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Abstract

Background: One strategy to reduce the burden of cardiovascular disease is the early detection
and treatment of atherosclerosis. This has led to significant interest in studies of subclinical
atherosclerosis, using different phenotypes, not all of which are accurate reflections of the
presence of asymptomatic atherosclerotic plaques. The aim of part 2 of this series is to

provide a review of the existing literature on purported measures of subclinical disease and
recommendations concerning which tests may be appropriate in the prevention of incident
cardiovascular disease.

Methods: We conducted a critical review of measurements used to infer the presence of
subclinical atherosclerosis in the major conduit arteries and focused on the predictive value of
these tests for future cardiovascular (CV) events, independent of conventional cardiovascular risk
factors, in asymptomatic people. The emphasis was on studies with >10,000 person-years of
follow up, with meta-analysis of results reporting adjusted hazard ratio (HR) with 95% confidence
intervals. The arterial territories were limited to carotid, coronary, aorta and lower limb arteries.

Results: In the carotid arteries, the presence of plaque (8 studies) was independently associated
with future stroke (pooled HR 1.89 [1.04,3.44]) and cardiac events (7 studies), with a pooled HR
1.77 [1.19,2.62]. Increased coronary artery calcium (5 studies) was associated with the risk of
coronary heart disease events, pooled HR 1.54 [1.07,2.07] and increasing severity of calcification
(by Agaston score) was associated with escalation of risk (13 studies). An ankle/brachial index of
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<0.9, the pooled HR for CV death from 7 studies was 2.01 [1.43,2.81]. There were insufficient
studies of either, thoracic or aortic calcium, aortic diameter or femoral plaque to synthesise the
data based on consistent reporting of these measures.

Conclusions: The presence of carotid plaque, coronary artery calcium or abnormal ankle
pressures appear to be valid indicators of the presence of subclinical atherosclerosis and may
be considered for use in biomarker, Mendelian randomisation and similar studies.

Graphical Abstract

Assessment of Subclinical Atherosclerosis in Asymptomatic
People in Vivo: Measurements Suitable for Biomarker and
Mendelian Randomization Studies

Ankle/Brachial Pressure Index < 0.9

o

Background

The identification and reduction of significant atherosclerosis before it becomes
symptomatic should be an important public health goal. Asymptomatic atherosclerosis is
widely termed subclinical atherosclerosis and this has been defined at the histological level
in part 11 . There is a large variety of tests purporting to either directly assess or be surrogate
markers of subclinical atherosclerosis. These measures appear to significantly predict future
atherosclerotic events such as myocardial infarction, stroke and chronic limb threatening
ischemia. In the pursuit of novel intervention targets, diverse tests are being used to identify
new biomarkers and biologic pathways to predict the course of subclinical atherosclerosis
and future atherosclerotic events. However, insufficient attention has been given either to the
validity of using these tests as markers of subclinical atherosclerosis or to their accuracy and
repeatability.

The advance in biological technology has led to an ever-increasing array of candidate
biomarkers and genetic loci for subclinical atherosclerosis. In this journal alone there

have been 312 citations for such biomarker papers in the last 5 years (2018-22). The
outcome measures, used in both these and Mendelian randomization studies vary, from
skin autofluorescence to carotid plaque. Some of these outcomes do measure asymptomatic
atherosclerosis but many appear to reflect other adaptive pathophysiology.

The aims of the second part of this report are to describe:

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2025 January 01.
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1 How the burden of subclinical atherosclerosis can be evaluated, preferably
non-invasively, by any specific measurement to predict future atherosclerotic
events and death in people without known cardiovascular disease, independent of
traditional cardiovascular risk factors.

2. The advantages and disadvantages of the different measurement modalities with
respect to population diversity, ease of measurement and repeatability.

3. Tests that assess vascular function or structure but do not measure subclinical
atherosclerosis per se.

Methods

A series of critical reviews were undertaken of measurements used to infer the

presence of subclinical atherosclerosis in the major conduit arteries. The presence of
subclinical atherosclerosis was assessed from the ability of these measurements to predict
future cardiovascular events, independent of traditional cardiovascular risk factors. The
cardiovascular events were defined as those with target organ damage (i.e. stroke,
myocardial infarction and chronic limb threatening ischemia), as well as cardiovascular
death. The arterial territories investigated were limited to carotid, coronary, and femoral
arteries, as well as the aorta.

The populations of particular interest were the general population, aged 18-70 years,
without known cardiovascular disease and included men and women and all ethnic groups.
The emphasis was on longitudinal studies with >10,000 person-years of follow up and
those reporting since 2000. Studies could include comparison of people with a positive

test versus those with a negative test and studies comparing different extent or severity

of the specific measurement. The outcomes included were the ability to predict future
cardiovascular events, independent of traditional cardiovascular risk factors, as reported by
adjusted hazard ratios with 95% confidence intervals (CI). Where studies reported at several
different timepoints, the study with the largest number of events and/or longest follow up
was selected. Meta-analysis of results, with Forest plots was undertaken In the absence

of significant heterogeneity of study design for 3 or more studies (e.g., heterogeneity in
definition of outcome variable), quantitative pooled meta-analyses were conducted using
inverse-variance method with a random-effects model with Hartung-Knapp (HK) adjustment
and using the Paule-Mandel estimator for ta(i2.23 Heterogeneity was assessed using a

chi? test and the 12 statistic. A p value of <0.05 was considered significant. In addition

to 95% confidence intervals, a prediction interval is presented. This indicates the interval
within which the effect size of a new study may fall, if randomly selected from the same
population.? The Forest plots also show the prediction interval, which is the range in which
the point estimate of 95% of future studies is expected to fall (assuming that the effect sizes
are normally distributed).

The results are presented by arterial territory, cephalad to caudad, with recommendations
for their use or non-use. The list of other tests, which do not measure the presence of
asymptomatic or subclinical atherosclerosis was agreed by discussion.

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2025 January 01.
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Carotid artery plaque and other characteristics

Measures and imaging of carotid arteries

The presence of plaque at the carotid artery bifurcation has been extensively studied due

to its role in ischemic stroke and the superficial location of the carotid arteries, thereby
allowing for non-invasive imaging. Measures of carotid artery abnormalities reported
include plaque presence or absence, plaque quantification (e.g. area, calcium score, stenosis
severity) and morphology (ulcers or erosions, plaque density, fibrous cap thickness, plaque
hemorrhage and inflammation).

Carotid plaque is most frequently assessed using ultrasound, computed tomography (CT) or
magnetic resonance imaging (MRI). Intima-media thickness has also been widely studied,
although this has been disputed as a measure of subclinical atherosclerosis as intimal
thickening may be a compensatory response to increased pressure and not necessarily
progressive or associated with thrombo-embolic events.>~ Each of the aforementioned
imaging modalities has advantages and disadvantages (Table 1).

Previous studies assessing the association of proposed markers of subclinical carotid
atherosclerosis with cardiovascular events in large asymptomatic community populations
have predominantly used ultrasound. Supplemental Table 1 summarizes the findings of 18
community studies. The most common measure of subclinical atherosclerosis used was

the presence or absence of carotid plaque. The definition of plague has varied from a
visualized protrusion causing some diameter reduction of the artery lumen,8 a protrusion
into the artery lumen of at least 0.5mm or 50% of the surrounding intima-media thickness,®
to intimal thickening of at least 1imm10 or greater than 1.2mm?! or 1.5mm, 1213 or focal
widening of the artery compared to adjacent sites.14 A number of the studies, such as
Chin-Shan Community Cardiovascular Cohort Study (CCCC),® Monitoring of Trends and
Determinants of Cardiovascular Diseases (MONICA)16 and Rotterdam4 have used plaque
scoring systems to grade the severity or number of plaques present. Other studies such as
Avrteris Cardiovascular Outcome cohort study (ARCO) and Tromso!7 have measured total
plaque area.

Repeatability of measures of carotid plaque

The repeatability of the different measures of carotid abnormalities have been variably
reported (Supplemental Table 1). The intra-observer agreement for identification of carotid
plague has been good or excellent (kappa values of 0.67,14 0.7812.13 and 0.8318), while that
for inter-observer agreement has been moderate to excellent (kappa 0.5412:13 and 0.8918).
Agreement on plaque area or severity score was substantial (kappa 0.690 and 0.7019).

Association of carotid plaque measurements with atherosclerosis-related clinical events

Some8:9.12.19-21 it not all1522-24 of the large cohort studies that tested whether presence
of carotid plaque confers increased stroke risk found a positive association (Table 2). The
presence of carotid plaque has also been associated with increased risk for myocardial
infarction or coronary events in most®13.25.26 hyt not all studies.22:23.27 A pooled meta-
analysis (Figure 1), using adjusted hazard ratios from the individual studies, showed that

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2025 January 01.
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carotid plague presence was associated with both increased stroke risk (HR 1.89, 95% ClI
1.04, 3.44, P=0.04, 12 0.0%:; 8 studies, n=23,792; including 12,635 women and 11,157

men) and with increased coronary heart disease-related events (HR 1.77, 95% CI 1.19,

2.62, P=0.01, 12 0.0%; 7 studies, n=24,115; including 12,392 women and 11,723 men).

An association with cardiovascular death was also detected, but this fell short of statistical
significance (HR 1.72, 95% CI 0.84, 3.52, P=0.08, 12 0.0%; 3 studies, n=13,054; including
6,312 women and 6,742 men). Of note, the covariates included in these analyses varied
among studies, but typically included age, sex and traditional cardiovascular risk factors.
Changes in the c-statistic or net reclassification index are reported in the Supplemental Table
2.

