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Abstract
Traditional risk factors for premature cardiovascular disease such as systemic hypertension and
hypercholesterolemia, all described more than half a century ago, are relatively few in number.
Efforts to expand the epidemiological canon have met with limited success due to the high hurdle
of causality. Fortunately, another solution to current deficiencies in risk assessment – in particular,
the underestimation of risk both before and after initiation of pharmacotherapy – may exist.
Parallel to the investigation of novel biomarkers, such as high-sensitivity C-reactive protein,
ongoing research has yielded improved metrics of known causative conditions. This evolution of
traditional risk factors, heralded by measures such as ambulatory blood pressure, central
hemodynamics, low density lipoprotein particle concentration, genetic testing, and “vascular age,”
may better address the detection gap in cardiovascular disease.
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While the concept of risk factors (RFs) permeated earlier Framingham publications,1, 2 the
1961 manuscript describing the relationship between hypertension, total cholesterol, left
ventricular hypertrophy, and coronary heart disease provided the first literary usage of the
term “risk factor.”3 In contradistinction to risk markers, RFs have come to represent
causative conditions, not merely statistical associations, and thus provide invaluable
information regarding prognosis and underlying pathophysiology; those that are modifiable
further serve as targets of therapy. Traditional RFs for cardiovascular disease (CVD), all
described nearly half a century ago, are relatively few in number, limited to dyslipidemia,
family history, hypertension, age, cigarette smoking, diabetes mellitus, obesity, and physical
inactivity. Efforts to expand the epidemiological canon have met with limited success due to
the high hurdle of causality.4 Fortunately, another solution to current deficiencies in risk
assessment – in particular, the underestimation of risk both before and after initiation of
pharmacotherapy – may exist. Parallel to the investigation of novel biomarkers, such as
high-sensitivity C-reactive protein, lipoprotein-associated phospholipase A2, and
lipoprotein(a), ongoing research has yielded improved metrics of known causative
conditions. This evolution of traditional RFs, heralded by measures such as ambulatory
blood pressure (BP), central hemodynamics, low-density lipoprotein (LDL) particle
concentration, genetic testing, and “vascular age,” may better address the “detection gap” in
CVD.5

From Office Blood Pressure to Ambulatory Monitoring and Central
Hemodynamics

Hypertension, the leading attributable RF for death worldwide,6 confers a two-fold risk of
coronary heart disease and a four-fold risk of developing heart failure or stroke.7 Through
varied pathways including endothelial injury and cardiac hypertrophy, high BP directly
mediates adverse CV outcomes.8, 9 Traditionally, the diagnosis and management of
hypertension are based on BP measurements taken in the physician's office.10 As a single
snapshot of peripheral BP, however, this metric is not synonymous with, but rather reflects
the underlying pathogenic process. The actual vascular insult varies from beat to beat as a
dynamic pressure waveform. The pressure waveform represents a summation of outgoing
pressure waves generated by left ventricular systole and centrally-directed waves reflected at
sites of impedance mismatch in the periphery.11

Approaches to capture temporal and spatial dimensions of BP provide a more accurate and
comprehensive profile of this traditional RF. Ambulatory monitoring involves serial
assessment of upper arm pressures over 24 to 48 hours.12 Use of a small, automated,
oscillometric device yields mean daily BP, revealing the time-integrated exposure of the
brachial artery to BP throughout the day. Ambulatory BP is intuitively superior to standard
office-based BP measurement to reflect the true pattern of BP changes during usual daily
life. Numerous longitudinal studies convincingly showed the superiority of this technique
over clinic BP for improving CV risk stratification in a variety of clinical settings and
supported the prognostic superiority of mean ambulatory BP over conventional office BP for
the general population, the elderly, and patients with hypertension, diabetes mellitus,
cerebrovascular disease, and chronic kidney disease.13-20 Compared to equivalent
differences in office BPs, increments of mean ambulatory BPs exhibited greater
multivariate-adjusted risk ratios for mortality, myocardial infarction, stroke, and heart failure
(Table 1).13-15, 21-25 Importantly, office BP cannot be used to derive mean ambulatory BP.
While the two are well correlated in population studies, the measures are only modestly
concordant. In other words, for any given value of office BP, the observed ambulatory BP
may vary considerably (Figure 1),26 giving rise to potential misdiagnoses, as discussed
below. To better define ambulatory BP thresholds, the International Database on
Ambulatory Blood Pressure Monitoring in Relation to Cardiovascular Outcomes (IDACO)
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study performed 24-hour monitoring on 5,682 individuals and followed CV outcomes over
10 years.20 An outcome-driven reference frame was then determined by calculating three
ambulatory BP levels yielding similar long-term CV risks to optimal, normal, and high BP
as conventionally defined by office assessment (Table 2).20, 27, 28 Of note, these reference
ranges are lower than those put forward by the American Society of Hypertension and the
American Heart Association guidelines for the use of ambulatory BP monitoring (Table
2).20, 27, 28

Other techniques acknowledge the regional variation of BP and provide insight into
hemodynamics within central arteries. Applanation tonometry, the most widely used non-
invasive technique, allows continuous recording of radial or carotid arterial pressure
waveforms by applanating, or flattening, the superficial artery with an external
transducer.11, 29 Mathematical models validated by invasive monitoring are then applied to
derive central pressures. As the direct load imposed on the major target organs of
hypertension, aortic pressures are likely more relevant to underlying pathophysiology than
peripheral pressures.29 A closer relationship is supported by prognostic studies showing a
stronger relationship between central hemodynamics and clinical outcomes, including all-
cause mortality, stroke, myocardial infarction, and surrogate measures such as intima-media
thickness and left ventricular hypertrophy (Table 3).30-38 Similar to ambulatory BP, aortic
BP demonstrates limited concordance with conventional office BP. In one study, one-third
of men with normal brachial BPs exhibited the same aortic pressure as those with clinic-
defined Stage I hypertension (Figure 2).39 Defining normal and abnormal reference ranges
for varied populations requires further research.

