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Preface

Although management of established atherosclerotic cardiovascular disease has 
improved dramatically, less has been achieved with regard to early detection and 
risk mitigation in primary prevention. The life trajectory of the average person (with 
stress, poor diet, excess body weight, inactivity, smoking, exposure to pollutants, 
and poor management of metabolic comorbidities) still leads straight to the devel-
opment of this disease. Therefore, we have an unprecedented opportunity to focus 
on the prevention of atherosclerosis before cardiovascular events occur, an endeavor 
that starts with expert cardiovascular risk assessment.

This is the first comprehensive text dedicated to risk assessment in the primary 
prevention of atherosclerotic cardiovascular disease, the number one cause of death 
and disability in the world. It provides a summary of current evidence regarding 
approaches to risk assessment, traditional and emerging risk factors, and atheroscle-
rosis imaging for refinement of risk estimation. This book will empower readers to 
perform state-of-the-art risk assessment to facilitate the prevention of cardiovascu-
lar disease. In addition, this volume provides a glimpse into the future of the field 
with in-depth discussion regarding the latest advances and exciting developments in 
the pipeline. Multiple tables, figures, and illustrations complement the text.

It is my sincere hope that Cardiovascular Risk Assessment in Primary Prevention 
will become a valuable resource for physicians, residents, fellows, and medical stu-
dents in cardiology, endocrinology, primary care, and health promotion and disease 
prevention. May science lead the way to a healthier future.

Winston Salem, NC, USA Michael D. Shapiro   
1/31/2022
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Chapter 1
Cardiovascular Risk Assessment 
in Primary Prevention

Aliza Hussain, Mahmoud Al Rifai, Umair Khalid, and Salim S. Virani

 Introduction

Cardiovascular disease (CVD) is the leading cause of mortality in the United States, 
accounting for over 840,000 deaths annually (Benjamin et al. 2019). There have 
been significant advancements in therapies targeting cardiovascular risk factors 
with a resulting reduction in the incidence of CVD and cardiovascular death. 
Between 2006 and 2016, the overall cardiovascular mortality decreased by 18.6% 
in the United States (Benjamin et al. 2019). However, a significant proportion of 
high- risk populations are still not receiving therapies with proven benefits in 
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cardiovascular risk reduction (Pokharel et al. 2016; Virani et al. 2015; Cutler et al. 
2008; Thorndike et  al. 2007), which may lead to disease progression and CVD 
events. On the other hand, pharmacological treatment options do not come without 
side effects, financial burden, and concern regarding medication compliance. In 
order to find the right balance, one approach to improve health-care delivery in 
regard to primary prevention of CVD is to accurately estimate a patient’s absolute 
risk for CVD and identify those who will derive the greatest absolute benefit from 
therapy with minimal risk. By using risk assessment models, matching treatment 
intensity with CVD risk constitutes one of the fundamental tenets of preventive 
cardiovascular medicine.

Global cardiovascular risk assessment is crucial to inform clinical decision- 
making regarding initiation and intensification of cardiovascular risk-reducing ther-
apies for primary prevention of CVD. Simply put, it is a calculation of the absolute 
risk of having a cardiovascular disease event, such as myocardial infarction, isch-
emic stroke, or incident heart failure, over a specified period of time. Traditionally, 
risk assessment has been based on empirical equations such as the pooled cohort 
equations (PCEs) (Goff Jr et al. 2014), which combine cardiovascular risk- modifying 
variables such as blood pressure, diabetes, and cholesterol levels. In some cases, 
such as the use of PCE, these risk assessment tools are also sex- and race-specific. 
Although risk assessment tools like PCE work well at a population level, they have 
limitations when applied to individual patients and can over- or underestimate risk 
in certain populations, including contemporary cohorts, racially diverse non-US 
populations, and chronic inflammatory conditions [e.g., lupus, rheumatoid arthritis, 
human immunodeficiency virus (HIV)] (Andersson et al. 2015; Chia et al. 2014; 
DeFilippis et al. 2015). As a result, there is growing focus on the identification of 
novel risk-enhancing conditions and use of biomarkers and cardiovascular imaging 
to further improve risk stratification and risk reclassification.

In this chapter, we aim to provide the rationale behind global CVD risk assess-
ment, highlight major concepts related to risk assessment based on traditional risk 
factors, and summarize use of novel biomarkers and cardiovascular imaging, either 
currently under research or used in clinical practice that may help personalize car-
diovascular risk assessment.

 Importance of Global Cardiovascular Risk Assessment

One of the fundamental principles of preventive cardiovascular medicine is to iden-
tify patients that are most likely to benefit from risk-reducing therapies. Although 
relative risk reduction from blood pressure lowering (e.g., 10 mmHg lower systolic 
blood pressure) or lowering of LDL-C (e.g., 40 mg/dL) may be the same for two 
individuals, the absolute risk reduction will still be higher for the individual with a 
baseline risk that is higher. Moreover, in reverse, this may also help identify patients 
that are more likely to be harmed than helped from therapies such as aspirin, inten-
sive lipid lowering, and/or antihypertensive medications. The reality is that 

A. Hussain et al.
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health- care resources are finite, so allocation of health-care resources to match treat-
ment intensity with CVD risk is imperative. Moreover, preventive therapies are 
more cost-effective when used in those with higher absolute risk. Therefore, assess-
ment of global cardiovascular risk is important to identify those who are most likely 
to benefit from them.

Several factors determine the individual cardiovascular risk for each patient. 
While earlier models of risk assessment utilized the presence or absence of risk fac-
tors for atherosclerotic CVD (including age, gender, family history of premature 
coronary heart disease, smoking status, hypertension), multiple epidemiological 
studies have indicated that all risk factors do not contribute equally (Wilson et al. 
1998) and the risk is altered by the presence of other nontraditional risk determi-
nants. As a result, several validated population-based risk calculators or tools were 
developed to accurately define risk by assigning weightage to individual factors. 
Some of these risk calculators have been adopted by multinational guidelines. The 
American Heart Association (AHA)/American College of Cardiology (ACC) cho-
lesterol (Grundy et al. 2019) and hypertension (Whelton et al. 2018) guidelines, US 
Preventive Task Force guideline for aspirin, and European Society of Cardiology/ 
European Atherosclerosis Society (ESC/EAS) guidelines for the management of 
dyslipidemia (Mach et al. 2020) recommend the use of global CVD risk to guide 
primary prevention of CVD.