Among studies that examined features other than plaque presence/absence, larger plaque
area was associated with increased risk of cardiovascular events.%10 Other carotid plaque
measures, including plaque score?8 and heterogenous plaque?® have also been associated
with cardiovascular events (Table 2). All studies included a mix of men and women with
females ranging between 24%2° and 64%.18 Some of the studies performed sub-analyses to
investigate sex differences in the associations found. For instance, the Atherosclerosis Risk
in Communities (ARIC) study reported disparate findings in men and women.13 Carotid
plaque with acoustic shadows typical of calcification were associated with significantly
increased risk of stroke in women but not men, while carotid plaque without acoustic
shadows were associated with significantly higher risk of stroke in men but not women.13 In
contrast, plaques of both types were associated with significantly increased risk of cardiac
events in both sexes.? The Multi-Ethnic Study of Atherosclerosis (MESA) study found that
presence of carotid plaque was associated with an increased risk of cardiovascular events in
a mix of White, Black, Hispanic and Chinese Americans.18-20.30 plaque was identified
significantly more frequently in Caucasians than Chinese and Hispanic Americans.18

The Northern Manhattan Study (NOMAS) studied a mix of White, Black and Hispanic
Americans and similarly reported plague was significantly more frequent in Caucasians.?’
However, associations of carotid plaque with risk of incident Ml or stroke were not
significantly increased in this population.23.27

A pooled meta-analysis was conducted using adjusted hazard ratios from the individual
studies. This showed that carotid plaque presence was significantly associated with an
increased risk of stroke (HR 1.89, 95% CI 1.04, 3.44, P=0.04, 12 0.0%; 8 studies, n=23,792;
including 12,635 women and 11,157 men) and coronary heart disease events (HR 1.77, 95%
Cl1.19, 2.62, P=0.01, 12 0.0%; 7 studies, n=24,115; including 12,392 women and 11,723
men) but not cardiovascular death (HR 1.72, 95% CI 0.84, 3.52, P=0.08, 12 0.0%; 3 studies,
n=13,054; including 6,312 women and 6,742 men) [Figure 1]. Of note, the covariates
included in the models varied but typically included age, sex and traditional risk factors for
cardiovascular events.

Recommendations regarding the assessment of carotid plaque as a marker of subclinical
atherosclerosis

Presence of carotid plaque can be reproducibly assessed and is associated with increased
risk of stroke and coronary heart disease-related events, typically independent of other

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2025 January 01.
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major cardiovascular risk factors. That said, a harmonization of how plaque is defined

is recommended so that associations can be compared across studies. When ethnic/racial
composition is reported, studies include a mix of White, Black, and Asian middle-aged
and elderly men and women, with a relatively low number of Hispanics. It is anticipated
that other forms of imaging such as MRI may be more widely used in the future, but
this modality remains relatively expensive and time-consuming, limiting its use in large
community populations. Further research is needed to show the consistency of the data
reported here, examine ethnic and age differences in findings and determine the cost-
effectiveness of examining asymptomatic populations for carotid plaque.

Recommendation Class | Level | Supporting
References

Presence of carotid plaque, in middle aged to elderly men and women, may be 1l B
considered to indicate the presence of subclinical atherosclerosis and is associated
with increased risk of stroke and coronary heart disease events. There is no strong
evidence to indicate whether this recommendation varies with race or ethnicity.

Coronary artery calcium

Calcification of the coronary arteries increases with luminal narrowing and is particularly
prevalent at sites of plaque rupture.! The standard method for measuring coronary artery
calcium (CAC) is scoring by the method using non-contrast cardiac gated computed
tomography (CT). Using this method, the area of calcified plaque in the coronary arteries
(defined as a density of >130 Hounsfield units [HU]) is multiplied by a density factor (1-4
based on peak attenuation: 1 for 130-199 HU, 2 for 200-299 HU, 3 for 300-399 HU, 4 for
>400 HU) and then summed to produce an overall score for all coronary arteries.3! However,
other methods for calcium scoring have also been developed. For example, the volumetric
score was shown to be more reproducible than the Agatston score,32 but is not often

used clinically. Importantly, the Agatston score is weighted upward by increased plaque
density. However, plaque density is inversely associated with cardiovascular events,33:34

and many cardiovascular disease risk factors are differentially associated with CAC volume
and density.35 This may explain why high-endurance athletes have increased prevalence of
CAC36 and physical activity is associated with progression of CAC density37:38 as well as
statin therapy being associated with increased CAC.3° Given this limitation, use of a volume
score with adjustment for density consistently improves risk prediction3340 regardless of CT
scanner type.*! Additionally, use of mean density may improve risk prediction over peak
density,*2 but peak density may be more easily applied as it can be calculated from existing
Agatston scores. Finally, the inverse association between density and events varies by level
of overall CAC (i.e. significantly stronger at lower levels of CAC).#243 The Agatston score,
however, remains the clinical standard, and the remainder of this section will focus primarily
on the Agatston score unless otherwise specified.

Normal and abnormal values

Given that CAC is closely associated with coronary atherosclerosis, any level of CAC may
be considered abnormal. Indeed, the American College of Cardiology (ACC) / American

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2025 January 01.
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Heart Association (AHA) Multi-Society cholesterol guidelines indicate that any level of
CAC is considered an indication to consider statin therapy,** as even low levels of CAC are
associated with increased mortality risk when compared to having no CAC.%> Additionally,
a CAC score of 0 is associated with very low mortality rates at 10 years,*> and with low
annual risk for cardiovascular events.4® However, levels of calcium vary by age, sex and
race/ethnicity. In this regard, data from the Multi-Ethnic Study of Atherosclerosis (MESA)
were used to define age, sex, and race/ethnicity specific percentiles for CAC scores,*” and
the percentile for an individual patient is typically provided in CAC scoring reports to
provide context for the absolute score.

Reproducibility of measurements

CAC scoring is very reliable and highly reproducible in studies of multiple readers,
duplicate scans, and scans using different scanner types. Imaging for CAC has been

shown to be high quality, with good reproducibility and agreement between readers (x
0.77-0.92).48 Use of calibration phantoms improves the comparability of studies between
individuals by accounting for differences in body habitus and attenuation.#® Helical CT
has been shown to correlate well with EBCT (electron beam computed tomography), the
original standard for CAC scoring.%9 Imaging results have also been shown to be highly
reproducible on MDCT (multi-detector computed tomography) including newer generation
MDCT scanners.?1-53

Prediction of future atherosclerotic events

CAC scoring is a powerful predictor of future atherosclerotic cardiovascular events. A
summary of key studies is provided in Table 3 with further details provided in Supplemental
Table 3. CAC has been shown to be highly sensitive for CVD events®* and risk for
cardiovascular events rises with increasing levels of CAC.5® As noted previously, the
absence of CAC is a powerful prognostic indicator which is associated with a very-low
10-year mortality rate, and associated with lower mortality than even a CAC score of 1-
10.%5

CAC is predictive of events across a variety of populations. Specifically, CAC has been
shown to be predictive in the elderly,>® young individuals,>” both men and women,58 as
well as across racial/ethnic groups,®>>? and in statin users.0 Additionally, plaque burden, as
represented by CAC scoring, may be a stronger predictor of cardiovascular events and death
than the presence of obstructive coronary artery disease.62 CAC may even help to identify
individuals more likely to benefit from aspirin for primary prevention. In an analysis of the
risks and benefits associated with aspirin use, CAC >100 identified individuals more likely
to derive a net benefit from aspirin.52

CAC scoring is also predictive of events independent of traditional risk factors,53.64 the
Framingham risk score,5465 and the Pooled Cohort Equations.*? CAC scoring improves
risk prediction in comparison with several risk stratification tools. The CAC score has

been shown to be more predictive of events than the Framingham risk score, and provided
further risk stratification of individuals within Framingham predicted risk strata.63 CAC
also improves risk prediction when added to traditional risk factors,5° the Framingham Risk

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2025 January 01.
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Score,#6:59.64 National Cholesterol Education Panel Adult Treatment Panel 111 categories,*®
and the Pooled Cohort Equations.#3 In the development of the Multi-Ethnic Study of
Atherosclerosis (MESA) risk score, the addition of CAC improved risk prediction over risk
factors alone.56

A prior study had suggested that CAC does not accurately predict coronary heart disease
events in individuals at high predicted risk as the area under the curve (AUC) of the

receiver operating characteristic (ROC) curve was not improved with the addition of calcium
scoring.%” However, the follow-up period was relatively short (less than 4 years) and the
Framingham model was used to predict risk. More recent studies have demonstrated that
CAC is strongly associated with all-cause mortality and cardiovascular/CHD mortality
across the spectrum of burden of cardiovascular risk factors.5® We performed a meta-
analysis of studies of the association of CAC (assessed continuously or categorically) with
coronary heart disease and cardiovascular disease events (Figure 2). In Figure 2A, there is

a strong overall association between CAC and CHD events with a HR of 1.54 (95% CI 1.15-
2.07). There is also a graded association between CAC and CHD events, with increasing risk
with higher levels of CAC (Figure 2B). Lastly, a similar HR was found for CVD events but
this did not meet statistical significance (HR 2.18, 95% CI 0.47-10.08).

Areas for further research

There are several areas for future research, including methods to optimize CAC scoring,
particularly given the treatment of density in the Agatston score. As noted previously, the
use of volume and density scoring, separately, improves risk prediction over the Agatston
score, as well as over traditional risk factors.3340 However, this has not been incorporated
into typical clinical practice, likely because of the robust predictive value of the Agatston
score, and the difficulty in incorporating two scores into a unified clinical assessment. As
such, more research is needed in this area to optimize this method for clinical use. Notably,
there may be other measures that can be captured by CAC scoring which may be considered
for inclusion in scoring methods. For example, incorporation of the number of vessels with
calcified plaque improves prediction when added to the Agatston score.®9 Measurement of
mean density may improve predictive value over the use of peak density.42

The use of coronary computed tomography angiography (CCTA) for risk stratification is
an important area for further research. In the Miami Heart Study, 49% of asymptomatic
individuals had prevalent coronary artery plaque by CCTA and, importantly, 16% of
individuals with CAC of 0 had plaque (14.8% had non-calcified plaque), and 2.3% had
high-risk plaque features, demonstrating the additional information which can be gained
from CCTA versus CAC scoring.”°

Recommendations and limitations

The most recent AHA/ACC Primary Prevention and Cholesterol guidelines recommend
use of CAC scoring when there is uncertainty about the initiation of statin therapy in

an intermediate risk individual. If no CAC is present, withholding statin therapy may
be considered unless the individual has a history of diabetes, is a cigarette smoker or
has a family history of premature CHD. If CAC is 1-99, statin therapy is favoured,

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2025 January 01.
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and if CAC is =100 or >75!" percentile, statin therapy is recommended.#4.71 Similar
recommendations are given in other major guidelines globally.”2 As such, we agree with
these recommendations, summarized below. However, one major limitation of prior studies
and guidelines is the focus on 10-year risk; in younger individuals, a focus on long-term risk
may be more appropriate, and it is not yet clear how CAC would fit into longer term risk
assessment. Additionally, the radiation exposure and cost associated with CAC scoring must
be considered, particularly when considering evaluation of younger individuals or serial
evaluations.