Relying on routine clinic BPs alone may, at its worst, result in misdiagnoses or misleading
clinical trial data; more commonly, subtle inaccuracies in risk calibration likely occur.
Masked hypertension represents the archetypal problem limiting standard clinical BP
assessment. A “false negative” result of office measurement, masked hypertension is defined
as clinic BP < 140/90 mmHg despite evidence of hypertension during the remainder of the
day.26, 40, 41 The latter is defined as self-measured pressures exceeding 135/85 mmHg or
ambulatory daytime pressures > 130/85 mmHg. Masked hypertension afflicts 8% to 17% of
the general population, in particular younger men with psychological stress, and confers a
risk of myocardial infarction and stroke similar to sustained hypertension.19, 23, 26, 42 A
recent meta-analysis of clinical studies investigating the prognosis of masked hypertension
detected by ambulatory BP showed that masked hypertension was associated with a two-
fold increased risk of CV events when compared to normotension (HR 2.00, 95% CI
1.54-2.60; p<0.001).26

On the other hand, white coat hypertension, also referred to as office hypertension or
isolated clinic hypertension, is generally defined as persistently elevated office BP in the
presence of normal BP outside the office. The aforementioned classification generally
applies to untreated subjects, as most available analyses assessed this particular group of
patients. Despite a large number of studies, the definition of white coat hypertension has not
been definitively established. In fact, while the usual definition of elevated office BP has
been settled (≥140 mmHg systolic and/or ≥90 mmHg diastolic), there remains controversy
about the definition of normal BP outside the office. Usually, the exaggerated alerting
reaction manifests as office BPs > 140/90 mmHg with home recordings < 135/85 mmHg
and ambulatory daytime pressures < 130/80 mmHg.41 In the Spanish Ambulatory Blood
Pressure Monitoring Registry, almost half of the patients diagnosed with Stage I
hypertension (140-159/90-99 mmHg) and approximately one-fourth of those identified as
having Stage II hypertension (>160/100 mmHg) by office assessment were found to be
normotensive by ambulatory measurement.43
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For now, it is reasonable to consider the possibility that antihypertensive drug treatment
might be unnecessary in a considerable portion of subjects with white coat hypertension. It
is worth noting, however, that some of the subjects with white coat hypertension may be at
increased CV risk because of concomitant RFs such as diabetes, cigarette smoking, or
elevated cholesterol. Withholding antihypertensive drug treatment in these individuals may
not be justified in the absence of supporting data. Randomized trials are needed in patients
with white coat hypertension in order to compare lifestyle measures alone with
pharmacotherapy according to current recommendations based on office BP.18

In addition to improper diagnosis, the use of office BP alone as an endpoint in
antihypertensive drug trials may result in inappropriate conclusions. The Heart Outcomes
Prevention Evaluation (HOPE) trial44 studied the effects of ramipril among patients at high-
risk for vascular events without traditionally defined Stage I hypertension. Compared to
placebo, the treatment group exhibited a significant 20% reduction in the composite
endpoint of CV mortality, myocardial infarction, and stroke. The comparatively small
decrease in office BPs of 3/2 mmHg, far less than the 9/5 mmHg reduction associated with
such a magnitude of benefit in other clinical trials,45 suggested the presence of pleiotropic
benefits of tissue-selective angiotensin converting enzyme inhibitors (ACEI) above and
beyond BP effects. However, ambulatory BP measurement of a subset of enrolled patients
uncovered a more likely explanation.44 Ramipril therapy resulted in significantly lower
mean daily BPs of 10/4 mmHg compared to placebo that could wholly explain the observed
CV benefits.44 While ACEI-mediated antiatherosclerotic pathways may indeed exist, and
clinical use of ACEIs remains justified in many patients at high risk,46-49 mechanisms
“beyond blood pressure” are undoubtedly less important than the initial HOPE data would
indicate, particularly in the presence of concomitant aggressive lipid-lowering and anti-
platelet therapy.50-52

The Conduit Artery Function Evaluation (CAFÉ) study evaluated changes in central artery
waveforms after treatment with atenolol or amlodipine.38 While no differences in brachial
artery BPs were found, radial artery applanation tonometry demonstrated significantly
higher central pressures in the group treated with atenolol, with a difference in the AUC of 4
mmHg. Importantly, elevated aortic pressures were significantly associated with worsened
CV events in the atenolol group. The critical finding, only revealed by analysis of central
hemodynamics, may well explain the adverse outcomes associated with atenolol in multiple
meta-analyses.45, 53-55 Hypothesized mechanisms for atenolol-induced changes in aortic
waveform include a proximal shift in arterial reflection sites resulting in earlier wave
reflection and a prolonged ejection time delaying the peak of the outgoing pressure wave.38

