
[V16:V38]/[GC:SDF1]

0.000      -0.756
0.020      -0.725

0.170    -0.299
0.215    -0.330

down
down

No      No
No      No

[4,12]/[4,16] 0.965       1.897 0.020    -2.110 up No      No

[5,8]/[5,9]
[V22:V37]/[CD14:C5]

0.940       1.579
0.045      -1.939

0.150    -0.962
0.980     1.540 down

No      No
No      Yes

[6,13]/[6,17]
[V29:V49]/[LTA:NOS2A]
[V30:V49]/[TNF:NOS2A]

0.055      -1.658
0.008      -0.817
0.018      -0.513

0.725     0.576
0.763     0.716
0.373    -0.384 

down
down

No      No
No      No
No      No

[8,10]/[9,11]
[V37:V40]/[C5:UGB]

0.085      -1.506
0.020      -2.722

0.750     0.648
0.480     0.114 down

No      No
Yes     Yes

[1,1]/[1,1]
[V2:V5]/[SELE:IL10] 0.040      -1.950 0.465     -0.165 down No      Yes

[5,5]/[5,5]
[V17:V23]/[IL4:TCF7]
[V17:V26]/[IL4:CSF2]
[V18:V25]/[IL13:IL9]
[V23:V26]/[TCF7:CSF2]

0.995       1.453
0.455       0.011
0.005      -3.061
0.015      -2.335

0.045     -2.208
0.030     -2.124
0.765      0.457
0.410     -0.778

up
up
down
down

No     Yes
No     Yes
Yes    Yes
No     Yes

[6,6]/[6,6]
[V28:V30]/[VEGF:TNF] 0.210      -0.763 0.000    -12.493 up Yes    Yes

[7,7]/[7,7]
[V33:V35]/[IL6:NOS3] 0.720       0.486 0.045      -2.295 up No     Yes

[12,12]/[16,16]
[V43:V44]/[Hp:IL4R] 0.525       0.155 0.040      -2.079 up Yes   Yes

[13,13]/[17,17]
[V48:V50]/[SCYA11:SCYA11] 0.030      -0.911 0.525      -0.104 down No     No
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Table 6. Haplotype interactions that may influence the formation of collaterals based on 
non-smoking and non multi-vessels diseased subjects: The SNP/gene pairs which showed 
significant up- or down-interactions via the contrast of the interaction patterns between the 
group with visible collaterals and that without visible collaterals. The significance of these 
interactions was measured by the haplotype-entropy based p-values and Z-values[16].

block pair /chrom.loc.
or  SNP pair/gene pair 

no visible collaterals visible collaterals   interaction
P value   Z score P value   Z score

[1,3]/[1,3]
[V1:V14]/[VCAM1:CCR5]
[V4:V11]/[SELP:CCR2]

0.125     -1.211
0.060     -2.573

0.495    -0.131
1.000     0.411

[2,9]/[2,10]
[V10:V38]/[CTLA4:SDF1] 0.270     -0.648 0.110    -1.961

[3,6]/[3,6]
[V14:V28]/[CCR5:VEGF]
[V14:V29]/[CCR5:LTA]
[V15:V29]/[IL5RA:LTA]

0.005      -2.900
0.995       1.733
0.930       0.073

0.845     0.424
0.405    -0.140 
0.975     0.889

down

[3,11]/[3,12]
[V13:V41]/[CCR5:VDR] 0.745       0.5823 0.035    -3.613 Up

[4,5]/[4,5]
[V16:V26]/[GC:CSF2] 0.510      -0.107 0.305    -0.588

[4,9]/[4,10]
[V16:V38]/[GC:SDF1] 0.205      -0.409 0.410    -0.109

[5,8]/[5,9]
[V22:V37]/[CD14:C5] 0.605       0.536 0.455     0.127

[6,13]/[6,17]
[V29:V49]/[LTA:NOS2A]
[V30:V49]/[TNF:NOS2A]

0.015      -0.772
0.555      -0.439

0.620     0.617
0.495    -0.408 

down

[8,10]/[9,11]
[V37:V40]/[C5:UGB] 0.010      -2.844 0.990     1.164 down

[1,1]/[1,1]
[V2:V5]/[SELE:IL10] 0.710      0.369 0.135     -0.768

[5,5]/[5,5]
[V17:V23]/[IL4:TCF7]
[V17:V26]/[IL4:CSF2]
[V18:V25]/[IL13:IL9]
[V23:V26]/[TCF7:CSF2]

0.990       1.789
0.390      -0.480
0.010      -3.162
0.010      -2.877

0.000     -10.68
0.200     -0.674
0.155     -1.071
0.665     -0.660

up

down
down

[6,6]/[6,6]
[V28:V30]/[VEGF:TNF] 0.990       1.175 0.905      0.980

[7,7]/[7,7]
[V33:V35]/[IL6:NOS3] 0.905       1.089 0.645       0.383

[12,12]/[16,16]
[V43:V44]/[Hp:IL4R] 0.595       0.298 0.070      -2.346

[13,13]/[17,17]
[V48:V50]/[SCYA11:SCYA11] 0.115      -1.938 0.705      -0.207
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contend with this disadvantage, we applied the haplotype entropy procedure of 
Zhang et al.[16] to search for interacting pairs of polymorphisms between and within 
14 blocks defined in Table 1 that predispose to collateral formation. This was done 
in two stages. In the first stage we searched for the interactions between and within 
chromosome blocks in each of two individual groups by performing a permutation 
procedure. The significance of  the results were shown by both P-values and 
Z-scores of  Zhang et al.[16].
In the second stage, the interactions predisposing collaterals were then found by 
contrasting the interaction patterns observed for cases with the interaction patterns 
for controls. In this stage, we set the thresholds (p1 , p2 ) for the observed p values. 
If the p value of the patients without visible collaterals was larger than p2 and the 
p value of the patients with visible collaterals was less than or equal to p1 , we 
assumed an up interaction associated with collaterals. This infers that, in contrast 
to the patients without visible collaterals, there is a significant interaction between 
two chromosome blocks under consideration in the patients with visible collaterals. 
If the p value of the patients with visible collaterals was larger than p2 and the p 
value of the patients without visible collaterals was less than or equal to p1 , we 
assumed a down interaction associated with collaterals. This infers that, in contrast 
to the patients without visible collaterals, there is no significant interaction between 
two chromosome blocks under consideration in the patients with visible collaterals. 
Zhang et al. [16] did a simulation study on how to set the thresholds ( p1 , p2 ). Here, 
we applied two settings of thresholds, notably [0.02, 0.15] for stronger interactions
and [0.05, 0.15] for detecting relatively weaker interactions. The opting for these 
thresholds for p values was validated by the simulation in Zhang et al. [16] .