Recommendation Class | Level | Supporting
References

The presence of coronary artery calcium should be considered to indicate the | B
presence of subclinical atherosclerosis in diverse populations of middle-aged or
older men and women.

Thoracic and abdominal aortic calcium

Aortic calcium in asymptomatic people is relatively common. Abdominal aortic calcium
(AAC) is reported as frequently as in coronary arteries (55% and 56%, respectively).
Thoracic aorta calcium (TAC) is reported in 39% of persons.”3 Unlike the coronaries, aortic
calcium is present in both the intimal and the medial vascular layers. Medial calcium is
associated with heart failure and mortality, but not necessarily atherosclerotic events.”® The
standard method of assessing aortic calcium is CT, usually cardiac CT, which is unable

to differentiate between intimal and medial layers.”® This is one of several limitations for
assessing the role of TAC and AAC. The thoracic and abdominal aorta are also much

larger and heterogenous vascular beds than the coronary arteries. The abdominal aorta
extends from the diaphragm to the bifurcation at the common iliac arteries, but studies

use variable lengths to score AAC. The thoracic aorta includes three distinct sections: the
ascending aorta, aortic arch and descending aorta segments. Calcium prevalence is low in
the ascending aorta ® and highest by proportion in the aortic arch 77; however, most studies
do not capture the aortic arch given standard cardiac CT scan parameters. Some studies
simply report presence or absence of calcium, some volume and density of calcium, but
most use the Agatston scoring system developed for the coronary arteries as the method to
report TAC and AAC data. Few studies report both TAC and AAC data in the same cohort.
Given limitations at this time, this section is predominately confined to CT studies using
Agatston score to assess calcium of the descending thoracic aorta and the abdominal aorta.

Normal and abnormal values

Normality is the absence of calcium. Compared to the coronary arteries, there is a higher
degree of calcium in the thoracic and abdominal aorta.”3 Abnormal ranges in the thoracic
aorta have been considered as scores from 0 to 300 as low and greater than 300 as high.”®
The abdominal aorta is one of the first vascular beds where calcium develops and typically
has the highest degree of calcium with higher Agatston scores, though boundaries used to
define normal and abnormal values are variable and studies have used tertiles within the
cohort to define severity.”8

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2025 January 01.
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Reproducibility of measurements

Most studies of aortic calcium assume the same reproducibility as for coronary artery
calcium and do not report on the repeatability or reproducibility of the presence or scoring
of TAC or AAC. For instance, a CARDIA study references the repeatability assessments
for the coronary artery calcium score when assessing AAC.”® Other studies have reported
that TAC scores are highly concordant and reproducible across different CAC scanner types
with inter-reader variability of 3%-7.1% and interscan variability of 17-18%, as well as
intrareader variability of 0.4-1.4%.80.81

Aortic calcification as a predictor of atherosclerotic events

As discussed in Part 11, the aorta is prone to subclinical calcium, but due to its larger
diameter compared to other vascular beds, it is not prone to ischemic events from stenosis.
However, it can be the source of both athero-emboli and thrombo-emboli that cause end-
organ damage, including stroke. The aortic arch is particularly prone to atherosclerosis, 82
and is associated with stroke, subclinical cerebrovascular disease, adverse cardiovascular
outcomes, and mortality.83 However, the prognostic value of TAC has been mixed (Table
4). In analyses from the Framingham Heart Study, TAC was assessed without the aortic
arch was not a robust independent risk factor. In the Rotterdam Study, calcium in the aortic
arch was associated with cardiovascular mortality, independent of calcium in other vascular
beds.82 TAC may be more prognostically relevant if the CT field of view were expanded

in more studies to include the aortic arch. TAC may also be more useful if a continuous
score were consistently reported, rather than just presence versus absence or tertiles within
the cohort. For instance, a TAC scores greater than 300 have been associated with CHD,
stoke, and all-cause mortality, even after adjustment for conventional risk factors and CAC
score; this was not seen at lower TAC scores. As such, caution is advised when interpreting
and comparing studies that measure different anatomical sections and use different reporting
methods.

Available data for TAC by the Agatston score are shown for CHD and CV disease events

in Figures 3a and 3b, respectively. Currently limited data synthesis is possible, with only

3 studies of the descending thoracic aorta (which do not include the aortic arch). While
individual studies report that TAC is significantly associated with adverse outcomes, the
pooled adjusted hazard ratios do not reach statistical significance. In sex-stratified analyses,
using data from MESA, TAC was associated with cardiac events in women, even after
adjustment for CAC and risk factors, but not in men.84 Similarly, the Reykjavik study
showed a predominance of AAC in women.8% Few studies assess whether TAC or AAC
data add incremental value to risk models for cardiovascular events (Supplemental Table 4).
Some studies report that TAC does not improve risk prediction beyond CAC, 8687 while
others demonstrate TAC significantly improve models beyond CAC, especially for those

of intermediate ASCVD risk’®. Other studies suggest that TAC is more appropriately used
as part of combined calcium score using data from multiple vascular beds.”>88 There are
even fewer studies of AAC and the reporting of AAC is beset by similar measurement
heterogeneities (Table 5 and Supplemental Table 5). Although well-designed studies indicate
that AAC independently predicts risk for cardiovascular events and mortality 7989, there are

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2025 January 01.
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too few studies with comparable reporting of measures and outcomes to enable proper data
synthesis. As such, TAC and AAC are not recommended for screening purposes.

Recommendations for future use of aortic calcification measures

Consensus definitions are needed for TAC and AAC reporting. Future studies will need
consistent reporting for the segment of aorta studied, method of calcium scoring, and
cardiovascular outcomes. Evidence from large cohort studies including calcium of the aortic
arch and proximal descending aorta is required. Studies that assess both TAC and AAC,
along with repeatability of scoring, would be useful to further interpret findings.

Descending thoracic and infrarenal aortic diameters

Normal and abnormal aortic diameters

The aorta tapers in diameter from the ascending aorta to the iliac bifurcation, so it is
important to specify the exact anatomical reference of the measurement. Studies of aortic
root diameter have been excluded. Reference aortic diameters have been provided by the
Framingham study and demonstrate that the aorta increases in diameter with age, body
surface area and is greater in men than women. This is highlighted in Table 6 9. The
population screening programmes for abdominal aortic aneurysm in men from Sweden and
the UK also provide reference ranges for 65-year-old men. The reference ranges for Chinese
and other ethnic groups may be different from the studies cited above, which included
principally people of Caucasian origin. 91

Increased aortic diameter is usually localised and described as an aneurysm but rarely can
be generalised (arteriomegaly). The definition of an aneurysm is when the aortic dimeter
is either more than 50% greater than the proximal aortic diameter or is greater than the
mean+2SD population distribution.

Methods of measurement and their repeatability

Diameters have been measured by CT, MRI and ultrasonography. The advantages and
disadvantages of each of these methods are like those reported for carotid arteries, although
ultrasound is limited to the measurement of abdominal aortic diameters. Each method also
has important intra-observer and inter-observer variability, which arise in part from the

use of different equipment, anatomical landmarks for measurement, plane of measurement
and where the callipers are placed on the aortic wall. Of note, many studies do not report
exactly which diameter was measured e.g inner to inner or outer to outer. For instance,

the repeatability of abdominal aortic diameters by either CT scan or ultrasonography has
been reported to be up to 5 mm. 92The repeatability changes little across the diameter
spectrum, so that measurement errors are proportionately greater at smaller aortic diameters.
The quality of aortic diameter measurement also can be quite variable. 9

Aortic diameter as a predictor of future atherosclerotic events

Five large population-based longitudinal studies were identified that evaluated the prognostic
significance of aortic diameters on future cardiovascular events. However, only 2 of these
provide hazard ratios which have been adjusted for conventional cardiovascular risk factors
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and their data are shown in Table 7. The3 remaining studies were all based on abdominal
aortic aneurysm screening programmes in the general population. They show the association
of aneurysmal (=3 cm) and sub-aneurysmal (2.5-2.9 cm) infrarenal abdominal aortic
diameters with cardiovascular events or death. The first study from Australia showed an
association of aortic diameter with incident claudication and cardiovascular events in older
men. %4 The second, a study of men and women in Norway showed a J-shaped association
between aortic diameter cardiovascular death. % The third, from the United Kingdom
showed an association in men aged 65 years at baseline with future cardiovascular events. 9

Recommendations concerning the use of aortic diameters as markers of subclinical
atherosclerosis.

The only evidence for aortic diameter measurements among middle aged people comes from
the Framingham and Rotterdam studies, where there is weak evidence that abdominal aortic
diameters are associated with either future adverse cardiovascular events or cardiovascular
death respectively. This association may be related to the development of abdominal aortic
aneurysm. The Framingham study suggests that there may be sex-specific effects. There are
no data in either younger people or whether the observed associations apply across ethnic
groups. There are conflicting data about the prognostic value of thoracic aortic diameters.

More research and evidence are required before abdominal aortic diameter can be
considered a useful marker of subclinical atherosclerosis, especially in younger people and
different ethnic groups. In addition, there is a need for reporting standards to improve and
describe the exact measurements taken.