From LDL-Cholesterol Content to Number of LDL Particles
Hyperlipidemia, specifically elevated circulating LDL, is integral to the initiation and
progression of atherosclerosis. Accumulation and modification of LDL in the arterial intima
initiates the inflammatory cascade resulting in plaque formation. Epidemiologic studies
indicate that, in the absence of adequate LDL levels, coronary heart disease is uncommon
even in the presence of other RFs.56, 57 The current standard assay to evaluate LDL-related
risk, the Friedewald method, estimates the cholesterol content within the LDL fraction.58 Its
low cost and rapidity enabled the study of large cohorts required to illuminate the
association between LDL and coronary disease. Developed in 1972 as a simpler alternative
to ultracentrifugation, the Friedewald method assesses total cholesterol and triglycerides
enzymatically, and high-density lipoprotein (HDL) cholesterol after precipitation of
apolipoprotein B (ApoB)-containing lipoproteins. LDL-cholesterol is then calculated as the
cholesterol remaining after HDL-cholesterol and very LDL-cholesterol, using one-fifth of
triglyceride mass as a proxy, are subtracted from total cholesterol. The surrogate for very
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LDL-cholesterol is a well appreciated limitation, prohibiting testing in a non-fasting state or
when triglycerides exceed 400 mg/dL, when the ratio of triglycerides to cholesterol in very
LDL deviates from the usual 5 to 1.58 However, an even more fundamental problem exists,
as LDL-cholesterol concentration, regardless of the assay used for its determination,
represents a limited surrogate of LDL-related atherogenicity. LDL particles, and not the
cholesterol transported within their hydrophobic core, interact with the vessel wall to initiate
plaque formation,59 and the concentration of lipoproteins cannot be reliably derived from
cholesterol levels. Similar to office and ambulatory BP, the two measures of LDL-related
risk – LDL-cholesterol concentration and the number of LDL particles – exhibit strong
correlation, but are only modestly concordant (Figure 3).60 For any given LDL-cholesterol,
LDL particle number may vary depending on the quantity of cholesterol carried by each
particle.

Assessing lipoprotein concentration would thus appear advantageous to counting cholesterol
cargo. The former can be achieved using antibodies directed towards ApoB, which is present
as a single copy on each atherogenic lipoprotein, or nuclear magnetic resonance techniques.
Clinical ApoB assays measure the total concentration of ApoB-100 and ApoB-48, isoforms
present on lipoproteins derived from the liver and intestine, respectively.59 LDL ApoB-100
accounts for over 90% of total ApoB even in the non-fasting state; therefore, ApoB is
predominantly a measure of LDL-related atherogenicity.61 Nuclear magnetic resonance, an
alternative method, takes advantage of two important principles to permit rapid
quantification of lipoprotein particle number without requiring physical separation. First,
each lipoprotein subclass emits a distinct signal when subjected to electromagnetic pulses in
a magnetic field; second, the signal amplitudes generated are directly proportional to the
concentration of the particles emitting the signal. Using a library of known lipids, sample
signals can be deconvoluted to determine concentrations of individual lipoprotein
subclasses, most importantly, LDL particle number.62

The majority of studies comparing LDL-cholesterol and the number of LDL particles have
demonstrated a stronger association of the latter with atherosclerotic CVD as measured by
higher multivariate adjusted risk ratios.63 Importantly, in no cohort have cholesterol
measures proven superior. The prospective Apolipoprotein-related MOrtality RISk
(AMORIS) study of 147,576 subjects in Sweden reported improved discrimination, as well,
with use of ApoB compared to LDL-cholesterol.64 AUC increased from 0.60 to 0.65 in men
and 0.60 to 0.69 in women (p<0.0001).

Beyond traditional summary measures of association and discrimination, situations of
discordance provide the clinical argument for measuring lipoprotein levels. In the general
population, approximately 1 in 5 individuals exhibit significantly different LDL particle
concentration and cholesterol levels on a percentile basis, such as an LDL-cholesterol of 100
mg/dL (20th percentile) and an LDL particle number of 1300 nmol/L (40th percentile).65

Discordance increases to almost 1 in 2 individuals in the presence of diabetes,
hypertriglyceridemia, low HDL-cholesterol, or low LDL-cholesterol.66-68 When discordance
exists, the risk of CV events tracks LDL particle number and not cholesterol concentration,
as exemplified by a study of the Framingham cohort (Figure 4).65 In the Multi-Ethnic Study
of Atherosclerosis, carotid intima-media thickness, a validated surrogate measure of stroke
and myocardial infarction, was similarly related to LDL particle number but not to LDL-
cholesterol among the 1 out of 5 subjects in whom the two measures differed. Discordance
is particularly evident among patients treated with lipid-lowering agents. Intervention trials
reveal an attenuated reduction in LDL particle number compared to LDL-cholesterol, with
residual risk of adverse CV events only associated with measures of on-treatment LDL
particle concentration.63
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Reliance on LDL-cholesterol for risk assessment may confound interpretation of clinical
trial results. The Justification for the Use of Statins in Primary Prevention: An Intervention
Trial Evaluating Rosuvastatin (JUPITER) study was designed as a primary prevention trial
of low-risk subjects, with LDL-cholesterol levels not warranting routine initiation of statin
therapy.69 Although the LDL-cholesterol was only 108 mg/dL, or 25th percentile, ApoB was
significantly higher at 109 mg/dL, or 60th percentile.70 The elevated ApoB levels may at
least partly explain the significant 44% reduction in events observed with rosuvastatin.