Table 7. The coupling haplotypes in the SNP interaction network. EPF, OR and 95%CI stand 
for the estimated population frequency, odds ratio, and confidence interval at the level of 95% 
respectively.

SNP-combination/coupling-haplotype EPF OR 95%CI

V1-V4-V11-V14-V15-V28-V29-V30-V49
0.174
0.068
0.139
0.075
0.068

1.711
4.857
1.619
0.405
0.270

[0.686,4.270]
[0.216,109]
[0.611,4.291]
[0.122,1.339]
[0.072,1.014]

     TGGGGGAGC
     CGGAGCAGC
     TGGGGCAGC
     TGGGGGAGT
     TGGAAGAGC

V16-V17-V23-V26
0.438
0.031
0.128
0.050

2.163
5.505
1.835
2.359

[1.284,3.643]
[0.664,45.655]
[0.566,2.995]
[0.619,8.997]

     TCCT
     GCAC
     GCAT
     TTCT
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The search for interacting SNP pairs above involves several hundreds of the tests. 
There will be a potential impact of multiple testing on the false positive error. Since 
these tests are highly correlated, a conventional Bonferroni adjustment for multiple 
testing would be too conservative.
To address this issue, we adopted FDR, a widely used significance measure for the 
overall error rate in multiple testing[21]. FDR is defined by the expected proportion 
of false positives among the tests called significant.  Here we adopted a truncated 
Z-score mixture model based procedure (unpublished report, Zhang and Liang 
2007) to identify subsets of the significant tests with the pre-specified FDR values. 
In the procedure the truncated Z-scores are assumed to follow a mixture model,  
f(z) = π0 f0(z) + (1 – π 0 ) f1 (z)
where π0 is the probability that a null hypothesis is true, and f0 and f1 are fitted by the 
exponential power mixtures (unpublished report, Zhang and Liang 2007). Note that 
the device of truncation has been used to deal with the potential outliers in the test 
scores. The so-called Expectation-Conditional-Maximisation algorithm are then 
applied to calculate estimators, π0 and , F0 of π0 and F0, where F0 is the distribution 
function of f0. The FDR can be estimated by using the formula
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where N is the number of the test scores and #{z i : zi ≥ z 0 } denotes the number 
of tests with test score larger than or equal to the threshold z 0.  We select the 
threshold z 0 so that Fdr(z 0) reach the pre-specified FDR value.

Haplotyping the interaction networks     
To explain the potential mechanism behind these interaction networks, collateral-
predisposing coupling haplotypes were identified within these networks. This 
requires addressing potential over-fitting, since the dimension of space of the 
candidate haplotypes is much larger than the sample size. To tackle this problem 
we first expanded the above networks by including those SNPs which are in linkage 
disequilibrium with some SNPs in the above networks (Table 2). Then we haplotyped 
parts of a network (usually including 3 or 4 SNPs) and merged these parts in an 
agglomerative way. We stopped this merging process if no of the resulting haplotypes 
are approximately equally frequent in the control group and in the case group.  
Note that this strategy is based on the assumption that among many haplotype 
combinations, only a few are believed to be really coupling in both groups (these 
haplotype combinations are called base-line haplotype combinations). To show the 
strength of the evidence that a coupling haplotype combination is associated with
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Figure 1. The P values of testing the interactions of blocks 1-14 with the other blocks, for the 
subjects with and without visible collaterals, respectively. The dots are for the subjects with 
visible collaterals and the lines with crosses are for the subjects without visible collaterals. The 
two straight lines are for the upper and lower thresholds (that is, 0.15 and 0.01) of P values 
respectively.
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collateral formation, we calculated the odds ratio of cases (Rentrop≥1) relative to 
controls (Rentrop=0). More specifically, the odds ratio OR = (n 11 * n 22 )/ (n 21 * n 12 ), 
where n11 and n 12 are the frequencies of the baseline haplotype combination in 
the two groups while n 21 and n 22 are the frequencies of a haplotype combination 
in the two groups. The 95% CI for the odds ratio was calculated based on Woolf’s 
method[22].  

RESULTS
Angiographic assessment 
Collaterals were visible in 84 (37%) of the 226 participants included in the analyses. 
Multi-vessel disease and smoking occurred more often in the group with visible 
collateral than in the group without visible collateral (see Table 3). 

Search for main risk factors
The stepwise selection procedure on the genotype data provided only marginal 
suggestion for major effects of 9 polymorphisms on collateral formation (with 
0.025<P-values<0.05).  These polymorphisms were located in 9 genes listed in 
Table 4.

Figure 2. The interaction networks that may influence the formation of collaterals. Each 
connecting line indicates a relation between 2 polymorphisms: A dashed line between two 
genes shows the linkage disequilibrium across two groups of patients; the solid line indicates 
a down-interaction; the long dashed line between two genes indicates an up-interaction.