Femoral plaque

Definitions of normal and abnormal values

Femoral plaque is less extensively studied than carotid plaque but has been shown to be
more prevalent in the asymptomatic population and thus may be a more sensitive screening
tool. 97-99 Indeed, in the Progression of Early Subclinical Atherosclerosis (PESA) study,
when 4184 asymptomatic 40-54 years old people were imaged with ultrasonography, plaque
was most common in the iliofemoral arteries (44%), followed by the carotid arteries (31%)
and aorta (25%). 97

Plaque in the lower extremities, has been variably defined in past studies. The Manheim
consensus defines plaque as a focal structure encroaching into the lumen of at least

0.5mm, or 50% of the surrounding intima-media thickness (IMT), or a total thickness of
>1.5mm. 100 However, other femoral studies not only report the presence of plaque but also
report plaque quantification (plaque thickness, plaque volume and plaque area) and plaque
morphology (ulceration, erosion, and echogenicity)101.102_|n contrast, uniform femoral
IMT of up to Imm does not necessarily imply the presence of lipid and can occur as a
compensatory response to hypertension 103104,
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Methods of measurement and their variability

Femoral atherosclerosis can be identified using B mode ultrasound. Femoral plaque can also
be assessed using magnetic resonance imaging (MRI) and computed tomography (CT). The
advantages and disadvantages of different imaging modalities is discussed in the carotid
section.

A limitation of ultrasonographic assessment of femoral disease is reproducibility secondary
to inter-observer variation. Of the studies included, only the MONICA study, a prospective
cohort study with 1325 middle aged subjects with 13 year follow up, attempted to reduce
inter-observer variation by using a single sonographer for all of the measurements.19% While
many studies report a good interclass correlation coefficient, only the PESA study reported a
Cohen’s Kappa Coefficient (K =0.88). 97

Measurement as a predictor of future atherosclerotic events

Three studies reported the association of femoral plaque with increased the risk of
cardiovascular events. These studies utilized heterogeneous outcomes (e.g., cardiovascular
events, myocardial infarction (M) and cardiovascular death (CVD) and used variable
plaque measurements (e.g., plaque presence, number of arteries affected and plaque surface
irregularities).102:105-107 A fourth study, found that the number of femoral plaques identified
did not significantly improve prediction of CVD risk over 10 years compared to the simple
presence of plague 108, All four studies used ultrasonography for plaque detection and
found that measures of femoral plaque significantly and independently predicted future
cardiovascular events or death (Table 8). 102.105-108 The presence of asymptomatic femoral
plaque, therefore, may increase prediction of cardiovascular events when compared to
traditional risk factors alone, but further studies are needed to substantiate this hypothesis.

When measuring femoral disease, two main factors appear to increase the prediction

of cardiovascular events. The first is the number of arteries involved. The Cyprus
Atherosclerosis Study, a prospective cohort study with 985 middle aged subjects with
13-year follow up, showed that when both femoral arteries are affected the Hazard Ratio
(HR) increases from 1.77 [1.03-3.05] to 4.25 [2.61-6.91]. 192 Similar findings were shown
in the MONICA study where each additional artery affected increased the HR by 1.20
(0.97, 1.50) for MI and 1.44 (1.18, 1.75) for CVD.105 The second factor is the quantity

and morphology of the plaque itself. The Cyprus Atherosclerosis Study showed that femoral
plaque thickness produced the highest net reclassification when added to conventional risk
factors of 18.6% (3.1% correct up-reclassification and 15.5% correct down re-classification).
102 On the other hand, a smaller study in Turkey with only 215 subjects showed that plaque
ulceration and surface abnormalities were a stronger predictor of major cardiovascular
events (HR 23.241 [2.698-200.205]) compared to femoral and carotid atherosclerosis with
accompanying coronary artery calcification (HR 2.172 [0.227-20.772]). 101 Due to the size
of the study further work is needed to substantiate the increased risk with plaque surface
abnormalities, especially given the significant increase in HR.
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Recommendations regarding the use of specific measurement as a marker of subclinical
atherosclerosis

Despite some evidence that femoral plaque is more prevalent than carotid plaque in
asymptomatic, middle-aged people, it has been less studied than carotid plaque. As with
atherosclerosis at other arterial sites, there is the lack of consensus on the definition of
femoral plaque in the different studies. Further research in large, asymptomatic populations
are needed to determine whether the presence of femoral plaque offers robust risk
prediction. This is pertinent especially for younger populations, different ethnic groups,
and women. Finally, although ultrasound is non-invasive and relatively inexpensive, more
evidence is needed to ensure ultrasonographic measurements of femoral plaque are
reproducible.

Ankle/brachial pressure index (ABI)

Definitions of normal and abnormal values

With a normal arterial tree, the systolic blood pressure at the ankle should be about 1.1 times
the brachial systolic pressure. Reduction in the ankle systolic pressure indicates a blood flow
restriction, due to one or more proximal stenotic lesions. Systolic ankle pressures, measured
using a hand-held Doppler, are normally reported as a ratio of the brachial systolic pressure
and the terms ABI, ankle/brachial index and ABPI (ankle/brachial pressure index) are both
used in the literature. An ABI of 1.4 is considered above normal. An ABI between 1.0 and
1.39 is considered as the normal range. An ABI of <0.9 is considered as below normal in
clinical practice, although some epidemiological studies have used values of <1.0 as being
below normal.

Magnetic resonance imaging of the superficial femoral artery has shown that plaque burden
increases steadily as ABI falls below 1, both in patients with intermittent claudication and in
asymptomatic people. 109

An increase in ankle pressure above normal indicates that the artery walls are stiff
(and potentially) calcified and may be incompressible.110 Medial, or Monckeberg’s,
calcification is a histological hallmark of peripheral artery disease .1 In the presence
of incompressible arteries, the toe/brachial index may be a more reliable test to detect
peripheral atherosclerosis. 111

As for the coronary arteries, exercise tests are more sensitive in detecting early/borderline
disease when the resting ABI is in the normal range. Only one study has reported on the
association between a reduced ABI after exercise and the risk of future cardiovascular events
and death (adjusted HR 2.61 [95%CI 1.67,4.06]. 112 Despite their potential advantages,
neither toe/brachial index nor exercise tests are typically used in epidemiological studies.

Methods of measurement and their variability

Ankle pressures should be measured after 5 minutes rest and with the person supine (lying
down). Ankle systolic pressures can be measured in either the posterior tibial or dorsalis
pedis arteries, using a hand-held Doppler probe. 113 The same probe should be used
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for measuring brachial systolic pressures in both arms. There is significant intra-observer
and inter-observer variability in measurement of ankle pressures, which may depend on
training and results. These variabilities are summarised in a systematic review. 114 For
intra-observer repeatability the intraclass correlation coefficients ranged from 0.42 to 0.98
and for interobserver repeatability from 0.42 to 1.0 (i.e. poor to excellent. Repeatability can
be improved with training. ABI measurements are non-invasive, the equipment needed is
portable and relatively inexpensive and can be performed in many different settings.

ABI as a predictor of future atherosclerotic events

In 2008 the Ankle Brachial Index Collaboration published a meta-analysis, which included
additional data and information in addition to published data, with 24955 men, 23339
women and 480325 person-years of follow up. 115 The mean ages of people in the included
studies ranged from 47 to 78 years (middle-aged to elderly) and people with cardiovascular
disease at baseline were included in some studies. There was a reverse J-shaped relationship
between ankle pressure and all-cause mortality, with lowest mortality for ABI 1.1-1.4. An
ABI of <0.9 was associated with increased risk of 10-year cardiovascular death in both men
and women: the risk increased with progressive decrements in ABI below 0.9. The hazard
ratios (HR), compared to people with normal ABI [1.1-1.4], were 4.2 [95%CI 3.3-3.4] for
men and 3.5 [2.4-5.1] for women. The Framingham Risk Score (FRS) at baseline predicted
the 10-year risk of coronary heart disease in a mean (SD) of 1.1% (1.6%) to 36.1% (10.1%)
in men and 7.6% (6.1%) to 14.1% (10.1%) in women in the different studies. The addition
of ABI information would have reclassified the risk category of approximately 19% of men
and 36% of women. There was no analysis of data by race or ethnicity.

What has been learnt since this landmark ABI collaboration publication?

There have been several confirmatory studies assessing the relationship of ABI with future
atherosclerotic events in people without known cardiovascular disease at baseline. These
studies were all conducted in middle-aged or elderly populations, providing data adjusted
for FRS or similar risk factor combinations. The outcomes varied from cardiovascular events
to cardiovascular death and the definition of cardiovascular events varied in the different
studies for example, the ARTPER study. 116 included transient ischemic attack as an event
but other studies only included stroke The main studies published since 2008 are shown

in Table 9. Only 3 studies could be identified reporting the association of high ABI with
cardiovascular events, the definition of these being heterogeneous and no meta-analysis

was performed. The more recent s studies of low ABI have been combined with the
published data from 4 earlier studies of cardiovascular death (CVD) in asymptomatic people
(Cardiovascular Health1?, Limburg!1®, Edinburgh Artery1® and Strong Heart!20 studies,
included in the 2008 meta-analysis!5, to provide a Forest plot for abnormally low ABI
(Figure 4a). Three studies'21-123 reporting the association of future cardiovascular events
(myocardial infarction and stroke) with low ABI are included in Table 9. These have been
pooled with an earlier report from a 15-year follow up of the Edinburgh Artery study24 to
provide the meta-analysis shown in Figure 6b. This latter report followed 1446 people (50%
men) for up to 15 years, with 674 events, with adjusted HR 1.47 [1.22,1.78].124
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The data for the association of low ABI with both cardiovascular death and cardiovascular
events (myocardial infarction and stroke) showed significant heterogeneity. Some of the
reasons for this include the varying baseline age of participants (mean age from 35 to

70 years) and the length of follow up (from 5 to 17 years). Figure 4 A and B show the
predictive value of low ABI for future s cardiovascular death and atherosclerotic events
respectively (even after adjustment for conventional risk factors). For cardiovascular death (7
studies) and cardiovascular events (4 studies) the pooled HRs were 2.01 [1.43,2.81], 12=82%
1.66 [0.91,3.05] 12=87%. and respectively.