From Family History to Genetic Profile
Family history of premature CVD is a catch-all non-modifiable RF incorporating both
known and as yet unidentified environmental and heritable traits that cluster in families. For
coronary heart disease, a positive premature family history is variably defined as myocardial
infarction in a male or female first-degree relative younger than 55 or 65 years of age,
respectively,71 or a parental history of myocardial infarction before the age of 60.72 Family
history of premature cerebrovascular disease has been described as documented stroke by 65
years of age in a parent or other first-degree relative.73, 74

Numerous studies support the role of family history as a RF for CVD, with prospective
analyses describing a relative risk up to two-fold among offspring and siblings.75, 76, 77 By
validating parental outcomes, the prospective Framingham Offspring Study provided
perhaps the most accurate effect size of parental history of premature atherosclerotic CVD.
Odds ratios after adjustment for other traditional RFs were 2.0 (95% CI 1.2-3.1) for men and
1.7 (95% CI 0.9-3.1) for women.76

Unfortunately, confirming CV outcomes of relatives remains a luxury not afforded by the
vast majority of clinical care. Patient interview currently forms the basis of pedigree analysis
and, as such, family history suffers from limited reliability. Even in the closely monitored
Framingham cohort, a best-case scenario, patients were accurate only 28% of the time when
they reported a positive parental history of early-onset heart attack.78 A national mail survey
of the U.S. population aged 18 years and older sponsored by the Centers for Disease Control
showed that less than one-third of respondents actively inquired about health information
from their relatives, even though almost all considered knowledge of family history
important.79 A systematic review of family history in the risk assessment for common
diseases, including cancer, diabetes, and CV, expressed similar concerns about the collection
and accuracy of reported data.80

As a marker of heritable atherogenic traits, family history suffers from other limitations.
Accuracy relies on an unbroken chain of events – phenotypic manifestation of the inherited
predisposition, correct diagnosis in the affected relative, and precise communication to and
recall of the condition by the patient. Much attention has focused on faltering at the terminal
step, but the preceding ones lead to misclassification, as well. Variable penetrance and
expression may result in a relatively benign presentation in one generation, and fulminant
disease in the next. Given the unusual occurrence of heart attack or stroke in younger
patients, morbidity or mortality may instead be attributed to other causes or even accidents,
leaving the primary culprit undiagnosed.

Genetic testing, though still in its infancy, may offer significant advantages over patient-
reported family history of premature CVD by directly evaluating for heritable traits. For
many years, the genetic basis of CVD was poorly understood, limited to underpowered
candidate gene studies of a few selected markers ultimately yielding predominantly false
positive associations as a consequence of publication bias.81, 8283 However, the past several
years have witnessed a remarkable transformation attributable to genome-wide association
studies (GWAS), which utilize high-throughput genotyping technologies to interrogate
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hundreds of thousands to millions of common single nucleotide polymorphisms (SNPs)
across the genome.84-89 The GWAS findings have proven more robust than candidate gene
associations as a result of very stringent criteria for both defining an association, with a p-
value less than 5 × 10-8 conferring statistical significance, and requirements for replicating
the findings in multiple independent cohorts. The importance of a rigorous approach cannot
be overstated, as highlighted by recent GWAS data casting doubt on the previously reported
association with KIF6.83, 90, 91

GWAS have identified over 500 disease-associated SNPs, including many related to CVD.
Associations have been found for most traditional RFs including lipids,92-97 BP,98, 99,
weight and body mass index,100-104 smoking behavior,105, 106 and diabetes.107-114

Importantly, GWAS have also identified susceptibility variants for coronary heart disease
and myocardial infarction that are independent of traditional RFs (Table 4).115-120 The first,
and so far the strongest, of these signals was found in the 9p21.3 locus and is associated with
a 20-40% heightened risk of coronary heart disease among Caucasian118, 120-122 and East
Asian populations.123 Like many of the associations identified to date, the function of the
non-coding 9p21.3 chromosomal region remains unclear, but may relate to adjacent tumor
suppressor genes CDKN2A and CDKN2B encoding p16INK4a and p16INKb respectively, or
the overlapping non-coding RNA, ANRIL, which is expressed in atherosclerotic tissue.124

An appealing strategy to improve CV risk prediction incorporates the newly validated
genetic information obtained from GWAS. An early effort in the Atherosclerosis Risk in
Communities cohort added a SNP in the 9p21.3 locus to risk assessment and observed a
clinical net reclassification index of 6.8% as well as improved discrimination, with AUC
increasing from 0.782 to 0.786 (95% CI +0.001 to +0.007).125 A subsequent “genotype
score” incorporated information from not just a single SNP, but a panel of 9 SNPs in genes
related to lipid metabolism. Higher genotype scores were associated with higher LDL-
cholesterol levels, lower HDL-cholesterol levels, and an increased risk of CVD. There was a
significant improve-ment in categorization with a net reclassification index of 6.1%;
discrimination, however, remained unchanged.93 A second multilocus model incorporated
13 previously validated SNPs to estimate the association of a genetic risk score with incident
coronary heart disease in a prospective cohort. Even after adjusting for family history and
traditional RFs, individuals in the top quintile of genetic risk score were 1.66 times at
increased risk for coronary events compared to the lowest quintile (95% CI 1.35-2.04).126

While this limited SNP panel did not improve discrimination, the multimarker approach may
nonetheless prove useful, particularly as additional risk variants are identified.