                                                CCR2       SELP      SELE       IL10 

     VCAM1          CCR5         VEGF 

       IL5RA           LTA           NOS2A       TNF 

CTLA4         SDF1      GC        CSF2         TCF7

                                                                   IL4 

CD14 

    C5     UGB 

 IL6         NOS3  

     Hp         IL4R    
 IL13        IL9   
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Search for haplotype interaction
To apply the haplotype entropy procedure[16] to the pairs of polymorphisms 
between and within 14 blocks defined in Table 1, we first set the thresholds for the 
P-values at the level of ( p1 , p 2 ) = (0.02, 0.15). Consequently, down interaction was 
observed in 9 pairs of polymorphisms [V1:V14, V4:V11, V14:V28, V16:V38, V29:V49, 
V30:V49, V37:V40, V18:V25, V23:V26]. Up interaction was observed in 4 pairs of 
polymorphisms [V10:V38, V13:V41, V16:V26, V28:V30].  Setting the thresholds at the 
level of (p 1 , p 2 ) = (0.05, 0.15), we detected 3 additional down-interacting [V22:V37, 
V2:V5, V48:V50] and 6 additional up-interacting pairs [V14:V29, V15:V29, V17:V23, 
V17:V26, V33:V35, V43:V44].  See Table 5 for more details. These interactions might 
influence the formation of collaterals via interaction networks as schemed in Figure 
2, which also displays Linkage Disequilibrium between pairs of SNPs in both the 
cases and controls (detected using the same procedure). 
To address the issue of false discovery in the above findings and select the statistically 
validated interactions, we applied the FDR controlling procedure of Zhang and Liang 
to the Z-scores obtained in the multiple tests above. We identified two subsets of 
interacting pairs with two pre-specified FDR values. At the FDR value of 0.056, 
we identified 8 significant up- or down-interacting SNP pairs: [V1:V14, V4:V11, 
V10:V38, V14:V28, V37:V40, V18:V25, V28:V30, and V43:V44]. Among these pairs 
0.056x8≈0.44 pairs are expected to be false positive.  If we relax the FDR value to 
0.19, we found 16 up- or down-interacting SNP pairs: [V1:V14, V4:V11, V10:V38, 
V14:V28, V14:V29, V15:V29, V22:V37, V37:V40, V2:V5, V17:V23, V17:V26, V18:V25, 
V23:V26, V28:V30, V33:V35, and V43:V44]. Among the above 16 pairs of interacting 
SNPs, 0.19x16≈3 pairs are expected to be false positive. 
Table 3 indicates that the case and control groups in the study were approximately 
matched for all baseline features, except those related to smoking and multi-vessels 
disease (disease severity). To assess the possible confounding effects of these two 
factors on collateral formation, we excluded the subjects who have the smoking 
habit or multi-vessels disease and performed the haplotype entropy procedure on 
the remaining 99 subjects (75 controls and 24 cases). The results, summarised in 
Table 6, show a reduction in the number of significant interacting SNP pairs. Only 
5 of the 16 previously identified interactions remain significant with the FDR less 
than 0.19: [V14:V28, V15:V29, V37:V40, V17:V23, V18:V25, and V23:V26]. Note that 
the testing power of the haplotype entropy procedure is decreasing in the sample 
size. This implies that the above reduction might be caused by the small size of the 
remaining case group.

We also conducted the search for block-level interactions among these 14 unlinked 
blocks, using the above entropy method. The search was performed on the case 
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and control groups separately. The P-values for these two groups were compared 
by plotting them in graphs, as shown in Figure 1. These block pairs were selected 
by use of the thresholds for the P-values at the level of (p1,p2)=(0.01,0.15). We 
obtained 4 interacting block pairs on the chromosome pairs [2, 10], [3, 6], [4, 5], 
and [4, 10].   See Table 5.  Among these selected pairs of blocks, [3, 6] and [4, 10] 
are down-interacting. The up-interaction pairs were on the chromosome pairs [2, 
10] and [4, 5]. These interacting pairs have passed the FDR criteria (i.e., FDR being 
less than 0.19).
Finally, we adopted the strategy mentioned in the last section to find the coupling 
haplotypes in the networks as follows. The first set of coupling haplotypes, related 
to the gene/SNP combination VCAM1-SELP-CCR2-CCR5-IL5RA-VEGF-LTA-
TNF-NOS2A/(V1-V4-V11-V14-V15-V28-V29-V30-V49) include: TGGGGGAGC, 
CGGAGCAGC,  TGGGGCAGC, TGGGGGAGT, TGGAAGAGC. The second set of 
coupling haplotypes, related to the gene/SNP combination   GC-IL4-TCF7-CSF2/
(V16-V17-V23-V26), include: TCCT, GCAC, GCAT, TTCT. See Table 7 for the details.

DISCUSSION
Implications of the results
In the present study, 54 genetic variants in candidate genes and their interactions 
were studied as determinants of collateral formation in the context of patients with 
coronary artery disease.  In the first stage, the effects of 9 variants were detected 
using a conventional approach by running a stepwise logistic regression. In the 
second stage, a search for haplotype-interactions using the haplotype entropy 

Table 8. KEGG pathway information for the 20 genes which have been identified to potentially 
relate to the formation of collaterals.

  environmental information processing: signalling molecules and interaction

Cytokine-cytokine receptor interaction CCR2, CCR5, IL6, IL4, IL4R, IL13, CSF2, IL5RA, 
IL9, VEGF, IL10, TNF, LTA