 Global CVD Risk Assessment in Clinical Practice

The 2013 AHA/ACC cholesterol guideline (Goff Jr et al. 2014) recommended that 
clinicians focus on 10-year absolute atherosclerotic cardiovascular disease 
(ASCVD) risk. While two different individuals may derive the same relative risk 
reduction from a particular statin medication, the absolute risk reduction will natu-
rally be higher in the individual with higher absolute ASCVD risk. It is for this 
reason that the intensity of statin therapy was intended to match the absolute risk of 
CVD with high-risk individuals recommended high-intensity statin and low- to 
moderate-risk individuals targeted with less intensive therapy. With removal of 
LDL-C cutoffs in the 2013 guideline, some have mistakenly believed that it is no 
longer necessary to measure a lipid profile. However, cholesterol measurements 
continue to remain necessary not only for monitoring response to statin therapy (≥ 
50% LDL-C lowering with high-intensity statin and 30–50% with moderate- 
intensity statin) but also for assessing medication adherence.

Absolute ASCVD risk is estimated using the pooled cohort equations (PCEs), 
the risk score introduced by the 2013 AHA/ACC guidelines. The PCEs are sex- and 
race-specific equations for four groups: white men, white women, black men, and 
black women. The PCE includes the same risk factors as its predecessor, the 
Framingham Risk Score (FRS), with two differences: (1) inclusion of stroke as an 
end point in addition to coronary heart disease (CHD) making ASCVD event as the 
primary outcome of interest and (2) separate equations for blacks and whites. The 

1 Cardiovascular Risk Assessment in Primary Prevention
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PCE was derived using several NHLBI-funded population-based cohorts, which 
included large samples of blacks and whites, unlike FRS, which included only 
whites. The PCE is therefore better calibrated than the FRS, but in general can over-
estimate ASCVD risk because the populations included in these cohorts were 
enrolled a few decades ago when ASCVD event rates were higher compared to 
contemporary populations. Using the PCE risk cutoff of ≥7.5%, a larger sample of 
adults now became eligible for statin therapy and there is a concern for overtreat-
ment. This cutoff was chosen as the threshold above which benefits of statin therapy 
outweigh risks, that is, when the net clinical benefit favors statin therapy.

Along with the use of PCE for risk estimation, the 2013 AHA/ACC cholesterol 
guidelines identified four major statin benefit groups that the 2018 cholesterol 
guideline (Grundy et  al. 2019) continued to endorse: (1) clinical ASCVD, (2) 
LDL-C ≥ 190 mg/dL, (3) diabetes mellitus and LDL-C 70–189 mg/dL, and (4) no 
diabetes, LDL-C 70–189 mg/dL, and ASCVD risk ≥7.5% (Table 1.1). Central to 
both the 2013 and 2018 guidelines was the clinician–patient risk discussion (CPRD) 
that incorporates patient preferences and values and the risks and benefits of statin. 
Patients belonging to these statin benefit groups are not automatically assigned to a 
statin, but rather in the context of a CPRD, initiation of statin therapy is a shared 
decision-making process. Importantly, lifestyle recommendations of diet and exer-
cise should be discussed and emphasized among all patients regardless of risk, and 
statin therapy should be decided together with therapeutic lifestyle changes.

A similar shift in clinical practice was also seen in hypertension management, 
whereby the 2017 ACC/AHA blood pressure (BP) guideline moved away from rec-
ommending antihypertensive therapies based solely on absolute BP values to one 
based on both BP and underlying CVD risk. Specifically, in adults with BP between 
130–139/80–89 mmHg and without clinical ASCVD, DM, or CKD, the guideline 

Table 1.1 Absolute risk thresholds for intervention for primary prevention of ASCVD

Intervention
Absolute risk of ASCVD event over 10 years
<5% ≥5 to <10% ≥10 to <20% ≥ 20%

Lifestyle modificationsa Yes Yes Yes Yes
Antihypertensive therapy  
(if BP ≥ 140/90 mmHg)

Yes Yes Yes Yes

Antihypertensive therapy  
(if BP ≥ 130/80 mmHg)

No No Yes Yes

Statin therapy No ≥5 to <7.5%: may consider
≥7.5% to <20: consider
CAC scoring: may be used if patient 
undecided or has experienced  
statin- associated side effects in the past

Yes

Smoking cessation counseling 
and pharmacological aides

Any patient who smokes

Recommendations based on information from ACC/AHA 2018 cholesterol guidelines (Grundy 
et al. 2019) and guidelines on the management of high blood pressure (Whelton et al. 2018)
ASCVD atherosclerotic cardiovascular disease; BP blood pressure
aLifestyle modifications include a heart-healthy diet, weight management, and regular physical 
activity

A. Hussain et al.
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recommends the use of PCE to evaluate 10-year ASCVD risk (Table 1.1). In this 
group, for individuals with PCE risk ≥10% antihypertensive therapy is indicated in 
addition to lifestyle modification for blood pressure lowering.

 Risk Calculators to Estimate CVD Risk

The Framingham Risk Score (FRS) was the first scoring tool developed to assess the 
risk of coronary heart disease and was adapted by the third National Cholesterol 
Education Program, Adult Treatment Panel III (NCEP ATP-III). Since then, several 
risk assessment tools have emerged to estimate cardiovascular risk in adults. 
Table 1.2 highlights some of the widely available and validated risk calculators for 

Table 1.2 Summary of some of the ASCVD risk calculators used in clinical practice

Risk calculator Guidelines Outcome Strength Weakness

Framingham 
Risk Score 
(FRS)

ATP III (2001), 
NLA (2014)

10-Year risk of 
definite MI or death

Hard 
cardiovascular 
end points 
increase 
reliability in risk 
estimation

   Predominantly 
white population 
in the 
Framingham 
cohort

   Does not include 
stroke or HF

Pooled cohort 
equations 
(PCEs)

ACC/AHA 
cholesterol 
guidelines 
(2013 and 
2017), 2018 
ACC/AHA 
hypertension 
guidelines

10-Year and lifetime 
risk of ASCVD 
(included coronary 
death, nonfatal MI, 
or fatal or nonfatal 
stroke)