Despite the unprecedented success of GWAS to identify susceptibility variants for coronary
heart disease, the vast majority of heritable risk remains unknown. The basis for this
“heritability gap” remains unclear and is the focus of intense investigation. Massive meta-
analyses of GWAS, like those proposed by the CARDIoGRAM Study Consortium127 will
likely yield further susceptibility variants as has been the case for large, international
consortia examining other traits such as lipids.96 While copy number variants have not been
shown to be associated with myocardial infarction,128 undiscovered epigenetic or epistatic
interactions may also play a significant role.78 Finally, rare variants may account for a
substantial portion of inherited risk. High-throughput whole genome or whole exome
sequencing efforts will permit examination of rare variants occurring with a frequency of <
5%, undoubtedly expanding the current catalogue of genetic determinants of both common
and Mendelian forms of CVD.129-132

A recently published work described the first use of whole genome sequencing data in a
clinical setting,133 providing at least proof of principle that clinically meaningful
information can be derived regarding disease risk and response to therapy. By the end of
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2011, it is estimated that over 30,000 individuals will have had whole genome
sequencing134 as technological advances continue to reduce costs, which are anticipated to
fall below several hundred dollars within a few years. The primary obstacle to genetic
testing will not be the acquisition of patient data, but rather rigorous analysis of incremental
risk prediction and translation of genetic data into digestible information for physicians and
patients.

From Chronological Age to Vascular Age
Actual, or chronological age, is the dominant determinant of near- to intermediate-term risk
in all validated clinical risk scoring systems.135 Models of CV events with age alone as a
predictor yield an AUC of approximately 0.70.136 With clinical risk classification systems
offering a net AUC of 0.75-0.80, age clearly accounts for most of the discriminatory
capacity.135 In the Women's Health Study, adding traditional RFs to age minimally
improved discrimination from an AUC of 0.731, with incorporation of LDL-C or self-
reported systolic BP increasing AUC by 0.005 or 0.037, respectively.136

While useful in assessing populations, chronological age is limited when evaluating a
particular individual, as CV risk varies dramatically in subjects of the same age. For
example, among a cohort of similarly-aged elderly subjects in the Leiden 85 Plus study, the
Framingham function showed very poor discrimination, with an AUC not significantly
different from that of a coin toss.137 Moreover, chronological age is not a true RF per
se.135, 138, 139 Actual age reflects atherosclerotic burden resulting from the slow
accumulation of plaque over time, and it is this plaque burden that engenders
atherothrombotic events.138

Updating chronological age relies on a concept first proposed by the British physician
Syndeham circa 1650, that “a man is as old as his arteries,” and later articulated by Grundy
in 1999 for the modern era, leveraging non-invasive imaging techniques.138, 140, 141

Vascular age captures the underlying process crudely estimated by chronological age,
describing arterial, more specifically coronary or carotid arterial, health as assessed by
coronary calcium scanning or carotid ultrasonography.

Deriving vascular age from imaging findings generally employs one of two approaches.
First, vascular age may be interpreted as the chronological age at which the observed
coronary artery calcium score (CACS)142-144 or carotid intima-media thickness (CIMT)145

equals the median value using data from a reference population. Applying this method, a 45-
year-old black woman with a composite CIMT of 0.68 mm would have a vascular age of 55
years using the Atherosclerosis Risk in Communities (ARIC) database.145 In other words,
she shares the same CIMT as a 55-year-old black woman at the 50th percentile in the ARIC
study. One exploratory analysis substituting vascular age for chronological age in the
Framingham 10-year hard coronary heart disease risk estimation, reclassified 1 in 2 subjects
initially at intermediate-risk.145 Thirty six percent of patients were restratified to a higher-
risk and 14% to a lower-risk category. Significant changes in risk calculation were thus
observed using vascular age; however, the accuracy of modified estimates could not be
determined in the small, cross-sectional study.

In the second approach, vascular age represents the chronological age that captures the CV
risk associated with a given imaging score.146 For example, using the transformation derived
from the Multi-Ethnic Study of Atherosclerosis (MESA),146 available as an online tool,147 a
56-year-old man with a CACS of 150 Agatston units would have a vascular age of 75 years.
That is to say, the degree of coronary calcification present confers a risk of adverse CV
events equivalent to that of being 75 years of age. Arterial age derived from CACS using
this method proved superior to actual age in predicting incident coronary heart disease
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events in the MESA cohort.146 Only arterial age was significant for evaluating risk when
both were included in a model for coronary heart disease. Moreover, vascular age improved
discrimination in the Framingham risk calculations, with the AUC increasing from 0.75 to
0.79 (p=0.006).

Comparison of the prognostic accuracy of these two approaches to vascular age has not yet
been performed. Some suggest that assigning an arterial age based on risk equivalence as
opposed to population median values more accurately translates atherosclerotic burden into
“arterial age units.”146 One analysis from the MESA study demonstrated that absolute
CACS was more predictive of future CV events than relative age-, gender-, and ethnic-based
percentiles.148 Of note, for most CACS values, the former method generates a higher
vascular age than the latter technique (Table 5).142-144, 147

Conclusion
Office BP, LDL-cholesterol, family history, and chronological age are important traditional
RFs that revolutionized our understanding of CVD and paved the way for effective
preventive strategies. Management of office BP and LDL-cholesterol alone contributed
nearly half of the 50% decrease in coronary heart disease mortality observed in the US over
two decades, corresponding to 341,745 fewer deaths in the year 2000.149 As first
approximations of causative biological processes, however, these current standards of risk
assessment suffer from suboptimal accuracy. Equipped with more reliable measures,
including ambulatory BP, LDL particle concentration, genetic testing, and vascular age,
when will it be time to move on?