Recommendations regarding the use of ABI as a marker of subclinical atherosclerosis

There is good evidence to indicate that low ABI is a valid measure of the presence of
asymptomatic peripheral atherosclerosis and adds to the predictive value, independent of
conventional cardiovascular risk factors, in predicting future cardiovascular death in middle
aged to elderly men and women. The data for cardiovascular events are supportive of these
findings, though limited by fewer studies with homogeneous definitions of cardiovascular
events. This good evidence applies across White and Hispanic populations, with more
limited support for the validity of using ABI as a marker of subclinical atherosclerosis in
Black, Chinese and other ethnic groups (principally from ARIC, MESA and Strong Heart
studies). There is no evidence concerning the utility of ABI as a marker of subclinical
atherosclerosis in younger adult populations, although the assessment of ABI after exercise
might be a useful measure in future studies. The evidence for abnormally high ABI, with
stiff or incompressible arteries, is a marker of subclinical atherosclerosis is in direct and the
association with cardiovascular risk may be mediated by diabetes, renal failure and other

factors.
Recommendation Class | Level | Supporting
References
Abnormally low (<0.9) ankle/brachial index in asymptomatic middle aged to | B
elderly white and Hispanic men and women should be considered to indicate the
presence of subclinical atherosclerosis.

Measures of vascular function or anatomy but do not indicate the presence
of subclinical atherosclerosis

A large variety of different tests are reported in the literature as either predicting the risk

of future cardiovascular events and/or death or the presence of subclinical atherosclerosis.
Since atherosclerosis is defined by the presence of lipid containing lesions, or plaque, many
of these tests cannot be used to infer the presence of atherosclerosis. An example of this is
given above, for abnormally high ankle/brachial pressure indices, where the association with
future cardiovascular events may be mediated by mechanisms other than atherosclerosis.

One of the measures, which has been commonly reported as a measure of subclinical
atherosclerosis is carotid intimal thickness. Only, when lipid pools are present (pathological
intimal thickening) can this be termed subclinical atherosclerosis. Intimal thickening is
almost universally present at, especially at arterial bifurcations, as an adaptive response
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to the altered hemodynamic environment with growth, increasing blood pressure and

aging. Therefore, intimal thickening in any conduit artery cannot be termed subclinical
atherosclerosis. Moreover, for the carotid arteries, comparative studies have shown that
carotid plaque is a highly superior predictor of future atherosclerotic events.125 Similarly
tests of microvascular or endothelial dysfunction do not directly assess subclinical
atherosclerosis. Endothelial dysfunction often is measured as flow-mediated dilation in the
brachial arteries. Two large population studies have failed to reveal a clinically significant
independent association between impaired flow-mediated dilation of the brachial artery

and future incident cardiovascular events or mortality.126:127 Arterial stiffness is measured
in many different ways, including either carotid -femoral or brachial-ankle pulse wave
velocity, local carotid or femoral stiffness, augmentation index, wave reflections, wave form
analysis and other measures, which hinders data synthesis. Increasing arterial stiffness also
reflects increasing blood pressure and medial arterial calcification. Moreover, recent data
indicates that pulse wave velocity may be an important predictor of future heart failure.128
Therefore, as for abnormally high ABI, aortic stiffness may not reflect the presence of
subclinical atherosclerosis and any association with cardiovascular events or death may
result from other mechanisms. A variety of other tests such as retinal vessel calibre and skin
autofluorescence also cannot be used to infer the presence of subclinical atherosclerosis.
However, all the tests listed here are likely to provide information about other mechanisms
contributing to the burden of cardiovascular disease in the community.

From the present to the future

Many of the approaches for measuring subclinical atherosclerosis in asymptomatic people
have been applied with a primary goal of assessing myocardial infarction risk but today
much of the focus has shifted to the identification of biomarkers or genetic loci that

are associated with increased risk of future atherosclerotic events. It is logical that

direct assessment of coronary atherosclerosis would be the most informative means of
predicting myocardial infarction. However, direct imaging of coronary atherosclerosis
(including number and degree of stenoses as well as overall plaque burden) has

required invasive angiography. Notably, invasive angiography is expensive and carries
procedural risks (including rare deaths). Accordingly, except for coronary calcium scoring,
subclinical atherosclerosis (and myocardial infarction risk) has been evaluated in other
arterial beds. Carotid and peripheral artery atherosclerosis also contribute to the overall
burden of cardiovascular disease, causing end-organ damage, such as stroke and chronic
limb threatening ischemia. These forms of atherosclerosis and can be diagnosed and
assessed using duplex ultrasonography and other completely non-invasive techniques Since
atherosclerosis is seldom confined to a single arterial bed, some of these non-invasive tests
might also be used as correlates of the presence and extent of coronary atherosclerosis.

The part | section provides morphologic characteristics of plaques that constitute
asymptomatic atherosclerosis and outlines the importance their identification in order

to start primary prevention strategies when plaques are in their earliest stages. While

the lesions of coronary arteries are discussed first, the unique characteristics of carotid
and lower limb plaque also are described. Although in the last few decades we have

made tremendous progress in the treatment of acute coronary syndromes, especially acute
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myocardial infarction, the incidence of sudden coronary death rem113ains high. Therefore,
the goal of this review is to provide clinicians and researchers with a better understanding

of what constitutes subclinical atherosclerosis and how it can be measured, with the goal

of identifying people who are at high risk for atherosclerosis progression to symptomatic
disease. These same measurement methods should be used in the biomarker and Mendelian
randomisation studies to provide new insight into the mechanisms of disease and supplement
current methods of risk assessment.

Each of the methods identified as valid measures of subclinical atherosclerosis in this review
could also be used to assess progression of atherosclerosis and predict escalation of risk of
symptomatic atherosclerosis. In the Reykjavik REFINE studyl29, statin use was the only
factor independently associated with carotid plaque regression. In the Multi-Ethnic Study

of Atherosclerosis, CAC progression has also been shown to be predictive of events. CAC
progression is predictive of increased risk for coronary heart disease events among those
with and without baseline CAC.130 CAC progression is also predictive of all-cause mortality
risk.131 In a study of individuals with baseline CAC scoring and repeat exams at 5 years,
there was a very low risk of coronary events at 10-years in those with CAC of 0 at both
exams (1.4%). In contrast, there was a higher risk among those with baseline CAC of 1-399
(3.4%), particularly if there was progression in CAC at 5-years to >400.132 Given that
individuals with baseline CAC >0 are already considered higher risk, the greatest utility for
repeating a CAC score in 5-years appears to be in those with a baseline CAC of 0. The ABI
collaboration!15 and subsequent studies have shown how decreasing ABI increases the risk
of cardiovascular death.

There are several studies that report on interventions (ranging from vitamin supplements,
smoking cessation to statins) to reduce the burden of subclinical atherosclerosis. Sadly,
most of the high quality studies (randomised controlled trials) have used carotid intimal
medial thickness to track the progression of disease.133-13% js hugely disappointing, since
ultrasonography of the carotid arteries could have measured carotid plaque, which is a valid
measure of subclinical atherosclerosis and its progression (as shown herein). A systematic
review of chelation therapy has concluded that there is no clear evidence that it reduces
cardiovascular disease events3¢, Some of the included studies used CAC as an exploratory
outcome and there is some evidence that lower CAC density scores were associated with
worse outcomes. As such, reducing the extent of CAC could be seen as counter-productive
but this remains a matter of debate. Future studies would be advised to use the methods
identified in this review, namely measurement of carotid plaque, coronary artery calcium

or low ankle pressures. While CAC provides direct association with coronary heart disease,
it incurs some radiation burden and usually a visit to a hospital or specialist clinic. The
presence of carotid artery plaque also shows a direct association with coronary heart disease,
as well as stroke, but despite being non-invasive its measurement is observer dependent.
Low ankle brachial index provides an alternative non-invasive technique, which uses highly
portable equipment to identify subclinical atherosclerosis in the arteries of the lower limb. It
is strongly association is with future cardiovascular mortality but data to support association
with specific events such as myocardial infarction or stroke are more limited.
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Nearly all studies identified in this series of critical reviews are of middle aged or older
people and associations in younger people have not been demonstrated. Importantly,

at younger ages subclinical atherosclerosis is likely to be more prevalent in men than
women.137 Therefore, much work remains to be done to improve the diagnosis of subclinical
atherosclerosis. This can best be done by randomized trials to assess whether early use of the
safe, effective and cheap therapeutic strategies to reduce atherosclerotic burden are effective
in reducing both the clinical and the health economic burden of cardiovascular disease in the
longer term. Such trials will not be realised rapidly and technological advance is rapid and
some of the advances which might benefit collecting this evidence are discussed below.

1 Novel imaging modalities to identify the most risky early lesions

Advances in MRI imaging have enabled the detection of lipid pools, the sine qua non

of atherosclerosis in coronary and peripheral arteries.138 At the same time, new portable
magnets are being developed, which might enable future use in epidemiologic studies.13°
Infrared spectroscopy has been used to identify different plaque types and lipid pools in
post mortem aorta.149 Near infrared spectroscopy combined with intravascular ultrasound
has been used to show the presence of lipid-rich lesions in coronary arteries but this is an
invasive technique.14! Technological advances to enable its application to the superficial
arteries currently evaluated using duplex ultrasonography, the carotid and femoral arteries
non-invasively appears to have been slow. However, there is a recent report that infrared
spectroscopy and mathematical simulation can be used to image disease in the carotid artery
in vivo 142 This might suggest that the application of Artificial Intelligence would render
this an interesting future technology to detect subclinical atherosclerosis.

2 New approaches to identifying the most risky atherosclerotic plaques

MRI imaging also can identify plaque characteristics other than lipid pools, such as thin
fibrous caps and is a potential method of identifying plaque types at greatest risk of
rupture and causing ischemic events. Alternative technological advances in transcriptomics
underscore the burgeoning biological data which may identify novel ways of identifying
risky plaque types. There is preliminary work to indicate that it may be possible to identify
plagques at highest risk of generating thrombosis.143 However, it is not clear how such
information might be translated into molecular imaging, to identify plaques likely to cause
clinical events.