Signal transduction: Wnt signalling pathway TCF7
Cell adhesion molecules for immune system CTLA4, SELE, SELP, VCAM1
Cellular processes: Immune system
Hematopoietic cell lineage IL6, IL4, TNF, CD14
Complement and coagulation cascades C5
Toll-like receptor signalling pathway TNF, IL6
Natural killer cell mediated cytotoxity TNF
T cell receptor signalling pathway CTLA4, IL4, IL10, TNF
Fc epsilon RI signalling pathway IL4, IL13, TNF
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procedure put forward a set of 28 genes involved in collateral formation, including 
a network of 22 SNP-SNP hypothesized interactions. Twelve of the hypothesized 
interactions are down-interactions and the remaining 10 are up-interactions. The 
up-interactions would suggest that these interactions lead to a susceptibility to 
collateral formation, whereas the down-interactions could imply that the interactions 
may reduce the development of collaterals. Two sets of coupling haplotypes 
have been suggested. The overall multiple testing error rate has been addressed 
by use of the FDR controlling procedure of Zhang and Liang. In particular, 16 of 
these 22 interactions, where 24 genes were involved, have been found to have 
the estimated FDR value of 0.19. They are [VCAM1, CCR5, SELP, CCR2, CTLA4, 
SDF1, VEGF, LTA, IL5RA, CD14, C5, UGB, SELE, IL10, IL4, TCF7, CSF2, IL13, IL9, 
TNF, IL6, NOS3, Hp, and IL4R].  That is, among these 16 interactions, 3 would be 
expected to be significant by chance alone. These 16 interactions introduce an 
interaction network as depicted in Figure 2. Interestingly, based on the KEGG and 
GO pathway database http://www.genome.ad.jp/kegg/pathway and http://www.
ebi.ac.uk/ego, 21 of these 24 genes were found to be involved in two biological 
processes, namely, the environmental information processing and cell processes. 
In particular, [CCR2, CCR5, IL6, IL4, IL4R, IL13, CSF2, IL5RA, IL9, VEGF, IL10, TNF, 
and LTA] participated in the cytokine-cytokine receptor interaction. See Table 8 for 
details. However, after correction for the disbalance of smoking and multi-vessel 
disease, only 5 of the above 16 interactions remain significant, where 9 genes were 
involved: [CCR5, VEGF, C5, UGB, IL4, TCF7, IL13, IL9, and CSF2]. This may have 
resulted from limited sample size. Nevertheless, our results are consistent with 
previous findings that collateral formation is mediated by TNF, IL6, VEGF, and CSF2 
reported previously by Schultz et al.[23], Rakhit et al.[24], and  Hossmann et al.[25]. 
This is also in agreement with a recently reported activation of the expression of 
ICAM1, another TNF/NFkB-induced gene in patients with coronary collaterals [26]. 
See Table 9 for more information on the medical implications of these genes.   The 
further biological mechanisms, by which these genes or SNPs might confer a better 
capacity of forming collaterals, remain to be elucidated by more experiments.
Similar to collateral formation, the pathogenesis of atherosclerosis is also known 
to contain an important inflammatory component, involving the recruitment and 
adhesion of circulating leukocytes, particular monocytes, to injured or otherwise 
stimulated vascular endothelium[27;28].  Thus, the findings in the present study 
imply that important genes or gene families may be shared by collateral formation 
and inflammatory disorders such as diabetes, cardiovascular disease, and 
atherosclerosis[27;28].
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Study limitations and strengths   
To appreciate these findings, some aspects of this study merit consideration. First, 
the presence of collateral circulation was defined by using the dichotomized form of 
the Rentrop classification. This semi-quantitative method assesses spontaneously 
visible collateral circulation, and may not identify vessels <100 mµ   in diameter 
or those recruitable upon coronary occlusion. More invasive methods to quantify 
recruitable collateral flow have been developed. However, spontaneously visible 
collateral arteries may prevent ischemia in 90% of patients upon subsequent 
coronary occlusion [29]. The functional importance of large collateral vessels is 
underscored by the notion that collateral flow is exponentially related to vessel 
radius[30]. Indeed, prognostic value of collaterals has been demonstrated using 
the semi-quantitative Rentrop classification, in patients with established coronary 
artery disease[31].
A second issue is the fact that, due to the small sample size, our selection of the 
combination of main effects of individual genes from the stepwise logistic regression 
is only marginally significant and might not be unique. There are other possible 
combinations of individual SNPs that can explain the variation between individuals. 
For example, we run the logistic regression on all SNPs and select these alleles and 
SNPs with the coefficient significance levels less than 0.05. Then we did identify a 
slightly different set of SNPs (IL1A, CCR2, IL5RA, GC, CD14, TCF7, LTC4S, VEGF, 
C5, SDF1, VDR, MCP1, SCYA11, NOS2A, and ICAM1) that significantly account for 
the variation in the data. 
Despite these limitations, we believe our study for the first time provides a view on 
polymorphism-interacting networks involved in the complex processes contributing 
to collateral formation. Our study confirms that collateral formation may share a 

Table 9. Reported relevant medical implications of the candidate genes in this study.

reported relevant implications genes

Atherosclerosis VCAM1[32], CD14[33], VEGF[23], IL10[34]
Stroke CSF2[25], TGFB1[35]
Coronary artery disease SELE[36], IL1A[37], IL1B[37]
Myocardial infarction SELP[38], CCR2[39], LTA[40], TNF[24], IL6[24], SDF1[41]
Diabetes CTLA4[42], TCF7[43], VDR[44]
Aortic aneurysm CCR5[[45]
Arteriogenesis CSF2[25], VEGF[23]
Cardiovascular disease in diabetics Hp[46]
Vascular wall injury NOS2A[47]
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reported relevant implications genes

Atherosclerosis VCAM1[32], CD14[33], VEGF[23], IL10[34]
Stroke CSF2[25], TGFB1[35]
Coronary artery disease SELE[36], IL1A[37], IL1B[37]
Myocardial infarction SELP[38], CCR2[39], LTA[40], TNF[24], IL6[24], SDF1[41]
Diabetes CTLA4[42], TCF7[43], VDR[44]
Aortic aneurysm CCR5[[45]
Arteriogenesis CSF2[25], VEGF[23]
Cardiovascular disease in diabetics Hp[46]
Vascular wall injury NOS2A[47]