A statistical maxim admonishes us to remember that “all models are wrong; the practical
question is how wrong do they have to be to not be useful.”150 All biomarkers are similarly
imperfect windows into underlying pathophysiology – what matters is the effect on
downstream clinical decision-making. As the lens by which we “see” risk, current standards
of measurement – and their inaccuracies – have far-reaching, often insidious implications.
Evidence raises the possibility of misclassification, misdiagnosis, or misleading clinical trial
results, suggesting a compelling need for updated measures of traditional RFs. The
definitive answer awaits comparative outcomes studies and comprehensive cost-
effectiveness analyses. For now, consensus statements provide guidance on the clinical use
of ambulatory 24-hour blood pressure monitoring, LDL-particle number assessed by ApoB
or nuclear magnetic resonance, and subclinical atherosclerosis imaging with CACS or CIMT
(Table 6).10, 12, 59, 151-155 Importantly, costs associated with these tests continue to decline
(Table 7).156-158

As further studies continue to be deliberated, it is worth discussing whether the same
thresholds for acceptance should be imposed on more accurate measures of accepted risk
factors as on novel biomarkers, such as high-sensitivity C-reactive protein. For the
echocardiographic measurement of systolic function, no formal outcomes study or cost-
effective analysis supports the recommended use of Simpson's method of discs over
fractional shortening, yet few would dispute the increased accuracy and attendant clinical
utility of two-dimensional compared to linear assessment.159 Using more accurate metrics of
established pathogenic processes may better address the detection gap and ensure thorough
evaluation of novel therapies. The evolution and refinement of traditional risk factors offers
a promising solution to current limitations in cardiovascular risk assessment.
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Figure 1. Discordance between ambulatory 24-hour blood pressure monitoring and clinic blood
pressure assessment
For any given value of office systolic blood pressure, plotted on the horizontal axis, the
observed mean daytime systolic blood pressure measured via ambulatory 24-hour
monitoring may vary considerably.26 Data from the Progetto Ipertensione Umbria
Monitoraggio Ambulatoriale study.
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Figure 2. Discordance between central blood pressure and peripheral blood pressure
For any given value of brachial systolic blood pressure, plotted on the vertical axis, the
observed aortic systolic blood pressure may vary considerably.39 Data from the Anglo-
Cardiff Collaborative Trial II.
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Figure 3. Discordance between LDL-particle concentration and LDL-cholesterol
For any given value of non-HDL-cholesterol, plotted on the horizontal axis, the observed
apolipoprotein B may vary considerably.60 Data from the National Health and Nutrition
Examination Survey.
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Figure 4. Association of LDL-particle concentration and LDL-cholesterol and adverse
cardiovascular outcomes in the setting of discordance
Among the 1 in 5 patients with discordant LDL-P and LDL-C, LDL-P was strongly
associated with outcomes while LDL-C had no relation.65 Data from the Framingham
Offspring
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Table 1

Prospective studies comparing the association of 24-hour ambulatory blood pressure, standard office-based
blood pressure, and adverse cardiovascular outcomes.

Study Cohort Outcomes ABPM OBPM

The Dublin Outcome
Study: 5292 untreated
hypertensive patients15

All-cause mortality Adjusted HR for each 10-mm Hg
increment in mean SBP: 1.11 (95% CI

1.07-1.16; p<0.001 versus OBPM)*

Adjusted HR for each 10-mm Hg
increment in SBP: 1.02 (95% CI

0.99-1.05)*

Ohasama study: 1542
unselected subjects25

Cardiovascular mortality Adjusted HR for each 1-mm Hg
increment in mean SBP: 1.047 (95% CI

1.018-1.076)**

Adjusted HR for each 1-mm Hg
increment in SBP: 0.992 (95%

CI 0.971-1.012)**

Uppsala Longitudinal
Study of Adult Men: 578
untreated 70-year-old
men13

Cardiovascular mortality and
morbidity (hospitalization)

Adjusted HR for 1-SD increment in
daytime mean SBP: 1.47 (95% CI

1.09-1.97; p=0.011)***

Adjusted HR for 1-SD increment
in SBP: 1.08 (95% CI 0.79-1.47;

p=0.632)***

Office versus Ambulatory
Blood Pressure Study:
1963 patients with treated
hypertension14

Cardiovascular mortality and
morbidity (MI, stroke, heart
failure, angina, peripheral artery
disease, sudden death)

Adjusted HR for 1-SD increment in 24-
hour mean SBP: 1.50 (95% CI

1.27-1.78)****
After additional adjustment for OBPM,
HR for 1-SD in 24-hour mean SBP: 1.34
(95% CI 1.11-1.62)

Adjusted HR for 1-SD increment
in SBP: 1.48 (95% CI

1.25-1.75)****

1200 patients without
cardiovascular disease
referred for ABPM22

Cardiovascular mortality and
morbidity (MI, stroke, heart
failure, angina, coronary
revascularization)

Unadjusted HR for 1-SD increment in
24-hour mean SBP: 1.58 (95% CI
1.37-1.80)
After adjustment for covariates
including OBPM, HR for 1-SD
increment in 24-hour mean SBP: 1.41

(95% CI 1.20-1.65)*****

Unadjusted HR for 1-SD
increment in SBP: 1.02 (95% CI
1.01-1.02)

Anglo-Scandinavian
cardiac outcomes trial-
blood pressure lowering
arm (ASCOT-BPLA):
1905 patients with
hypertension21

Cardiovascular mortality and
morbidity (MI, stroke, coronary
revascularization)

Adjusted HR for 1-SD increment in 24-
hour mean SBP: 1.43 (95% CI

1.25-1.63)******

Adjusted HR for 1-SD increment
in SBP: 1.39 (95% CI

1.21-1.59)******

Systolic Hypertension in
Europe (Syst-Eur) Trial:
808 hypertensive patients
age 60 years or older24