3 Artificial intelligence to identify to both quantify plaque and identify the most risky
plaque characteristics

The application of image segmentation, machine learning, deep learning and artificial
intelligence for defining carotid artery lesions is work in progress that could transform

the characterisation of carotid plaque. This has been applied to ultrasonography, as well as
CT and MRI imaging.144 The application of these same techniques to femoral plaque would
be of value, since femoral plagues are more common than carotid plaques in asymptomatic
people. Similarly, the application of the same processes can allow the identification of
microcalcification as an early marker of subclinical atherosclerosis, which currently is
missed on CT imaging.14°> The integration of such data microcalcifications with multi-omics
data provides a potential route to new drug discovery.
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4 Large population-based studies and randomised trials

There is no strong evidence to support early therapeutic intervention for subclinical
atherosclerosis. The question of whether early therapeutic intervention (in young to
middle-aged people) needs to be addressed in randomized controlled trials, which follow
participants over many years for future cardiovascular events. Such trials are likely to

be very costly and ideally should take place in areas with strong integrated health

records, or in countries where standardized records can be integrated using advanced
learning and computing techniques. For example, in Sweden there are nationwide registries
which report how often prescriptions for specific drugs have been collected as well as
other comprehensive registries of hospital admission and diagnoses and procedures (using
standardised coding) and availability of death registration with cause. Systems and registries
such as these may be necessary to conduct trials of early therapeutic interventions at
reasonable cost. Other countries with insurance-based health economies also may be able
to support such trials if there is a single insurer for most of the population. Any such

trials should include the tools necessary to support the recruitment of diverse ethnic and
socioeconomic groups.

For the here and now

The search for new biomarkers or genetic loci for the prediction of the progression of
subclinical atherosclerosis to clinical cardiovascular events and new mechanistic insight
should continue. Future studies should be aware that there are only a limited number of
measurements which can be used to infer the presence of subclinical atherosclerosis, namely
presence of carotid plaque, coronary artery calcification and low ankle/brachial pressure
index. Unfortunately, in the past many studies have used surrogate outcome measures

that are suboptimal or inadequate. Future studies also should use the Equator network
reporting guidelines for biomarker and diagnostic accuracy (STARD and TRIPOD): these
latter guidelines stress the need for separate discovery and validation cohorts, features often
missing particularly in earlier biomarker studies.

That said, there are several associated areas that merit further research and improvement.
First, studies of subclinical atherosclerosis typically focus on middle-aged to elderly
populations, 40-70 years. The value of identifying subclinical atherosclerosis may be even
greater in younger people but the tests currently available are probably not sufficiently
sensitive to identify the earliest atherosclerotic lesions, which underscores the need for

the development of new methods for the detection of subclinical atherosclerosis. Second,
whilst some studies report that their findings are robust across all ethnic groups, further
work in this area would provide a more robust examination of this important characteristic.
Third, standardization of outcome reporting would facilitate future evidence synthesis.

Here one of the key areas for improvement is in the measurement of arterial calcium,

where establishment of gold standards would be welcome. Also, variation in the definition
of clinical outcomes, such as coronary heart disease and cardiovascular death, hampers
evidence harmonization. Finally, the critical reviews herein are based on summary published
data. Studies based on individual patient data would provide additional insights, particularly
in the 35-45 years age range, by sex and ethnic groups.
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Abbreviations

AAC Abdominal Aortic Calcium
ABI Ankle Brachial Index
ASCVD Atherosclerotic Cardiovascular Disease
CAC Coronary Artery Calcium
CHD Coronary Heart Disease

CT Computed Tomography

Ccv Cardiovascular

CVvD Cardiovascular Death

HU Hounsfield Units

MI Myocardial Infarction

MRI Magnetic Resonance Imaging
TAC Thoracic Aortic Calcium
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Highlights

Many of the commonly used physiological or imaging assessments of subclinical
atherosclerosis do not predict future atherosclerotic events.

Carotid plaque burden, coronary artery calcium and low ankle/brachial pressure index
were the only three tests which robustly predicted future atherosclerotic events in people
of middle age or older.

Accordingly, carotid plaque, coronary artery calcium and low ankle/brachial pressure
index can be considered as valid indicators of subclinical atherosclerosis in biomarker
and Mendelian randomisation studies of middle-aged or older people.

There is an absence of evidence about useful measurements to predict future
atherosclerotic events in younger populations.
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Forest plots illustrating the findings of a meta-analysis of included studies. a) Association of

carotid plague presence on ultrasound with risk of stroke in 8 studies, n=23,792; including

12,635 women and 11,157 men; b) Association of carotid plaque presence on ultrasound
with risk of coronary heart related events in 7 studies, n=24,115; including 12,392 women

and 11,723 men.
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Figure2.

Forest plots illustrating the findings for coronary artery calcification (a) meta-analysis
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of 4 studies for the association of CAC severity with risk of future Coronary Heart
Disease Events (n=21717). Studies included in this analysis: Erbel,*6 LaMonte,>8 Bhatia,*!
Hoffman®4. For the Heinz Nixdorf study relative risk (RR) was used. For the Heinz Nixdorf

and Cooper Clinic studies, results are presented per unit of log-transformed CAC. For

Page 35

MESA studies, results are presented per 1-standard deviation increase in log-transformed

CAC.

(b) a meta-analysis of the association of category of CAC (low moderate or severe) with
risk of future events Coronary Heart Disease Events. The number of studies in each category
ranged from 2 (n=10190) to 4 (n=16144). For the Heinz Nixdorf study relative risk (RR)
was used.
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Forest plots illustrating the findings of a meta-analysis of included studies. a) Association of
Thoracic Aortic Calcification by Agaston score with risk of coronary heart disease events in
3 studies, n=9204; including 12,635 women and 11,157 men; b) with cardiovascular events
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Figure 4.
Forest plots illustrating the findings of a meta-analysis of included studies with risk of

future events for people with abnormally low ABI, (a) shows studies using the outcome

of cardiovascular death with 7 studies n=23890 and (b) for the outcome of cardiovascular
events only with 4 studies n=14395. CVD cardiovascular death, CVE cardiovascular events.
The Cardiovascular Health, Edinburgh Artery, Limburg and Strong Heart studies were
include in the earlier ABI collaboration1®,
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Table 1:

Page 38

Advantages and disadvantages of different imaging modalities for assessing subclinical carotid atherosclerosis

arteries rapidly

Modality Advantages Disadvantages

Ultrasound | Well suited to assess superficially placed carotid arteries; low Standardization of imaging findings more difficult;
cost; no radiation; resolution less than CT/ MRI

MRI High resolution; no radiation exposure; Higher cost; not as widely available as US

CT High resolution; can allow multiple assessment of different Radiation exposure; Higher cost
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Table 2:

Page 39

Association of ultrasound measures of carotid imaging parameters with major adverse cardiovascular events

examined in large community populations

High-risk plaque
1.749 (1.29, 1.72))