common set of disease-susceptibility genes with other inflammatory response 
related disorders. These findings offer a rationale for a large scale association study 
on collateral formation. 
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TAATTCTGTTTTTTAATTACAGTTAACATTTATTTGTCTTCCTCTTGA
GTGTATGCTTCTCTAGAGGAAGGTCTTTGATTCATTCTCCCCTGGCCT
TAATTCATCCCACTTAATATGGAAAAAATTTAATAAATGCTGACTTGA
ATAAGTCCAACAAGGAGAATGGGAAGCTCATCTTCCTGTCTTCTAAAA
GACTACTTAAGATAACAGGGTAATCACAGAAAAGCATTAGAAATAGAG
TTATATGAGAAACAACTGTAGTTAAGGCTAGGTTTATGTTAGACTGAG
AAATTTTAGTGCATACTTAAGTTATTTAGGCCAGGTTACTTTTTGTAG
AACAAACATTTCAGTTTCGCTCAGTTTCATTTCCGTTTCTGAGGCAGC
TGTGATTTAAGAAAATGCTCTAGTCTGTGGCATTCCATATTCAAGTAC
TTTGAGTTGTATATTAATTTATTTTTGTTAATAAGAGTGACATGACTC
ACTAAGTAATTTAGAGATTTAAACACTTTTTTAAAAAACAGTAACTTC
ATATGCATTGGATCTATTCTTCTATAAAGTCTTTTCTTGGGGGGTGTT
TGTTTAAAATTCCCCGGTGTTTTCTCTGCCAAATCCAACTTCCAAGAA
GCATTTGGAAGTCAAAACATTTTATCTGGTTAGTCTTAAAGTCCAGAT
ATTTTGTGATAGCTGGTATTTAGTTTATGATATTTCCCAGGAAGAACT
TTTTAGTAGTTGAACCATTTATGAAAGACTTCCTTGAAGCTACCTTA
GAGAGTTGATTTAGTTCTTCTAAATAAGTAAATAGAATATTAGTATTA
GGACATCTTGGAGTATAGATGCAAATATTGGTGAAAAAGAACATGGAT
ATCAGAGTCAAATTAATGTAGATTGGAATTCTGGTTATTACTAATGGA
TATCTGACATTAGGCAAGTTGCTGATCACTCTTTGCCTCAGTTTCATC
ATCTGTAAAAAGTCTTTTCTTGGGGGGTGTTTGTTTAAAATTCCCCGG
TGTTTTCTCTGCCAAATCCAACTTCCAAGAAGCATTTGGAAGTCAAAA
CATTTTATCTGGTTAGTCTTAAAGTCCAGATATTTTGTGATAGCTGGT
ATTTAGTTTATGATATTTCCCAGGAAGAACTTTTTAGTAGTTGAACCA
TTTATGAAAGACTTCCTTGAAGCTACCTTAGAGAGTTGATTTAGTTCT
TCTAAATAAGTAAATAGAATATTAGTATTAGGACATCTTGGAGTATAG
ATGCAAATATTGGTGAAAAAGAACATGGATATCAGAGTCAAATTAATG
TAGATTGGAATTCTGGTTATTACTAATGGATATCTGACATTAGGCAAG
TTGCTGATCACTCTTTGCCTCAGTTTCATCATCTGTAAAATAGGTATT
TGTGTTTGTGTATAATGTGAACCGTTAGTATTAGGACATTAGGACAAG
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“What’s in it for the clinician ?”

Cardiovascular risk, aetiology and relevance for individual prevention
For patients and clinicians alike, the goal of medical intervention is to improve 
the individual course, thus reduce the risk of unwelcome complicating outcome 
and promote disease free longevity. The course of a patient presenting with 
cardiovascular disease remains unpredictable, even under preventive regimens 
currently considered optimal. Risk algorithms perform poorly in cardiovascular 
disease patients, especially regarding prediction of long-term prognosis 1. While 
awaiting better ways of identifying high-risk patients, current recommendations 
support a secondary prevention strategy using intensive interventions to be 
generically applied in all patients with cardiovascular disease. This assumes 
universal and maximal risk in all clinical patients, whereas the group is actually 
heterogeneous in terms of who will and will not experience additional cardiovascular 
events. Consequently, there is redundancy in our current secondary preventive 
strategies. A patient who bears little risk to reduce at all may receive overtreatment 
under current strategies. By contrast, patient groups prone to unwelcome outcomes 
remain facing an excess risk and this group of patients is in great demand of new 
additional preventive options. This is even more pressing as recent reports suggest 
that the overall compliance to preventive guidelines in high risk patients is moderate 
at best and a better tailoring and prioritizing of efforts is one way of making our 
efforts more effective. The design and tailored use of new interventions, in turn, 
requires further insight in the molecular bases of recurrent cardiovascular disease. 
Refinement of our understanding of aetiology and clinical risk is an unmet need and 
at the core of current progress in cardiovascular medicine.

Current work: study of aetiology and prognosis
The studies described in the current thesis have been motivated by recognition of 
these unmet needs in a highly heterogeneous group of patients. The overall goal 
of the current work has been to promote the identification of groups of patients 
sharing a specific cardiovascular prognosis and to understand its aetiological 
basis. From a public-health and clinical perspective, understanding of this topic will 
guide decision making, aid in understanding clinical courses and design of future 
strategies of additional treatment options for vascular disease. But above all, from 
a patient-oriented perspective, this will enable personalized prevention and therapy 
to improve quality of life and health.
Our studies focus on the interplay between genetic variation and macro-vascular 
patient-characteristics such as coronary atherosclerotic burden and collateral 
circulation. The selection of these factors follows from basic scientific insights, 
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which identified each of these studied factors as aetiologic and potential targets 
amenable to intervention, notably gene therapy (see Table). The current project is 
based on analyses of two samples of patients with symptomatic and documented 
coronary artery disease, including patients from the REgression Growth Evaluation 
Statin Study (REGRESS)2 and Second Manifestations of ARTerial disease (SMART)3 
projects. The SMART cohort at the University Medical Center Utrecht is an ongoing 
prospective study enrolling patients eligible for secondary prevention due to 
manifest vascular disease or classical risk factors. The REGRESS trial cohort has 
included 884 male patients with standardized quantitative coronary angiographical 
(Quantitative Coronary Angiography) measurements and DNA collected at 
enrolment between 1989 and 1991, and was originally a placebo-controlled clinical 
trial describing the effects of statin therapy. A distinct positive effect of pravastatin 
treatment was observed in the 24 month REGRESS trial and concurrent statin trials, 
prompting the study coordinators to urge all participants and treating physicians to 
start (placebo group) or continue (pravastatin group) statin therapy. A survey in this 
patient population conducted five years after completion of the trial showed that 
91% of patients were using statin therapy. For the current prospective analyses, we 
have documented the 10-year cause-specific mortality and hospitalization history 
among these 884 statin-treated patients of REGRESS. Our findings in the overall 
group –aged 56 on average- show a 10-year cumulative all-cause mortality risk of 
18.8% of which 7.2% was of cardiac origin and 8.9% was of vascular origin. The 
10-year risk of non-fatal MI or death or cardiac origin amounted to 16%. 