Cardiovascular mortality and
morbidity (MI, stroke, heart
failure, sudden death)

Adjusted HR for each 10-mm Hg
increment in mean SBP: 1.18 (95% CI
1.04-1.35; p<0.01 versus

OBPM)*******

Adjusted HR for each 10-mm Hg
increment in SBP: 1.13 (95% CI

0.96-1.34)*******

ABPM: ambulatory 24-hour blood pressure measurement; OBPM: standard office-based blood pressure measurement; MI: myocardial infarction;
SBP: systolic blood pressure; HR: hazard ratio; CI: confidence interval

*
Adjusted for gender, age, body mass index, presence of diabetes mellitus, history of cardiovascular events, and smoking status.

**
Adjusted for age, sex, smoking status, and use of antihypertensive medication.

***
Adjusted for serum cholesterol, smoking status, diabetes status, and body-mass index.

****
Adjusted for sex, age, body-mass index, smoking status, presence or absence of diabetes mellitus, serum cholesterol concentration, use or

nonuse of lipid-lowering drugs, and presence or absence of cardiovascular complications at entry

*****
Adjusted for age, sex, body mass index, smoking status, antihypertensive treatment, diabetes mellitus and office blood pressure.

******
Adjusted for age, sex, history of diabetes, total cholesterol, smoking status and body mass index.

*******
Adjusted for sex, age, cardiovascular complications at entry, current smoking status, and residence in western Europe.
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Table 2

Reference ranges for ambulatory blood pressure monitoring.

Office-based blood pressure

Guidelines or Study Time Optimal Normal Abnormal

Seventh Report of the Joint National Committee on Prevention, Detection, Evaluation,
and Treatment of High Blood Pressure 200327

Daytime <120/80 <130/85 >140/90

24-hour ambulatory blood pressure

Guidelines or Study Time Optimal Normal Abnormal

American Heart Association and American Society of Hypertension 200828

24-hour <125/75 <130/80 >135/85

Daytime <130/80 <135/85 >140/90

Nighttime <115/65 <120/70 >125/75

International Database of Ambulatory Blood Pressure in relation to Cardiovascular
Outcomes 200720

24-hour <115/75 <125/75 >130/80

Daytime <120/80 <130/85 >140/85

Nighttime <100/65 <110/70 >120/70
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Table 3

Prospective studies comparing the association of central blood pressure, peripheral (brachial) blood pressure,
and association with adverse cardiovascular outcomes.

Study Cohort Outcomes Central BP Peripheral BP

180 patients with end-
stage renal disease36

All-cause mortality Adjusted HR for each 1-SD increment in PP

measured by CT: 1.4 (95% CI 1.1-1.8)*
Adjusted HR for each 1-SD
increment in PP: 1.2 (95%

CI 0.9-1.5)*

Strong Heart Study:
3250 unselected
American Indian
subjects35

Cardiovascular mortality and
morbidity (MI, stroke, heart
failure, sudden death)

Adjusted HR for each 10-mm Hg increment
in PP measured by RT: 1.15 (95% CI

1.07-1.24)**

Adjusted HR for each 10-
mm Hg increment in PP:

1.10 (95% CI 1.03-1.18)**

ICARe Dicomano:
unselected subjects age
65 years or older34

Cardiovascular mortality and
morbidity (MI, stroke, heart
failure, sudden death)

Adjusted HR for each 10-mm Hg increment
in PP measured by RT: 1.23 (95% CI

1.10-1.37)***
Adjusted HR for each 10-mm Hg increment
in SBP measured by RT: 1.19 (95% CI

1.08-1.31)***

No significant association
with brachial BP

1109 subjects with
suspected coronary
artery disease
undergoing non-
emergent coronary
angiography33

Cardiovascular mortality and
morbidity (MI, stroke, sudden
death, heart transplantation,
coronary revascularization)

Adjusted HR for each 1-SD increment in PP
measured by DI: 1.24 (95% CI

1.06-1.45)****

Adjusted HR for each 1-SD
increment in PP: 1.04 (95%

CI 0.90-1.20)****

1272 unselected Chinese
subjects37

Cardiovascular mortality Adjusted HR for each 10-mm Hg increment
in SBP measured by CT: 1.303 (95% CI

1.21-1.515)*****

No significant association

with brachial BP*****

BP: blood pressure; SBP: systolic blood pressure; MI: myocardial infarction; PP: pulse pressure; CI: confidence interval; HR: hazard ratio; CT:
carotid artery applanation tonometry; RT: radial artery applanation tonometry; DI: direct invasive assessment

*
Adjusted for age, time on dialysis before inclusion, and previous cardiovascular events.

**
Adjusted for age, gender, current smoking, body mass index, cholesterol:HDL ratio, creatinine, fibrinogen, diabetes, and heart rate.

***
Adjusted for age and gender.

****
Adjusted for age, gender, ejection fraction, mean coronary artery stenosis, heart failure, heart rate, risk factors, cardiovascular history,

glomerular filtration rate, and prescribed drugs.

*****
Adjusted for age, sex, heart rate, body-mass index, current smoking, fasting plasma glucose levels, ratio of total cholesterol to high-density

lipoprotein, carotid–femoral pulse wave velocity, left ventricular mass, intima-media thickness, and estimated glomerular filtration rate.
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Table 4

Single nucleotide polymorphisms associated with an increased risk of myocardial infarction and coronary
artery disease that are not associated with traditional risk factors.