Study [ref] Country, Population Follow- Outcome M easurement Adjusted HR (95% Ethnicity
Year of (% men, up (n=) Cl)* and/or
publication mean age) (years) other
comments
AGES- Iceland, 2022 1836 (38%, 5.2 Stroke (258) Plaque 1.27 (1.01, 1.59) NR
Reykjavik® 74.6y)
ARCO10 Switzerland, 2842 (62%, 5.9 CHD or Plaque area 3rd tertile: 21.4 (2.8, NR
2021 50.0y) Stroke (78) (tertiles) 13.6)
ARIC1213 USA 2001 12735 (45%, 7.0 CHD (399) Plaque (with or Plaque without AS: 73% White,
54.1y) without acoustic Female: 1.78 (1.22, 27% Black
shadowing 2.60)
(AS)) Male: 1.59 (1.22,
2.07)
Plaque with AS:
Female: 3.08 (1.91,
4.97)
Male 1.65 (1.12, 2.42)
ARIC1L USA 2001 13123 (45%, 8.0 Stroke (226) Plaque (with or Lesion without AS: 73% White,
54.0y) without AS) Women: 1.52 (0.97, 27% Black
2.39),
Men: 1.77 (1.21,
2.60)
Lesion with AS:
Women: 2.85 (1.60,
5.06),
Men: 1.53 (0.89, 2.62)
ARIC146 USA 2010 13145 (43%, 15.1 CHD (1812) Plaque 75% White,
54.1y) 25% Black
BLSA® China 2018 1376 (45%, 5.2 CVvD Plaque 2.29 (1.51, 3.48) NR
69.4y) (202)
2.68 (1.19, 6.05)
CHD
(70) 2.17 (1.34,3.52)
Stroke (136)
cccels Taiwan, 2016 1398 13.4 CHD Plaque 0.82. (0.40, 1.68) NR
(44%, (49)
55.9y) 1.30 (0.72, 2.36)
Stroke (57)
ccee® Taiwan, 2008 2190 (45%, 10.5 Plaque score Per 1 point increase: NR
54.1y) CHD (0-4) 1.15 (1.06, 1.23)
(68)
Stroke 1.11 (1.05, 1.18)
(94)
CHS47 USA 2014 4384 (39%, 10 Stroke (482) Plaque Intermediate-risk 86% White,
51.6y) plaque: 1.57 (1.15, 14% Black
2.15
High-risk plaque 1.76
(1.34,2.30)
Intermediate-risk
plaque: 1.45 (1.22,
CVD (1510) 1.71)
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Study [ref] Country, Population Follow- Outcome M easurement Adjusted HR (95% Ethnicity
Year of (% men, up (n=) Cl)* and/or
publication mean age) (years) other
comments
CHU France, 2009 2561 (58%, 6 CHD (94) Plaque 2.81(1.84,4.29) NR
Rangueil, 51.6y)
Toulouse?®
CIRCS?® Japan 2020 2943 (35%, 15.1 Stroke (186) Plaque Homogenous: 1.35 NR
65.1y) (homogenous (0.91, 2.01)
VS. Heterogenous: 1.58
CHD heterogenous) (1.09, 2.30)
(77
Homogenous: 1.03
(0.51, 2.07)
CVD Heterogenous: 2.11
(255) (.20, 3.70)
Homogenous: 1.25
(0.88,.77)
Heterogenous: 1.71
(1.25, 2.35)
IMPROVE48 Finland, 3703 (48%, 3.0 CVvD Maximum IMT Q4 vs. Q1-3 NR
France, Italy, 64.2y) (215) 1.98 (1.47,2.67)
Netherlands,
Sweden, 2017 2.76 (1.66, 4.60)
Stroke (73)
1.58 (1.06, 2.37)
CHD
(125)
Kailuan?? China 2022 4899 (60%, 5.7 MI or Stroke Plaque 1.27 (0.38, 4.28) NR
54.2y) (167)
Stroke (127) 1.51(0.24,9.13)
M1 (40) 2.16 (0.62, 7.53)
MDCSs!t Sweden, 2005 5163 (41%, 7 CHD (113) Plaque 1.81(1.14, 2.87) NR
57.5y)
MESA® USA 2015 6779 (47%, 9.5 CVvD Plaque 1.61(1.17,2.21) 39% White,
65.2y) (538) 28% Black,
22%
1.76 (1.23, 2.52) Hispanic,
CHD and 12%
(388) Chinese
1.40 (1.35, 1.45)
Stroke (196)
MESAZ0 USA 2013 6562 (47%, 7.8 CVD Plaque 1.45 (1.20, 1.76) 39% White,
61.2y) (515) 28% Black,
1.67 (1.33, 2.10) 22%
CHD Hispanic,
(372) 1.11 (0.76, 1.62) and 12%
Chinese
Stroke (139)
MESA30 USA 2017 4955 (43%, 113 CVvD Plaque score Per SD increase: 39% White,
61.6y) (487) (0-12) 1.27 (1.16, 1.40) 28% Black,
22%
CHD 1.35(1.21, 1.51) Hispanic,
(348) and 12%
Chinese
Stroke (175) 1.15 (0.98, 1.35)
MESA18 USA 2021 2673 with 16.1 CHD Plaque 1.66 (1.04, 2.66) 34% White,
zero baseline (79) 30% Black,
coronary 0.64 (0.39, .104) 24%
artery Stroke (80) Hispanic,
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Study [ref] Country, Population Follow- Outcome M easurement Adjusted HR (95% Ethnicity
Year of (% men, up (n=) Cl)* and/or
publication mean age) (years) other
comments
calcium score and 12%
(36%, 58.0y) Chinese
MONICALS Germany, 1325 (51%, 12.7 Ml Plaque score Per 1 score increase: NR
2006 49.7y) (58) (0-4) assessed 1.20 (0.97, 1.50)
at carotid and 1.44 (1.18, 1.75)
CV death femoral arteries
(86)
NOMASZ USA 2006 1939 (41%, 6.2 Stroke (69) Plaque 1.6 (0.9,2.9) 53%
69.0y) Hispanic,
MI 1.3(0.8,2.2) 25% Black,
(102) 22% White
NOMAS?” USA 2008 2189 (40%, 6.9 Stroke (121) Plaque <1.9mm: 0.78 (0.46, 53%
68.0y) (<1.9mm and 1.35) Hispanic,
>1.9mm) >1.9 mm: 1.12 (0.66, 25% Black,
MI 1.91) 22% White
(118)
<1.9mm: 0.94 (0.52,
1.69)
>1.9mm: 1.41 (0.81,
2.45)
Rotterdam!4 Netherlands, 6389 (38%, Not Ml Plaque score Score=1 NR
2004 69.3y) provided (258) (0-6) 1.19 (0.75, 1.88)
Score=2
1.28 (0.85, 1.94)
Score>3
1.83(1.27,2.62)
Rotterdam?4 Netherlands, 4217 (40%, 5.2 Stroke (160) Plaque Presence of plaque NR
2002 68.8y) 1.31(0.90, 1.91)
Plaque score
(0-6) Per 1 score increase
1.13(1.03, 1.24)
San Daniel Italy 2008 1348 (47%, 12.7 Stroke or Plaque 10.4 (6.4,17.1) NR
Township!4? 48.0y) Vascular
death (115)
Suita?! Japan, 2018 4724 (46%, 12.7 Maximum IMT Per SD increase NR
59.7y) CVD (375) 1.20 (1.10,1.30)
Stroke (221) 1.12 (0.99, 1.26)
Three City26 France, 2011 5895 (37%, 5.4 CHD Plaque 1 plaque NR
73.9y) (223) 15(1.0,2.2)
>2 plaques
2.2(16,3.1)
Tromso!? Norway, 2011 6584 (49%, 10.8 Stroke (397) Plaque area Per SD increase NR
60.0y) Men 1.23 (1.09, 1.38)
Women 1.19 (1.04,
2.53)
Tromsol50 Norway, 2014 6257 (42%, 15.4 MI Plaque area Per SD increase 1.23 NR
59.9y) (894) (1.15,1.32)

NR ethnicity/race not reported, CHD coronary heart disease, CVD cardiovascular death, Ml myocardial infarction.
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Table 3:
Association of Coronary Artery Calcification with Atherosclerotic Events
Study [ref] Country Population Follow- Outcome M easurement Adjusted HR (95% Ethnicity
Year of (% men, up Cl) and/or other
publication mean age) (years) comments
Arad® USA 1996 1173 (71%, 19 ASCVD Agatston OR 25.8 (5.9-113)
53y) months for CAC >100
(unadjusted)
St. Francis USA 2005 4903 (65%, 4.3 ASCVD Agatston RR 9.6 (6.7-13.9)
Heart Study®3 59y) for CAC =100
PACC Project5® USA 2005 2000 (82%, 3 CHD Agatston 11.82 (2.45-56.93) 56-72%
43y) for any CAC White, 31—
18% Black
Rotterdam Netherlands 1795 (42%, 3.3 CHD Agatston RR 3.1 (1.2-7.9) for
Study®6 2005 71y) CAC 101-400
Cooper Clinic58 USA 2005 10746 (64%, 35 CHD Agatston 10.2 (3.0-35.4) for >97% White
54y) CAC 39-249 in men
4.6 (1.2-18.4) in
women
MESASS USA 2008 6722 (47%, 3.8 CHD Agatston 3.89 (1.72-8.79) for 28% black
62y) CAC 1-100 12% Chinese
22%
Hispanic
39% white
Heinz Nixdorf Germany 4129 (47.3%, 5 CHD Agatston RR 1.27 (1.22-1.41)
Recall Study?6 2010 60y)
Jackson Heart USA 2016 2944 (35%, CV disease Agatston OR 1.22 (1.12-1.32) 100% black
Study®® 60y)
Framingham®* USA 2016 3486 (49%, 8 CHD, CV Agatston 2.46 (1.75-3.48) for
50y) disease CHD
CARDIA? USA 2017 5115 (45.4%, 12.5 CHD, CVD Agatston 5.0 (2.8-8.7) for 54.8% white
40.3y) disease CHD
Western Denmark 23759 (44.6%, 43 CV disease Agatston 1.3 (1.1-1.5) for
Denmark Heart 2020 57)y CAC 1-99
Registry®!
CAC USA 2020 66636 (67%, 12.5 CHD and Agatston 5.44 (3.88-7.62) for 89% white
Consortium®8 54y) CV disease CHD
Dallas Heart USA 2021 2191 (42%, 12.2 ASCVD Agatston 5.3 (3.6-7.9) for 47% black
Study®2 44y) ASCVD, 2.6 (1.5-
4.3)
CAC USA 2021 28025 (65%, 11.2 CHD and Agatston 1.4 (1.3-1.6) in non- >94% white
Consortium® 54y) CV disease statin, 1.2 (1.1-1.4)
in statin users for
CHD mortality
MESA33 USA 2014 3398 (58%, 7.6 CHD and Volume / Volume: 1.81 (1.47- 24% Black,
66.4y) CV disease density 2.23) 12%
Density: 0.73 (0.58— Chinese,
0.91) for CHD 20%
Hispanic,
44% White
individuals
MESA?%0 USA 2017 3398 (58%, 11.0 CHD and Volume / Volume: 1.73 (1.45- 24% Black,
66.4y) CV disease density 2.05), 12%
Density: Chinese,
0.72 (0.60-0.86) for 20%
CHD Hispanic,
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Study [ref] Country Population Follow- Outcome M easurement Adjusted HR (95% Ethnicity
Year of (% men, up Cl) and/or other
publication mean age) (years) comments
44% White
individuals
CAC USA 2021 10373 (76%, 11.3 ASCVD Volume / OR 1.34 (1.17-1.54) 97% White
Consortium#2 53.4y) and CHD density for Agatston
OR 1.37 (1.18-1.58)
for score with mean
density for CHD
mortality
MESA4L USA 2022 3362 (58%, 15.5 CHD and Volume / Volume:
66.5y) CV disease density 1.92 (1.65-2.22)
Density: 0.73 (0.63—
0.86) for CHD
MESA#® USA 2023 3316 (57.4%, 16.9 CHD Volume / Volume quartile 4:
66.4y) density 3.77 (2.48-5.74)

Density quartile 4:
0.47 (0.32-0.69)

CAC = coronary artery calcium, CHD coronary heart disease, CV cardiovascular, DHS = Dallas Heart Study, EBCT = electron beam computed
tomography, MESA = Multi-Ethnic Study of Atherosclerosis.
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Table 4:

Population-based studies of the association of n Thoracic Aortic Calcium and Cardiovascular Outcomes