Genes, collaterals and cardiovascular risk
Studies of common genetic variation are one approach to identify the molecular 
causes of multi-factorial disease in humans. The results from our genetic analyses 
of prognosis (chapters two to five) demonstrate distinct temporal patterns of risk in 
groups defined by different genetic makeup as briefly summarized in the Table. For 
instance, we analyzed the effects of Cholesteryl Ester Transfer Protein (CETP) on 
long-term mortality, as described in chapter two. In the context of current evidence 
the findings suggest a differential clinical response to statin therapy in patient 
groups defined by CETP genotype. An all-cause mortality effect was described 
and a pharmacogenetic interaction was hypothesized. This example well illustrates 
the heterogeneous nature of the group of coronary artery disease patients: the 
benefit from statin therapy is apparently not enjoyed by every patient, and in some 
patients (the low-CETP producers) may have deleterious effects. Pharmacogenetics 
provide a means to individualize prevention in CAD patients in clinical practice. In 
fact, genetic tests are becoming widely available for patients and –as an example- 
pharmacogenetic interactions with CYP450 variants are being communicated on 
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patient-labels of clopidogrel lately and genotyping may be expected to enter daily 
clinical practice soon.
A future application of the current data might be found in the myocardial adaptation 
to chronic ischemia, i.e. by the endogenous capacity to establish an alternative 
blood supply via collateral circulation. In chapter six we describe a protective 
effect of collateral circulation on the risk of major adverse cardiac events over 24 
months of follow-up. Thus far, the molecular bases of collateral formation had been 
extensively studied in various species. Current data now confirm that in man, several 
interactions among inflammatory genes are involved as described in chapters eight 
and nine. The question arises whether these insights might open opportunities for 
tailored treatment of reducing cardiovascular risk in patients whom lack collaterals. 
For instance, by promoting neovascularization in such patients. At present, an 
epidemiological and molecular basis appears present for such approaches which 
are under investigation. 

Table 1. Pre-clinical context and summary of the current thesis

characteristic 
studied

exemplary
pre-clinical insights

Current thesis

translational 
Insights

chapter

CETP
CETP blockers 
raise HDL4

variation in CETP contributes to 10 year 
mortality of all-causes. Current evidence 
suggests a pharmacogenetic interaction 
with statin therapy.

TWO

Paraoxonase-1
Induction of PON 
by resveratrol5

variation in PON1 contributes to 10 year 
mortality of vascular origin

THREE

PPAR-γ Effects of TZD’s in 
non-diabetics6

variation in PPAR-gamma contributes to 10 
year mortality of vascular origin

FOUR

ABCA1

Mouse model of  
overexpression of human 
ABCA1 provides less 
aortic atherosclerosis

variation in ABCA1 contributes to 10 year 
mortality of vascular origin

FIVE

coronary 
collateral 
circulation

Gene Therapy Trials 
in Angina: FGF7

coronary collaterals protect from 24-month 
major adverse cardiac events

SIX and 
SEVEN

TNF- α  and 
inflammatory 
genes

Arteiogenesis in mice 
depends on TNF-α and 
p55 receptor interaction8

variation in TNF-α and interactions between 
inflammatory genes contribute to presence 
of collateral circulation