Lack specificity 
for ethnicities/
races other than 
AA and white

   Better 
representation of 
AA

   Included stroke 
in outcomes

Reynolds Risk 
Score

None 10-, 20-, and 
30-year risk of MI, 
stroke, or 
revascularization

Not adopted in 
any guideline

   Includes family 
history of 
hs-CRP

   Predicts better 
than FRS in 
white and AA 
women

Systematic 
COronary Risk 
Evaluation 
(SCORE)

2019 ESC/EAS 
guidelines for 
the 
management of 
dyslipidemia

10-Year risk of fatal 
atherosclerotic 
cardiovascular 
events, including 
sudden cardiac 
death

Risk chart offers 
risk calculation 
and management 
advice in 17 
languages and 
has country- 
specific 
calculators
   Hard, 

reproducible 
outcomes

   Derived from 
European 
population and 
so not 
generalizable to 
global 
populations

   Cannot be used 
in individuals > 
65 years old
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assessing the 10-year risk of ASCVD, including FRS, PCE, Multi-Ethnic Study of 
Atherosclerosis (MESA), Reynolds Risk score, and SCORE (in European guide-
lines) risk calculators for 10-year risk assessment.

As seen in Table 1.2, each risk calculator has certain advantages and disadvan-
tages. All of these risk calculators are based on large population cohorts. While 
these risk calculators work well at the population level, they may over- or underpre-
dict cardiovascular risk at an individual level, especially for certain underrepre-
sented ethnicities/races, low socioeconomic status, and high-risk conditions such as 
HIV and autoimmune diseases. Lastly, although heart failure is an important clini-
cal outcome, especially when treating blood pressure, most risk calculators do not 
assess the future risk of heart failure development (Colantonio et al. 2017; Crowson 
et al. 2017; Triant et al. 2018). Therefore, it is important to (1) individualize risk 
assessment using guideline-based risk enhancers, cardiac biomarkers, and imaging, 
as detailed below and (2) integrate shared decision-making and the CPRD to indi-
vidualize therapy.

 Role of Risk Enhancers for Refining and Personalizing 
Risk Assessment

The 2018 AHA/ACC cholesterol guideline also proposed four major statin benefit 
groups, but there were a few important differences when compared to the 2013 
guideline. Rather than a PCE binary cutoff of 7.5% to distinguish high from low 
risk, the 2018 guideline stratified individuals into the following four categories 
when evaluating for primary prevention: low risk (<5%), borderline risk (5–<7.5%), 

Risk calculator Guidelines Outcome Strength Weakness

Multi-Ethnic 
Study of 
Atherosclerosis 
(MESA)

None 10-Year coronary 
heart disease risk 
(MI, resuscitated 
cardiac arrest, fatal 
CHD, and 
revascularization)

   Hispanic and 
Chinese 
populations 
included

   Can integrate 
CAC score 
into risk 
calculation 
with improved 
CHD risk 
prediction than 
risk factors 
alone

   Only evaluates 
CHD outcomes 
and other 
peripheral 
atherosclerotic 
events

ASCVD atherosclerotic cardiovascular disease, ATP Adult Treatment Panel, NLA National Lipid 
Association, AA African-American, ACC American College of Cardiology, AHA American Heart 
Association, CHD coronary heart disease, MI myocardial infarction, ESC/EAS European Society 
of Cardiology/European Atherosclerosis Society, hs-CRP high-sensitivity C-reactive protein

Table 1.2 (continued)
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intermediate risk (7.5 − <20%), and high risk (≥20%). High-risk individuals are 
recommended high-intensity statin therapy (class I recommendation) along with 
lifestyle modification. Among intermediate- and borderline-risk individuals, the 
presence of risk-enhancing factors should be assessed to guide statin therapy (class 
I and IIb recommendation, respectively), while statin therapy is not recommended 
in low-risk individuals (class I). For all risk groups, a heart-healthy lifestyle is rec-
ommended with or without statin therapy.

The risk enhancers as shown in Table 1.3 included clinical factors such as family 
history of premature ASCVD, chronic kidney disease, chronic inflammatory condi-
tions, premature menopause or preeclampsia, South Asian ethnicity, low ankle–bra-
chial index (ABI <0.9), and lipid and inflammatory biomarkers [LDL-C ≥ 160  mg/

Table 1.3 Risk enhancers, biomarkers, and cardiovascular imaging useful in refining and 
personalizing risk assessment

Clinical risk enhancers
Family history of premature ASCVD (males <55 years, female <65 years)
Chronic kidney disease
Primary hypercholesterolemia (LDL-C 160–189 mg/dL or non-HDL 190–219 mg/dL)
Metabolic syndrome
Abnormal ABI (if measured)
Inflammatory conditions such as RA, HIV, and psoriasis
Pregnancy-related complications (e.g., preeclampsia, premature delivery), early menopause
High-risk ethnicities (e.g., South Asian)
Social deprivation
Physical inactivity
Psychosocial stress
Major psychiatric illness
Atrial Fibrillation
Left ventricular hypertrophy
Obstructive sleep apnea
Non-alcohol fatty liver disease
Biomarkers of cardiovascular risk
Apolipoprotein B ≥ 130 mg/dL (if measured)
Lipoprotein(a) ≥ 50 mg/dL or ≥ 125 (if measured)
Triglyceride level ≥ 175 mg/dL
hs-CRP ≥ 2 mg/L
Imaging (selective use)
Coronary artery calcium score
Carotid intima thickness/plaque
In research and development
NT-proBNP
High-sensitivity cardiac troponin I and T
Polygenic risk scores
Peripheral ultrasound

Risk enhancer as identified by the ACC/AHA cholesterol guidelines (Grundy et al. 2019) and ESC/
EAS guidelines on the management of dyslipidemia (Mach et al. 2020)
ASCVD atherosclerotic cardiovascular disease, LDL-C low-density lipoprotein cholesterol, ABI 
ankle–brachial index, RA rheumatoid arthritis, HIV human immunodeficiency virus, hs-CRP high- 
sensitivity C-reactive protein, NT-proBNP N-terminal pro b-type natriuretic peptide
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dL, persistently elevated triglycerides of ≥175  mg/dL, Lp(a)  ≥  50  mg/dL 
(> = 125 nmol/L), and apo(B) ≥130 mg/dL, hs-CRP ≥ 2 mg/L].