Study [ref] Country, Population Follow- Outcome M easurement Adjusted HR | Race/ethnicity &
Year of (% men, up (number of (95% CI)* comments
Publication mean age) (years) events)
MESAZ151 USA 2015 5,903 (47%, 10.3 CHD events Presence as part of | 2.04 (1.5, 2.7) 41.4% White,
6y2) (348) extra-coronary 2.66 (1.3,5.7) 11.8% Chinese
CHD calcium score; no American, 25.9%
mortality aortic arch African
(65) American, 20.8%
Hispanic
Nondiabetics
HNR152 Germany 3,630 (46%, 9.9 CV events Presence; no aortic 1.30 (0.95, NR
2016 59y) (241) arch 1.8)
San Diego’3 USA 2011 4,5y44 (57%, 7.8 CV events Presence; with 3.01 (0.8, NR
57y) (40) aortic arch 10.9)
MESAB84 USA 2011 6,807 (47%, 45 CHD events Agatston; no Women: 2.42 38.2% White,
62y) (132) aortic arch (1.03, 5.6); 11.8% Chinese
All CHD Men: 1.34 American, 27.9%
(232) (0.8,2.2) African
Women: 3.04 American, 22%
(1.6, 5.8); Hispanic
Men: 1.26
(0.9,1.8)
FHS64 USA 2016 3,486 (49%, 8 CHD events Agatston; no 1.40(1.1,1.8) NR
50y) (59) aortic arch 1.18 (0.98, 1.
CV events
(107)
EISNER®6 USA 2009 2,303 (62%, 44 CHD events Agatston; no 1.20 (0.99, NR
56y) (16) aortic arch 1.4)
All CHD 1.20 (1.04,
(41) 1.3)
CV events 1.1(1.02,1.3)
@7)
MESAL53 USA 2017 3,415 (37%, 11.3 CHD events Agatston; no 0.94(0.8,1.1) 33% White,
56y) (74) aortic arch 1.04(0.9,1.2) 11.7% Chinese
CV events American, 31.4%
(137) African
American, 24%
Hispanic
No baseline CAC
CAC USA 2021 30,630 (64%, 11.2 CV events Agatston tertiles; 4.23(3.11, NR
Consortium’® 55y) (345) no aortic arch 5.76)A
NLST54 USA 2019 5,718 (62%, 2.7 CV events Agatston Men: 2.47 91% White, 4.3%
62y) (663) categories (highest (1.75, 3.49) Black, 4.4%
level shown); with Women: 1.85 Other
aortic arch (1.05, 3.26) All participants
had = 30 pack-

years and were

active smokers
Nested case-
control study

San Diego”® USA 2011 4,544 (57%, 7.8 CVvD Volume; entire 1.45 (0.9, 2.3) NR
57y) (40) aorta
Rotterdam®2 Netherlands 2,408 (48%, 8 CVvD Agatston quartiles; 12.73 (1.6, NR
2015 70y) (84) only the aortic 99.5)
arch

TAC indicates thoracic aortic calcification; NR, not reported (race/ethnicity); MESA, Multi-Ethnic Study of Atherosclerosis; USA, United States of
America; CHD, coronary heart disease; CV, cardiovascular disease; CVE, cardiovascular disease events; HNR, Heinz Nixdorf Recall Study; FHS,
Framingham Heart Study; EISNER, Early Identification of Subclinical Atherosclerosis by Non-invasive Imaging Research; CAC, coronary artery
calcification; NSLT, National Lung Screening Trial; CT, computed tomography.
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*
All adjusted hazard ratios presented were adjusted for traditional cardiovascular risk factors.

N
the hazard ratio was also adjusted for CAC score.
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Table 5:

Page 46

Population-based studies on the association of Abdominal Aortic Calcification and Cardiovascular and
Mortality Outcomes

Country Population Follow- Outcomes M easurement Adjusted HR Ethnicity
Study [ref] Year of (% men, up (events) (95% CI)* and/or
Publication mean age) (years) other
comments
FHS%4 USA 2016 3,486 (49%, 8 CHD events Agatston 1.95 (1.3, 3.0) NR
50y) (59) (L1-L4) 1.50 (1.1, 2.05)
CV events
(107)
MESAB8 USA 2014 1,974 (50%, 55 CHD events Agatston 4.06 (1.8, 7.8) 40.2% Non-
65y) (50) percentiles 4.00(1.9,5.5) Hispanic White,
CV events (83) (L2-L5) 7.83(2.2,28.3) 25.7%
CVvD Hispanic,
(30) 20.9% African-
American,
13.2% Chinese
CARDIA USA 2021 3,011 (44.9%, 8 CHD events Agatston 1.49 (1.13,1.98) 50% Black,
& 50y) (55) 1.45(1.18,1.77) 50% White
CV events
(106)
San USA 2011 4,544 (57%, 7.8 CVvD Volume 1.62 (0.9, 3.0) NR
Diego”® 57y) (40) (L1-L4)
MESA 155 USA 2016 997 (52%, 9 CHD events Volume 1.10 (0.95,1.3)» 47% European,
66Y) 77) 1.14 (1.00,1.32) | 24% Hispanic,
CV events 16% African,
(118) 13% Chinese

AAC indicates abdominal aortic calcification; NR, not reported (race/ethnicity); CHD, coronary heart disease; CV, cardiovascular; FHS,
Framingham Heart Study; MESA, Multi-Ethnic Study of Atherosclerosis; CARDIA, The Coronary Artery Risk Development in Young Adults

Study.
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Table 6:

Page 47

Descending and infrarenal aortic reference diameters by age and body surface area (BSA) taken form the
Framingham data showing CT diameters for the descending thoracic (DTA) and infrarenal aorta (IRA)

Women Men
Age(years) | BSA m2 | Mean DTA diameter Mean |RA diameter BSA m2 | Mean DTA diameter Mean IRA diameter
mm mm mm mm
45-54 <17 215 15.8 <19 24.3 18.4
1.7-1.89 22.7 16.6 1.9-2.09 24.9 18.8
21.9 23.6 17.0 22.1 26.0 19.4
>65 <17 25.0 17.8 <19 28.4 21.0
1.7-1.89 254 17.8 1.9-2.09 28.8 21.8
219 27.1 18.7 22.1 30.3 225
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Table 7:

Page 48

Population-based studies providing assessing the association of aortic diameter with future cardiovascular
events and death

Study [ref] Country, Population | Follow- | Outcome | Measurement Adjusted HR Ethnicity and/or other
Year of (% men, up (n=) (95% CI)* comments
publication | mean age) (years)
Framingham?156 3318 8.8 Adverse CT 10.1161/
USA (51%, cv Ascending Ascending: No CIRCIMAGING.117.006776
2017 50y) events Descending assoc. Data shown after adjusting
177) Infrarenal Descending: for FRS factors model 2
Above No robust Possible sex-specific
bifurcation assoc. effects for abdominal
Infrarenal: aortic diameters.
1.57 Similar results
[1.06-2.32] after adjusting for CAC.
Above Analyses for
bifurcation both top 10% and continuous
1.53
[1.00-2.34]
Rotterdam Holland 2178 9 CVD CT diameters
157 2022 (45%, (85) adjusted for Ascending Results for women only, no
69y) stroke BMI 1.33 association in men
(128) Ascending [1.03-1.73]
Descending Descending1.38
[1.07-1.78]

AP, anterior-posterior; CV, cardiovascular; CVD, cardiovascular death; ITI inner-to-inner aortic wall; OTO outer-to-outer aortic wall; FRS
Framingham risk score.

*
This supersedes the earlier 2012 study of <9000 men by Duncan et al where no associations with CVD were identified. 158
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Table 8:

Page 49

Population studies assessing the association of femoral plaque with major adverse cardiovascular events and
cardiovascular death

Study [ref] Country, Population Follow- Outcome M easurement Adjusted HR Ethnicity
Year of (% men, up (n=) (95% CI)* and/or
publication mean age) (years) other
comments
CHU Rangueil France 2009 2561 (62%, 6 Coronary Femoral Plaque 2.39 [1.54-
Toulouse2® 51.6y) Events (94) 3.56]
MONICAZL05 Germany 1325 (51%, 13 Plaque score (0-4) Per 1 score
2006 47.9y) MI assessed at carotid increase
(58) and femoral MI:
CVD arteries 1.20 (0.97,
(189) 1.50)
CVD:
1.44 (1.18,
1.75)
Cyprus Cyprus 2022 985 (45%, 13 ASCVD Number of femoral 1:
Atherosclerosis 58.1y) (154) arteries with plaque 1.77 [1.03-
Study102 3.05]
2:
4.25[2.61-
6.91]
CUIiDARTE108 Uruguay 2020 581 (64%, 10 CVD (20) Presence or 1.114 HR
51.4y) absence of plaque 1.95-1.22]° estimated
from AUC
ratio

CHU: Centre Hopitalier Universitaire, Ml myocardial infarction

MONICA: Monitoring of trends and determinants of cardiovascular disease

MI: myocardial infarction, CVD: cardiovascular death, ASCVD: atherosclerotic cardiovascular death.

approximate, derived from AUC ratios
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Table 9:

Population-based studies assessing ABI as a predictor of future cardiovascular events or death published since
the ABI Collaboration in 2008115

Study [ref] Country, Year Population (% Follow- Outcome Measurement | Adjusted HR Ethnicity and/or
of publication men, mean up (n=) (95% CI)* other comments
age) (years)
MESA159 USA 2019 6669 (49%, 14.2 CVD ABI<0.9 2.15 Abstract only.
62y) (288) [1.55,3.44] Lower ABI of
lower leg
NHANES!60 USA 2021 7571 (N/A, 60y) 8 CVvD ABI<0.9 3.92 Abstract only
(204) [1.81-5.28]
ARTPER!6 Spain 2018 2716 (43%, 9 CV events & ABI<0.9 2.55
62y) death (187) [1.53-4.24]
REGICOR61 Spain 2017 5679 (54%, 6.2 CvD ABI>1.4 3.1
55.4y) (59) [1.95-6.48]
REGICOR!23 Spain 2015 5248 (45%, 5.9 CV events ABI<0.9 3.03 5248
53.7y) (175) [1.86,4.95] (45%)
AR|C121 USA 2012 1594 (44%. 10 CV events ABI<0.9 1.18 24% black
53.8y) (659) [1.10,1.27]
Hoorn Holland 624 (49.5%, 17.2 CVD (85) ABI<0.9 2.57
162 2012 64.7y) [1.50-4.40] Similar HR with/
without type 2
diabetes
MESA USA 6647 (49%, 5.3 CV events ABI>1.4 1.95 White 38.8%
122 2011 62.1y) (317) ABI<1 [1.0-3.43] Chinese 12.7%
1.77 African-American
[1.31-2.40] 25.6%
Hispanic 23.1%
Consistent
findings across
Hispanics,
Chinese, Whites,
Blacks. Adds
predictive value to
FRS

CVD cardiovascular death, CV cardiovascular
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