EIGHT 
and NINE



172

CHAPTER TEN

Conclusions and directions for the future - towards personalized treatment
Better ways to identify high-risk patients, the understanding of specific individual 
aetiologies and the selection of the optimal corresponding treatment is at the core 
of our strategy to further understand and combat cardiovascular disease. ABCA1, 
CETP, PPAR-γ, PON1 and collateral circulation are part of the aetiology of recurrent 
vascular events and define long-term vascular risk in a secondary prevention setting. 
There is pharmacogenetic interaction between statins and CETP meriting further 
investigation. The molecular basis of collateral formation involves inflammation. 
Overall, we conclude that combined utility of genetic and clinical epidemiologic 
methods will help to further dissect the aetiology of recurrent cardiovascular disease 
and carries great hope on refining individual risk as a starting point for personalized 
treatment
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SAMENVATTING
Hart-vaatziekten (cardiovasculaire ziekten) vormen een mondiaal wijdverbreide 
belasting voor de volksgezondheid en dit ziektebeeld is lang de belangrijkste 
doodsoorzaak in de westerse wereld geweest. Inzichten uit wetenschappelijke 
studies hebben klassieke risico-factoren voor het ontwikkelen van cardiovasculaire 
ziekten in de populatie naar voren gebracht. Opsporing en preventieve behandeling 
van deze klassieke risico-factoren in de populatie is onder aanhoudende aandacht. 
Sterfte ten gevolge van cardiovasculaire ziekten is dalende en inmiddels niet 
langer de belangrijkste doodsoorzaak in een land als Nederland. Alsgevolg is 
er een groeiende groep patiënten lijdend aan deze ziekten. Herhaling van een 
cardiovasculaire ziekte komt binnen deze groep aanzienlijk vaak voor. Behandeling 
van deze patiënten richt zich op preventie van herhaling (secundaire preventie). 
De huidige strategie in secundaire preventie propageert intensieve behandeling 
van de heterogene groep patiënten in zijn geheel. Echter, patiënten met een laag 
risico ontvangen daarbij per definitie over-behandeling, terwijl hoog-risico patiënten 
onder-behandeld blijven en een dringende behoefte hebben aan de ontwikkeling van 
nieuwe therapieeën. Vanuit patiënten perspectief zou het efficient en wenselijk zijn 
om preventie toe te spitsen op geleide van het individueel onderliggend probleem 
en individuele risico-voorspelling. Echter, vooralsnog is het herhalingsrisico van 
de individuele patient nog hoogst onvoorspelbaar en worden de onderliggende 
biologische werkings-mechanismen nog maar ten dele begrepen. Optimalisering 
van secundaire preventie vereist nadere inzichten hierin. 
Dit proefschrift richt zich op inzichten in cardiovasculaire prognose en daaraan 
ten grondslag liggende biologische mechanismen bij de heterogene groep 
patiënten met bekende cardiovasculaire aandoeningen. Een moleculair-
genetische en epidemiologische benadering is gekozen, door bestudering van 
materiaal uit twee studiegroepen - te weten de Regression Growth Evaluation 
Statin Study (REGRESS) van 884 patiënten die tien jaar zijn gevolgd, en een 
sub-groep van 226 patiënten uit de Second Manifestations of Arterial Disease 
(SMART) studie. De hoofdstukken 2,3,4 en 5 beschrijven moleculaire processen 
betrokken bij de aanwas van atherosclerose in de bloedvaatwand en patient-
specifieke respons op therapie met statine medicatie. Hoofdstuk 2 richt zich 
op het Cholesteryl Ester Transfer Protein (CETP), een eiwit met toegeschreven 
functie van cholesterol verplaatsing tussen de transport-deeltjes LDL en HDL in 
het bloed. Deze analyse definieert een patiënten groep met een 30% verhoogd 
10-jaars sterfterisico. Bovendien impliceren deze bevindingen een groep patiënten 
met een ongunstige respons op statine therapie (farmaco-genetische interactie).  
Recent is meer inzicht verkregen in de regulatie van verscheidene genen betrokken 
bij ontsteking en metabolisme, waarbij het Peroxisome Proliferator-Activated 
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Receptor-gamma (PPAR-gamma) eiwit betrokken is, onder anderen bij het ontstaan 
van diabetes mellitus. Medicamenteuze stimulatie van PPAR-gamma door middel 
van thiazolidinedionen is een geregistreerde behandeling van diabetes mellitus. 
In Hoofdstuk 3 beschrijven wij hoe dit eiwit ook een effect heeft bij patiënten 
zonder diabetes mellitus ; een variant in het PPAR-gamma gen definieerde een 
subgroep cardiovasculaire patiënten met meer uitgesproken atherosclerose van de 
kransslagaderen en vervolgens ook een slechtere 10-jaars prognose. 
In Hoofdstuk 4 worden bevindingen beschreven ten aanzien van het Paraoxonase 
eiwit, hetgeen een aangetoonde anti-oxidant functie heeft en gekoppeld is aan het 
HDL deeltje in het bloed. Twee varianten in dit gen beinvloedden het 10-jaars risico 
op cardiovasculaire sterfte en infarct, terwijl dit in de algemene populatie niet het 
geval was. Dientengevolge lijkt de rol van Paraoxonase voor het herhalings-risico 
van belang en potentieel aanvullend  voor secundaire preventie. 
Hoofdstuk 5 beschrijft het ATP-binding cassette protein-A1 (ABCA1), een eiwit onder 
andere betrokken bij de onttrekking van cholesterol uit de vaatwand maar mogelijk 
ook betrokken bij activatie van bloedplaatjes. Hier worden de effecten beschreven 
op atherosclerose en cardiovasculair risico – een genetische subgroep patiënten 
heeft minder vaatlijden en vervolgens ook minder hoog risico. Opmerkelijkerwijs 
lijkt het er in de context van eerder onderzoek op, dat ABCA1 andere effecten op 
herhalingsrisico heeft dan oorspronkelijk toebedacht.
In hoofdstukken 5 t/m 9 wordt een ander facet belicht van het mechanisme van 
herhalings-risico bij cardiovasculaire aandoeningen. De bloedvoorziening van de 
hartspier heeft een individueel bepaald potentieel om zo nodig alternatieve routes 
aan te spreken (natuurlijke omleidingen ofwel collaterale circulatie). Collaterale 
circulatie bepaalt daarmee de kwetsbaarheid van de hartspier bij bestaand vaatlijden. 
Daarmee zou de mate waarin patiënten collaterale circulatie kunnen aanspreken 
bepalend kunnen zijn voor herhalingsrisico en bij patiënten met weinig collaterale 
circulatie zou het stimuleren van dit proces wellicht nieuwe opties voor behandeling 
en preventie kunnen bieden . Hoofdstuk 6 is een overzicht van kennis uit eerdere 
studies, omtrent de invloed van collateralen op prognose en de moleculaire basis 
van de vorming ervan waarbij met name ontsteking een prominente rol heeft.
In Hoofdstuk 7 wordt aangetoond dat er een betere twee-jaars prognose bestaat bij 
patiënten met meer zichtbare collaterale circulatie, ondanks het feit dat collaterale 
circulatie op zichzelf gepaard gaat met meer ernstige hartziekte. Hoofdstuk 8 
beschrijft hoe variatie in het TNF-alfa gen invloed heeft op de aanwezigheid van 
collaterale circulatie. Tot slot word in Hoofdstuk 9 een diepte-analyse gedaan 
met gebruikmaking van meerdere genetische varianten in ontstekings-genen in 
relatie tot de aanwezigheid van collaterale circulatie – hieruit komen verscheidene 