The European Society of Cardiology/European Atherosclerosis Society (EAS/
ESC) guideline for the management of dyslipidemia identified “risk modifiers” 
(Table  1.3), including the following: socioeconomic status, family history, body 
mass index, or diagnostic evidence of subclinical cardiovascular disease, for exam-
ple, coronary artery calcium, carotid plaque, or ankle–brachial index (ABI) (dis-
cussed below).

 Cardiovascular Risk Biomarkers

 Lipid Parameters

Although LDL-C is the primary lipid parameter for risk stratification and goal- 
directed therapy, other atherogenic lipid particles are also known to contribute to 
atherosclerosis and increased ASCVD risk. These include triglyceride-rich rem-
nant lipoproteins (TGRL) and lipoprotein(a) [Lp(a)]. The contribution of all ath-
erogenic lipids is accounted for by non-HDL-C.  With the growing burden of 
cardiometabolic disease and obesity in the United States, greater importance is 
placed on lipid risk markers that account for residual non-LDL-C risk. Elevation in 
non-HDL-C can improve the selection of those at increased ASCVD risk 
(Sniderman et al. 2011). Similarly, apolipoprotein B (apoB) is a direct measure of 
all atherogenic lipoprotein particles as LDL, VLDL, and Lp(a) carry apoB on their 
surface. ApoB levels correlated with non-HDL-C and both demonstrate a strong 
association with ASCVD (stronger than LDL-C) (Sniderman et al. 2011; Ramjee 
et al. 2011) (Grundy et al. 2009). An apoB level of greater than 130 mg/dL is con-
sidered a marker of elevated ASCVD risk as per the 2018 AHA/ACC cholesterol 
guideline.

Lp(a) is an LDL-like particle with an added glycoprotein, apolipoprotein(a), 
which has both atherogenic and prothrombotic potential. Increased levels of Lp(a) 
have been associated with a 1.5-fold higher risk of MI and a two-fold higher risk of 
stroke (Paré et  al. 2019). An elevation in Lp(a) of greater than 50  mg/dL or 
125 nmol/L is considered a risk-enhancing factor as per the 2018 AHA/ACC cho-
lesterol guideline (Tsimikas 2017; Willeit et al. 2014).

Moderate and persistent primary elevations in triglyceride (TG) levels are also 
considered a risk-enhancing factor. Multiple genetic (genome-wide association and 
Mendelian randomization) studies have shown that elevated levels of TG are inde-
pendent predictors of major coronary and cerebrovascular events (Assmann et al. 
1996; Freiberg et al. 2008).
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 Inflammatory Marker: – hs-CRP

Atherosclerosis is an inflammatory process. Among several biomarkers, hs-CRP is 
a well-known marker of inflammation and has been shown to be associated with 
incident cardiovascular disease events (Ridker et  al. 2000; Koenig et  al. 1999; 
Yousuf et  al. 2013). Moreover, greater absolute benefit derived from preventive 
therapies such as aspirin or statin has been demonstrated in individuals with base-
line elevations in hs-CRP levels (Ridker et  al. 1997; Ridker et  al. 2009). The 
JUPTER (Justification for the Use of Statins in Prevention: an Intervention Trial 
Evaluating Rosuvastatin) study demonstrated that, in nearly 18,000 patients with 
LDL-C < 130 mg/dL and hs-CRP >2 mg/L, patients randomized to rosuvastatin 
experienced a 44% relative risk reduction in incident major cardiovascular events 
compared to placebo (Ridker et al. 2008). Therefore, hs-CRP may identify residual 
inflammatory risk beyond residual cholesterol risk.

 Future Directions

NT-proBNP is a marker of myocardial stretch/stress and has been associated with 
increased risk for cardiovascular disease and heart failure (Wang et  al. 2004). 
Moreover, individuals with elevated levels of NT-proBNP, despite normal blood 
pressure, are at increased risk of developing hypertension. Similarly, troponin T and 
I are markers of cardiac injury. Beyond their ability to diagnose acute myocardial 
infarction, the newer generation high-sensitivity troponin assays have been shown 
to predict increased risk of coronary heart disease, heart failure, and mortality 
(Saunders et al. 2011; de Filippi et al. 2010; de Lemos et al. 2010; Jia et al. 2019). 
Therefore, there is increasing interest in the clinical role of these biomarkers to 
identify individuals with elevated CVD risk who may benefit from preventive thera-
pies. An exploratory analysis of SPRINT has shown that higher baseline values of 
high-sensitivity cardiac troponin or NT-proBNP were associated with greater risk of 
death and heart failure, with highest risk among those with abnormal levels of both 
biomarkers who in turn derived greatest benefit from aggressive blood pressure low-
ering (Jarett 2020). In line with this, a pooled analysis from ARIC, MESA, and DHS 
showed that individuals with elevated NT-proBNP or high-sensitivity cardiac tropo-
nin and elevated blood pressure or stage 1 hypertension had a 10-year risk of 
ASCVD or heart failure of >10%. Moreover, compared to nonelevated levels of 
both biomarkers, individuals with elevations in either biomarker had higher risk of 
ASCVD or HF and lower number needed to treat to prevent one CVD event with 
intensive BP lowering (to target systolic BP <120 mm Hg) (Pandey et  al. 2019). 
Future clinical trials are needed to assess whether biomarker-based strategies for 
CV risk stratification to guide preventive treatment decisions could lead to improve-
ment in cardiovascular outcomes.
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 Risk Stratification for Secondary ASCVD Prevention

The, 2018 AHA/ACC cholesterol guideline also included risk stratification for sec-
ondary prevention of ASCVD for the very first time, introducing the concept of the 
“very high-risk ASCVD” patient. This category includes individuals with either 
multiple major ASCVD events or one major ASCVD event plus multiple major risk 
factors. These patients have the highest risk of recurrent ASCVD events and are 
therefore likely the ones to derive the most benefit from nonstatin therapies on top 
of maximally tolerated statin therapy. These nonstatin therapies include ezetimibe 
and proprotein convertase subtilisin/kexin type 9 inhibitors.