SNP Chromosome Gene region OR*

rs17465637116, 118 1q41 MIA3 1.14-1.2

rs6725887116 2q33 WDR12 1.17

rs9818870115 3q22 MRAS 1.15

rs12526453116 6p24 PHACTR1 1.12

rs4977574116, 117, 119, 120 9p21 CDKN2A–CDKN2B 1.28-1.47

rs1746048116, 118, 128 10q11 CXCL12 1.17-1.33

rs9982601116 21q22 SLC5A3–MRPS6–KCNE2 1.2

*
OR: odds ratio for coronary artery disease and myocardial infarction

Cardiol Rev. Author manuscript; available in PMC 2013 May 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

deGoma et al. Page 26

Table 5

Vascular age derived from median values of coronary artery calcium score (CACS), a relative description, and
risk equivalence, an absolute definition.142-144

CACS (Agatston Units) Vascular Age (years): Based on Median Values Vascular Age (years): Based on Risk Equivalence

5 55 52

10 56 56

25 59 63

50 63 68

100 67 73

200 73 78

400 80 83
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Table 6

Consensus statements published in the past five years providing guidance for the clinical use of ambulatory
24-hour blood pressure monitoring, LDL-particle number assessed by apoB or NMR, and subclinical
atherosclerosis imaging with CACS or CIMT.

Measure Consensus Statement

24-hour ABPM American Society of Hypertension 200812

ABPM has particular utility in detection of masked hypertension, white-coat hypertension, and assessment of
antihypertensive therapy responses in patients receiving complex antihypertensive treatment regimens. As noted
previously, ABPM is also the most effective means to determine BP values during sleep when nocturnal hypertension or
nondipping profiles are suspected.
European Society of Cardiology and European Society of Hypertension 200710

Although OBPM should be used as reference, ABPM may improve prediction of cardiovascular risk in untreated and
treated patients. 24-h ABPM should be considered, in particular, when:
- considerable variability of OBPM is found over the same or different visits
- high OBP is measured in subjects otherwise at low total cardiovascular risk
- there is a marked discrepancy between BP values measured in the office and at home
- resistance to drug treatment is suspected
- hypotensive episodes are suspected, particularly in elderly and diabetic patients
- OBPM is elevated in pregnant women and pre-eclampsia is suspected

LDL-particle
number (ApoB
or NMR)

American Diabetes Association and American College of Cardiology 2008151

Because ApoB appears to be a more sensitive index of residual cardiovascular disease risk when LDL cholesterol or non-
HDL cholesterol are <130 mg/dl or <160 mg/dl, respectively, measurement of ApoB, using a standardized assay, is
warranted in patients with cardiometabolic risk on pharmacologic treatment. In particular, apoB levels should be used to
guide adjustments of therapy. While LDL particle number as measured by NMR appears equally informative as ApoB,
the concerns expressed above with regard to this assay limit its widespread adoption at this time.
Thirty-person/Ten-country Panel 200659

We believe that all guideline groups should recommend that target levels of Apo B be adopted as alternatives to LDL or
non-HDL cholesterol.

CACS American Heart Association and American College of Cardiology 2010153

Measurement of CAC is reasonable for cardiovascular risk assessment in asymptomatic adults at intermediate risk (10%
to 20% 10-year risk) (Class IIa indication, Level of Evidence B).
Measurement of CAC may be reasonable for cardiovascular risk assessment in persons at low to intermediate risk (6% to
10% 10-year risk) (Class IIb, Level of Evidence B).
American Heart Association and American College of Cardiology 2007154

It may be reasonable to consider use of CACS in intermediate risk patients based on available evidence that demonstrates
incremental risk prediction information in this selected patient group. This conclusion is based on the possibility that such
patients might be reclassified to a higher risk status based on high CAC score, and subsequent patient management may
be modified.
American Heart Association 2006152

With a prior probability of a coronary event in the intermediate range, a calcium score >100 would yield a post-test
probability of >2% per year in the majority of patients, within the range of a coronary heart disease risk equivalent
population and within a level requiring secondary prevention strategies.

CIMT American Heart Association and American College of Cardiology 2010153

Measurement of CIMT is reasonable for cardiovascular risk assessment in asymptomatic adults at intermediate risk.
Published recommendations on required equipment, technical approach, and operator training and experience for
performance of the test must be carefully followed to achieve high-quality results (Class IIa indication, Level of
Evidence: B)
American Society of Echocardiography 2008155

Measuring CIMT and identifying carotid plaque can be useful for refining cardiovascular risk assessment in patients at
intermediate risk

BP: blood pressure; ABPM: ambulatory blood pressure monitoring; OBPM: office blood pressure monitoring; LDL: low-density
lipoprotein; HDL: high-density lipoprotein; ApoB: apolipoprotein B; NMR: nuclear magnetic resonance; CACS: coronary artery calcium
scan; CIMT: carotid artery intima-media thickness
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Table 7

Approximate costs of various improved measures of established risk factors.

Traditional Risk Factor Measure Cost

Blood pressure
Office-based blood pressure N/A

Ambulatory 24-hour blood pressure monitoring157 $60-120

Low-density lipoprotein

Lipid panel158 $60

Apolipoprotein B158 $80

Nuclear magnetic resonance LDL-particle number $140

Heritable traits
Family history N/A

deCODE MI $710

Age

Chronologic age N/A

Coronary artery calcium scan156 $100-300

Carotid ultrasound156 $100-200
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