hypothesen van moleculaire interacties naar voren.
Hoofdstuk 10 vat de klinische implicaties van bovenstaande studies samen.
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SUMMARY
Cardiovascular disease poses a globally widespread burden on public health and 
cardiovascular pathology has long been the primary cause of death in westernized 
countries. Scientific insights have identified classical risk factors for contracting 
cardiovascular disease. Continuous efforts are invested in detection and prevention 
of these risk factors, and currently in a country such as the Netherlands, the death toll 
due to cardiovascular diseases is no longer leading. Meanwhile, a growing number of 
patients suffer from cardiovascular disease and recurrence of cardiovascular events 
occurs frequently in this group. Treatment of these patients is targeted towards 
prevention of recurrence (secondary prevention). Current strategies of secondary 
prevention recommend intensive treatment of the heterogenous group of patients 
as a whole. However, patients bearing a low risk are by definition over-treated while 
high-risk patients face an excess risk and are in need of additional therapeutic 
options. From a patient-perspective, a more desirable and efficient approach would 
be to administer preventive measures based on the individual problem and risk-
prediction. However, currently the risk of recurrence is highly unpredictable for an 
individual patient and underlying biology is only partly understood. The optimization 
of secondary prevention therefore strongly demands further insights.  
The current thesis aims to provide insights in cardiovascular prognosis and 
underlying biolobical mechanisms in a heterogeneous group of patients with known 
cardiovascular disease. A molecular-genetic and epidemiological approach has 
been taken, by studying the material from two patient-groups notably the Regression 
Growth Evaluation Statin Study (REGRESS) comprising 884 patients followed for 10 
years and a sub-group of 226 patients from the Second Manifestations of Arterial 
Disease (SMART) study. Chapters 2,3,4 and 5 describe molecular processes 
involved in the accumulation of atherosclerosis in the vascular wall and patient-
specific respons3es to therapy by statin drugs. Chapter 2 is amied on the Cholesteryl 
Ester Transfer Protein (CETP), a protein with attributed function of cholesterol shift 
from the transport vehicles LDL and HDL in the blood stream. This analysis defines 
a group of patients which carry a 30% higher risk of death. Moreover, these findings 
implicate that a group of patients might respond unfavourably to statin treatment 
(pharmaco-genetic interaction). 
Recently, more insights have emerged on the regulation of various genes involved in 
inflammation and metabolism, with the Peroxisome Proliferator-Activated Receptor-
gamma (PPAR-gamma) protein involved in the development of e.g. diabetes mellitus. 
Stimulation of PPAR-gamma by means of thiazolidedione drugs is an approved 
treatment in diabetes. In chapter 3, we describe how this protein exerts effects in 
patients without diabetes; a variant of the PPAR-gamma gene defined a subgroup of 
patients with more extensive atherosclerosis in coronary vessels and subsequently 
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worse 10-year prognosis. In chapter 4, insights are described regarding the 
Paraoxonase protein, which has known anti-oxidant effects and is attached to the HDL 
particle in the blood stream. Two variants in this gene exerted effects on 10-year risk 
of cardiovascular death and myocardial infarction, while this had not been the case in 
previous studies in the general population. Apparently, the role of Paraoxonase in risk 
of recurrence seems important and potentially additionsl for secondary prevention.  
Chapter 5 describes the ATP-binding cassette protein-A1 (ABCA1), a protein which 
is involved in the process of cholesterol extraction from the blood vessel wall, but 
also is involved in the activation of blood platelets. Here, we report on the effects 
on atherosclerosis and cardiovascular risk – a genetic subgroup of patients carries 
less extensive coronary atherosclerosis and subsequently lower risk. Remarkably, 
although preliminary, in context of previous studies the role of ABCA1 seems 
different from that originally attributed.  
Chapters 5 to 9 focus on a different aspect of the risk of recurrent cardiovascular 
events. The blood supply of the cardiac tissue potentially may recruit alternative 
routes when required. Collateral circulation may thereby define the vulnerability 
of the heart in the presence of existing vascular disease. As such, the extent to 
which patients can recruit collateral circulation may define the risk of recurrence 
and patient which lack this potential might benefit from stimulating this process 
in terms of prevention and treatment. Chapter 6 gives an overview on previous 
studies on this topic, regarding the influence of collaterals on prognosis and the 
molecular basis of collateral formation in which inflammation plays a prominent role.  
Chapter 7 describes how presence of collaterals marks a better two-year prognosis, 
despite the fact that collateral circulation per se is associated with more extensive 
cardiac disease. Chapter 8 describes how variation in the TNF-alpha gene influences 
the presence of collateral circulation. Finally, chapter 9 describes an in-depth 
analysis of multiple genetic variants in inflammatory genes in relation to presence of 
collateral circulation. Various hypotheses of molecular interactions are proposed here.  
Chapter 10 concludes with a summary and discussion on the clinical implications 
of the abovementioned work.  
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SUMMARY

Patients who have experienced 

cardiovascular disease each differ in terms 

of their future risk, yet currently we have 

no means to predict individual prognosis. 

Mass preventive treatment is therefore 

currently recommended for the group as a 

whole whereas in fact this group is highly 

heterogeneous and needs differentiation. 

This thesis is an effort to identify groups of 

patients sharing a certain risk and its 

underlying pathological substrates which 

can be influenced. These are key insights 

to enable more effective and efficient 

personalized treatment of patients.

SAMENVAttINg

Patiënten die hart-vaatziekten hebben 

doorgemaakt verschillen qua risico, echter 

middelen om individuele prognose te 

bepalen ontbreken. Massale preventieve 

behandeling wordt momenteel aan de 

gehele groep aanbevolen, terwijl deze 

groep hoogst heterogeen is en differentiatie 

verdient. Dit proefschrift is een stap in die 

richting door  identificatie van groepen 

patiënten met een bepaald risico en 

onderliggende pathologische substraten 

die kunnen worden beïnvloed. 

Deze inzichten zijn cruciaal om te komen 

tot effectievere en persoonsgericht 

afgestemde behandeling van patiënten.
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