 Tools to Screen for Subclinical Atherosclerosis

 Risk Reclassification Using Coronary Artery Calcium Scoring

In the 2018 AHA/ACC cholesterol guideline, the use of coronary artery calcium 
(CAC) for additional risk stratification was assigned a IIa level of recommendation 
(LOR), up from IIb from the 2013 guideline. The updated recommendation was 
based on a number of studies showing the superiority of CAC compared to other 
risk markers for ASCVD risk discrimination and reclassification. Importantly, in the 
context of global ASCVD risk overestimation using the PCE, a CAC score of 0 is 
useful for downgrading to a low-risk stratum where individuals would not be 
expected to derive benefit from statin treatment. A study of over 4500 individuals 
with 10-year follow-up examined the association between CAC score and cardio-
vascular event rate. In participants with a CAC score = 0 who would otherwise be 
eligible for statin therapy based on 10-year ASCVD risk of ≥7.5%, the actual 
ASCVD event rate was significantly lower than the accepted threshold of ≥7.5% 
10-year ASCVD risk for initiation of statin therapy (Budoff et al. 2018). Similar 
results have been reported by other studies for primary prevention. Therefore, if 
there is statin disutility such as the patient being reluctant to take a statin or the clini-
cian being uncertain about the benefits of initiating this therapy, CAC 0 would 
strongly argue in favor of withholding statin therapy. This “power of zero CAC” is 
a vital tool in risk reclassification (“de-risking”) and has now been integrated in the 
2018 guideline on blood cholesterol for these select groups of patients. After assess-
ing a patient’s ASCVD risk using PCE and incorporating ASCVD risk enhancers, if 
there is still uncertainty on the part of either the clinician or the patient regarding the 
use of statin therapy or if there is a concern regarding the side effects of statin 
therapy, the use of the CAC score can be pursued as the next step as a class IIa rec-
ommendation to further guide decision-making in intermediate-risk adults (≥7.5% 
to <20% 10-year ASCVD risk) or select borderline-risk adults (5% to <7.5% 
10-year ASCVD risk). In these patients, if the CAC score = 0, statin therapy can be 
delayed or deferred. In contrast, CAC >0 would support initiating statin therapy as 
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individuals with even very low risk score (110) have a significantly higher risk com-
pared to those with CAC 0. Those with CAC ≥100 may experience ASCVD event 
rates similar to secondary prevention populations, thereby strongly favoring statin 
therapy (Martin et al. 2014).

It is important to point out that the CAC score is not recommended as a popula-
tion screening test but rather as a “tie breaker” in select borderline- and intermediate- 
risk adults when there is clinical equipoise or patient reluctance regarding statin 
therapy. CAC may also be used for personalized allocation of aspirin and antihyper-
tensive treatment as well, but current guidelines have not yet incorporated the use of 
CAC for this purpose.

 Carotid Plaque

High-resolution B-mode ultrasound of the left and right common and internal 
carotid arteries or femoral arteries can be used to assess plaque burden. Assessment 
of carotid and femoral plaque burden has been shown to be an independent predictor 
of CVD events (McDermott et al. 2017; Sillesen et al. 2018; Baber et al. 2015). 
Although the ACC/AHA cholesterol guidelines do not specifically endorse the use 
of ultrasound to assess peripheral/carotid plaque burden, the EAS/ESC guidelines 
recommend that the presence of carotid or femoral plaque may reclassify moderate- 
risk individuals to higher-risk category.

 Ankle–Brachial Index (ABI)

The evaluation of systolic ABI is a simple and well-validated method to detect sub-
clinical asymptomatic stages of peripheral atherosclerotic disease (PAD) (Carter 
1968; Fowkes 1988). Several population studies have demonstrated the positive 
association of low ABI with incident atherosclerotic cardiovascular events (Criqui 
et al. 1992; Newman et al. 1993; Leng et al. 1996). Therefore, measurement of ABI 
can be a prognostic marker to identify individuals with elevated cardiovascular risk 
and is considered a “risk enhancer” in the 2018 ACC/AHA cholesterol guideline.

 Assessment of Lifetime ASCVD Risk

Age is a significant driver of risk in current risk calculators. Therefore, younger 
adults are estimated to have a lower short-term risk of cardiovascular disease and 
would be unlikely to exceed the 10-year risk thresholds set by multisociety guide-
lines to initiate preventive drug therapy. However, primary ASCVD prevention 
should begin early in life. Therefore, for adults aged 20–30 years, it may be useful 
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for clinicians to consider using 30-year or lifetime risk as a tool to emphasize and 
promote healthy lifestyle choices, diet, weight loss, and exercise. The 2013 and 
2018 cholesterol guidelines propose the ASCVD risk calculator to estimate 
30-year or lifetime risk which can be helpful in assessing the long-term effects of 
exposure to a single elevated clinical risk factor or the aggregate of multiple risk 
factors. Lifetime risk assessment may be useful to define and communicate 
ASCVD risk in younger adults with low 10-year risk but with high lifetime risk 
due to significant uncontrolled risk factors and help promote healthy lifestyle 
changes.

 Risk Assessment in the Context of Shared Decision-Making

Shared decision-making and collaboration between a clinician and patient are 
important aspects in risk assessment and primary prevention of ASCVD. Provider–
patient discussions regarding personalized ASCVD risk estimation have important 
implications on the patient’s perception of their own risk as well as their willingness 
to adopt healthy lifestyle habits or adhere to medical therapies. Moreover, a system-
atic review found that repeated assessment and communication of global risk and 
repeated counseling showed a significant reduction in predicted CHD risk (0.2–2%) 
over 10 years. Although the absolute difference was small in this study, this may 
still have important implications when considered at a population level (Sheridan 
et al. 2010).

Multiple studies have shown that clinicians with knowledge of a patient’s global 
risk are more likely to initiate preventive care and prescribe risk-reducing therapy 
to those at high risk of a CHD-related event (Hall et al. 2003; Montgomery et al. 
2000; Usher-Smith et  al. 2015). From a patient’s perspective, provision of risk 
information and counseling on their cardiovascular risk factors has been shown to 
improve the accuracy of risk perception (Usher-Smith et al. 2015) and increased 
willingness to accept cardiovascular preventive care (Karmali et  al. 2017; 
Nieuwkerk et  al. 2012). The use of coronary artery calcium or carotid/femoral 
plaque assessment may be useful in this regard. Studies have shown that allowing 
patients to see arterial calcification on CT scan may motivate them to adhere to a 
healthy diet, exercise, aspirin, and/or statin treatment(Kalia et al. 2006; Johnson 
et al. 2015).

 Conclusion

Global cardiovascular risk assessment is a calculation of the patient’s absolute risk 
of having a cardiovascular disease event, for example, coronary heart disease, isch-
emic stroke, and heart failure, over a specified period of time. Both AHA/ACC and 
European guidelines recommend clinicians to use risk calculators, for example, 
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PCE or SCORE, to evaluate short-term risk and lifetime risk to help inform decision- 
making around early, aggressive lifestyle changes and possible consideration of cer-
tain pharmacological therapies. While the risk calculators work well on population 
level, they may over- or underestimate risk in certain groups or races/ethnicities or 
socioemotional strata. Therefore, it is important to adopt an individualized risk 
assessment based on specific patient risk enhancers or modifiers that include comor-
bidities, family history, and biomarkers of CVD risk (lipid, inflammatory cardiac 
stress/injury). Finally, assessment of subclinical atherosclerosis using imaging may 
help to further reclassify risk. Ultimately, shared decision-making and collaboration 
between a clinician and patient is the most important aspect of risk assessment and 
decisions regarding lifestyle choices and treatment initiation for cardiovascular dis-
ease prevention (Fig. 1.1).

References

Andersson C, Enserro D, Larson MG, Xanthakis V, Vasan RS.  Implications of the US choles-
terol guidelines on eligibility for statin therapy in the community: comparison of observed 
and predicted risks in the Framingham Heart Study Offspring Cohort. J Am Heart Assoc. 
2015;4(4):e001888. https://doi.org/10.1161/JAHA.115.001888.

Assmann G, Schulte H, von Eckardstein A. Hypertriglyceridemia and elevated lipoprotein(a) are 
risk factors for major coronary events in middle-aged men. Am J Cardiol. 1996;77:1179–84. 
https://doi.org/10.1016/s0002- 9149(96)00159- 2.

Baber U, Mehran R, Sartori S, Schoos MM, Sillesen H, Muntendam P, et al. Prevalence, impact, 
and predictive value of detecting subclinical coronary and carotid atherosclerosis in asymptom-
atic adults: the BioImage study. J Am Coll Cardiol. 2015;65:1065–74.

Routine history and
physical

examinations, special
focus on health

behaviors such as
diet, exercise and

smoking, and
measurement of risk
factors such as blood
pressure, lipids, blood

sugar/Hba1c
screening as
appropriate.

Estimate absolute
risk of cardiovascular
events over specified
period of time based
on equations using

traditional risk factors
such as PCE for 10-
year risk of ASCVD if
40-75 and lifetime if

20-59 years old.

Refine ASCVD risk
assessment using risk

enhancers

Modify risk
classifications using

CV imaging, most
importantly CAC and

possible role of
biomarkers

Recommend lifestyle
modification as

appropriate to all
patients (e.g. smoking
cessation, weight loss,
dietary changes and
increased physical

activity)

Engage in shared-
decision making using

10-years and/or
lifetime ASCVD risk to

align net benefit-
harm of blood

pressure or lipid-
lowering therapy and

individual patient
preferences to

personalize decisions
to initiate and/or

intensify therapies

Routinely monitor
parameters to assess
response to therapy
and compliance e.g

blood pressure levels
for antihypertensive
therapies or LDL-C
levels for statins.

Routine hisstory and
physiical

examinationns, special
focus on health

behaviors such as
diet, exerccise and

smokingg, and
measuremeent of risk
factors suchh as blood
pressure, lippids, blood

sugar/HHba1c
screeninng as
approprriate.

Estimate absolute
risk of cardiovascular
events over specified
period of time based
on equations using

traditional risk factors
such as PCE for 10-
year risk of ASCVD if
40-75 and lifetime if

20-59 years old.

Refine ASCVD risk
assessment using risk

enhancers

Modify risk
classifications using

CV imaging, most
importantly CAC and

possible role of
biomarkers

Recommend lifestyle
modification as

appropriate to all
patients (e.g. smoking
cessation, weight loss,
dietary changes and
increased physical

activity)

d-Engage in shared-
decision making gusing

10-years and/or
lifetime ASCVD risk to

align net benefit-
harm of blood

pressure or lipid-
lowering therapy and

individual patient
preferences to

personalize decisions
to initiate and/or

sintensify therapies

Routinely monitor
arameters to assesspara

ponse to therapyrespon
ompliance e.gand com
pressure levelsblood pre

antihypertensivefor an
therapies or LDL-Cthe
levels for statins.

Fig. 1.1 Step-by-step guide for cardiovascular risk assessment, refinement, and personalization in 
primary prevention

1 Cardiovascular Risk Assessment in Primary Prevention

https://doi.org/10.1161/JAHA.115.001888
https://doi.org/10.1016/s0002-9149(96)00159-2


16

Benjamin EJ, Muntner P, Alonso A, Bittencourt MS, Callaway CW, Carson AP, et al. Heart disease 
and stroke Statistics-2019 update: a report from the American Heart Association. Circulation. 
2019;139(10):e56–e528. https://doi.org/10.1161/CIR.0000000000000659.

Budoff MJ, Young R, Burke G, Carr J, Detrano RC, Folsom AR, et al. Ten-year association of coro-
nary artery calcium with atherosclerotic cardiovascular disease (ASCVD) events: the multi- 
ethnic study of atherosclerosis (MESA). Eur Heart J. 2018;39:2401–8. https://doi.org/10.1093/
eurheartj/ehy217.

Carter SA. Indirect systolic pressures and pulse waves in arterial occlusive diseases of the lower 
extremities. Circulation. 1968;37:624–37. https://doi.org/10.1161/01.cir.37.4.624.

Chia YC, Lim HM, Ching SM. Validation of the pooled cohort risk score in an Asian population - 
a retrospective cohort study. BMC Cardiovasc Disord. 2014;14:163. https://doi.org/10.1186/ 
1471- 2261- 14- 163.

Colantonio LD, Richman JS, Carson AP, Lloyd-Jones DM, Howard G, Deng L, et al. Performance 
of the atherosclerotic cardiovascular disease pooled cohort risk equations by social deprivation 
status. J Am Heart Assoc. 2017;6(3):e005676. https://doi.org/10.1161/JAHA.117.005676.

Criqui MH, Langer RD, Fronek A, Feigelson HS, Klauber MR, McCann TJ, et al. Mortality over a 
period of 10 years in patients with peripheral arterial disease. N Engl J Med. 1992;326:381–6. 
https://doi.org/10.1056/NEJM199202063260605.

Crowson CS, Gabriel SE, Semb AG, van Riel PLCM, Karpouzas G, Dessein PH, et al. Rheumatoid 
arthritis-specific cardiovascular risk scores are not superior to general risk scores: a valida-
tion analysis of patients from seven countries. Rheumatology. 2017;56(7):1102–10. https://doi.
org/10.1093/rheumatology/kex038.

Cutler JA, Sorlie PD, Wolz M, Thom T, Fields LE, Roccella EJ. Trends in hypertension preva-
lence, awareness, treatment, and control rates in United States adults between 1988–1994 and 
1999–2004. Hypertension. 2008;52(5):818–27.

de Filippi CR, de Lemos JA, Christenson RH, Gottdiener JS, Kop WJ, Zhan M, et al. Association 
of serial measures of cardiac troponin T using a sensitive assay with incident heart failure and 
cardiovascular mortality in older adults. JAMA. 2010;304:2494–502. https://doi.org/10.1001/
jama.2010.1708.

de Lemos JA, Drazner MH, Omland T, Ayers CR, Khera A, Rohatgi A, et al. Association of tro-
ponin T detected with a highly sensitive assay and cardiac structure and mortality risk in the 
general population. JAMA. 2010;304:2503–12. https://doi.org/10.1001/jama.2010.1768.

De Filippis AP, Young R, Carrubba CJ, McEvoy JW, Budoff MJ, Blumenthal RS, et al. An analy-
sis of calibration and discrimination among multiple cardiovascular risk scores in a modern 
multiethnic cohort. Ann Intern Med. 2015;162(4):266–75. https://doi.org/10.7326/M14- 1281.

Fowkes FG.  The measurement of atherosclerotic peripheral arterial disease in epidemiological 
surveys. Int J Epidemiol. 1988;17:248–54. https://doi.org/10.1093/ije/17.2.248.

Freiberg JJ, Tybjaerg-Hansen A, Jensen JS, Nordestgaard BG. Nonfasting triglycerides and risk of 
ischemic stroke in the general population. JAMA. 2008;300:2142–52. https://doi.org/10.1001/
jama.2008.621.

Goff DC Jr, Lloyd-Jones DM, Bennett G, Coady S, D'Agostino RB, Gibbons R, et al. 2013 ACC/
AHA guideline on the assessment of cardiovascular risk: a report of the American College 
of Cardiology/American Heart Association Task Force on Practice Guidelines. Circulation. 
2014;129:S49–73. https://doi.org/10.1161/01.cir.0000437741.48606.98.

Grundy SM, Vega GL, Tomassini JE, Tershakovec AM. Correlation of non-high-density lipoprotein 
cholesterol and low-density lipoprotein cholesterol with apolipoprotein B during simvastatin 
+ fenofibrate therapy in patients with combined hyperlipidemia (a subanalysis of the SAFARI 
trial). Am J Cardiol. 2009;104(4):548–53. https://doi.org/10.1016/j.amjcard.2009.04.018.

Grundy SM, Stone NJ, Bailey AL, Beam C, Birtcher KK, Blumenthal RS, et  al. 2018 AHA/
ACC/AACVPR/AAPA/ABC/ACPM/ADA/AGS/APhA/ASPC/NLA/PCNA guideline on the 
management of blood cholesterol: executive summary: a report of the American College of 
Cardiology/American Heart Association Task Force on Clinical Practice Guidelines. J Am Coll 
Cardiol. 2019;73(24):3168–209. https://doi.org/10.1016/j.jacc.2018.11.002.

A. Hussain et al.

https://doi.org/10.1161/CIR.0000000000000659
https://doi.org/10.1093/eurheartj/ehy217
https://doi.org/10.1093/eurheartj/ehy217
https://doi.org/10.1161/01.cir.37.4.624
https://doi.org/10.1186/1471-2261-14-163
https://doi.org/10.1186/1471-2261-14-163
https://doi.org/10.1161/JAHA.117.005676
https://doi.org/10.1056/NEJM199202063260605
https://doi.org/10.1093/rheumatology/kex038
https://doi.org/10.1093/rheumatology/kex038
https://doi.org/10.1001/jama.2010.1708
https://doi.org/10.1001/jama.2010.1708
https://doi.org/10.1001/jama.2010.1768
https://doi.org/10.7326/M14-1281
https://doi.org/10.1093/ije/17.2.248
https://doi.org/10.1001/jama.2008.621
https://doi.org/10.1001/jama.2008.621
https://doi.org/10.1161/01.cir.0000437741.48606.98
https://doi.org/10.1016/j.amjcard.2009.04.018
https://doi.org/10.1016/j.jacc.2018.11.002


17

Hall LM, Jung RT, Leese GP. Controlled trial of effect of documented cardiovascular risk scores on 
prescribing. BMJ. 2003;326:251–2. https://doi.org/10.1136/bmj.326.7383.251.

Jia X, Sun W, Hoogeveen RC, Nambi V, Matsushita K, Folsom AR, et  al. High-sensitivity 
troponin I and incident coronary events, stroke, heart failure hospitalization, and mor-
tality in the ARIC Study. Circulation. 2019;139(23):2642–53. https://doi.org/10.1161/
CIRCULATIONAHA.118.038772.

Johnson JE, Gulanick M, Penckofer S, Kouba J.  Does knowledge of coronary artery calcium 
affect cardiovascular risk perception, likelihood of taking action, and health-promoting behav-
ior change? J Cardiovasc Nurs J Cardiovasc Nurs. 2015;30:15–25. https://doi.org/10.1097/
JCN.0000000000000103.

Kalia NK, Miller LG, Nasir K, Blumenthal RS, Agrawal N, Budoff MJ.  Visualizing coronary 
calcium is associated with improvements in adherence to statin therapy. Atherosclerosis. 
2006;185:394–9. https://doi.org/10.1016/j.atherosclerosis.2005.06.018.

Karmali KN, Persell SD, Perel P, Lloyd-Jones DM, Berendsen MA, Huffman MD.  Risk scor-
ing for the primary prevention of cardiovascular disease. Cochrane Database Syst Rev. 
2017;3:CD006887. https://doi.org/10.1002/14651858.CD006887.pub4.

Koenig W, Sund M, Fröhlich M, Fischer HG, Löwel H, Döring A, et al. C-Reactive protein, a 
sensitive marker of inflammation, predicts future risk of coronary heart disease in initially 
healthy middle-aged men: results from the MONICA (Monitoring Trends and Determinants in 
Cardiovascular Disease) Augsburg Cohort Study, 1984 to 1992. Circulation. 1999;99:237–42. 
https://doi.org/10.1161/01.cir.99.2.237.

Leng GC, Fowkes FG, Lee AJ, Dunbar J, Housley E, Ruckley CV. Use of ankle brachial pres-
sure index to predict cardiovascular events and death: a cohort study. BMJ. 1996;313:1440–4. 
https://doi.org/10.1136/bmj.313.7070.1440.

Mach F, Baigent C, Catapano AL, Koskinas KC, Casula M, Badimon L, et al. 2019 ESC/EAS 
Guidelines for the management of dyslipidaemias: lipid modification to reduce cardiovascular 
risk. Eur Heart J. 2020;41(1):111–88. https://doi.org/10.1093/eurheartj/ehz455.

Martin SS, Blaha MJ, Blankstein R, Agatston A, Rivera JJ, Virani SS, et al. Dyslipidemia, coro-
nary artery calcium, and incident atherosclerotic cardiovascular disease: implications for statin 
therapy from the multi-ethnic study of atherosclerosis. Circulation. 2014;129:77–86. https://
doi.org/10.1161/CIRCULATIONAHA.113.003625.

McDermott MM, Kramer CM, Tian L, Carr J, Guralnik JM, Polonsky T, et al. Plaque compo-
sition in the proximal superficial femoral artery and peripheral artery disease events. JACC 
Cardiovasc Imaging. 2017;10:1003–12.

Montgomery AA, Fahey T, Peters TJ, MacIntosh C, Sharp DJ. Evaluation of computer based clini-
cal decision support system and risk chart for management of hypertension in primary care: ran-
domised controlled trial. BMJ. 2000;320:686–90. https://doi.org/10.1136/bmj.320.7236.686.

Newman AB, Sutton-Tyrrell K, Vogt MT, Kuller LH.  Morbidity and mortality in hypertensive 
adults with a low ankle/arm blood pressure index. JAMA. 1993;270:487–9.

Nieuwkerk PT, Nierman MC, Vissers MN, Locadia M, Greggers-Peusch P, Knape LP, et  al. 
Intervention to improve adherence to lipid-lowering medication and lipid-levels in patients with 
an increased cardiovascular risk. Am J Cardiol. 2012;110:666–72. https://doi.org/10.1016/j.
amjcard.2012.04.045.

Pandey A, Patel KV, Vongpatanasin W, Ayers C, Berry JD, Mentz RJ, et  al. Incorporation of 
biomarkers into risk assessment for allocation of antihypertensive medication according to 
the 2017 ACC/AHA high blood pressure guideline: a pooled cohort analysis. Circulation. 
2019;140:2076–88. https://doi.org/10.1161/CIRCULATIONAHA.119.043337.

Paré G, Çaku A, McQueen M, Anand SS, Enas E, Clarke R, et al. Lipoprotein(a) levels and the risk 
of myocardial infarction among 7 ethnic groups. Circulation. 2019;139(12):1472–82. https://
doi.org/10.1161/CIRCULATIONAHA.118.034311.

Pokharel Y, Gosch K, Nambi V, Chan PS, Kosiborod M, Oetgen WJ, et al. Practice-level variation 
in statin use among patients with diabetes: insights from the PINNACLE Registry. J Am Coll 
Cardiol. 2016;68(12):1368–9. https://doi.org/10.1016/j.jacc.2016.06.048.

1 Cardiovascular Risk Assessment in Primary Prevention

https://doi.org/10.1136/bmj.326.7383.251
https://doi.org/10.1161/CIRCULATIONAHA.118.038772
https://doi.org/10.1161/CIRCULATIONAHA.118.038772
https://doi.org/10.1097/JCN.0000000000000103
https://doi.org/10.1097/JCN.0000000000000103
https://doi.org/10.1016/j.atherosclerosis.2005.06.018
https://doi.org/10.1002/14651858.CD006887.pub4
https://doi.org/10.1161/01.cir.99.2.237
https://doi.org/10.1136/bmj.313.7070.1440
https://doi.org/10.1093/eurheartj/ehz455
https://doi.org/10.1161/CIRCULATIONAHA.113.003625
https://doi.org/10.1161/CIRCULATIONAHA.113.003625
https://doi.org/10.1136/bmj.320.7236.686
https://doi.org/10.1016/j.amjcard.2012.04.045
https://doi.org/10.1016/j.amjcard.2012.04.045
https://doi.org/10.1161/CIRCULATIONAHA.119.043337
https://doi.org/10.1161/CIRCULATIONAHA.118.034311
https://doi.org/10.1161/CIRCULATIONAHA.118.034311
https://doi.org/10.1016/j.jacc.2016.06.048


18

Presented by Dr. Jarett D. Berry at the American Heart Association Virtual Scientific Sessions, 
November 15, 2020.

Ramjee V, Sperling LS, Jacobson TA. Non-high-density lipoprotein cholesterol versus apolipopro-
tein B in cardiovascular risk stratification: do the math. J Am Coll Cardiol. 2011;58(5):457–63. 
https://doi.org/10.1016/j.jacc.2011.05.009.

Ridker PM, Cushman M, Stampfer MJ, Tracy RP, Hennekens CH.  Inflammation, aspirin, and 
the risk of cardiovascular disease in apparently healthy men. N Engl J Med. 1997;336:973–9. 
https://doi.org/10.1056/NEJM199704033361401.

Ridker PM, Hennekens CH, Buring JE, Rifai N. C-reactive protein and other markers of inflam-
mation in the prediction of cardiovascular disease in women. N Engl J Med. 2000;342:836–43. 
https://doi.org/10.1056/NEJM200003233421202.

Ridker PM, Danielson E, Fonseca FA, Genest J, Gotto AM Jr, Kastelein JJ, et al. Rosuvastatin to 
prevent vascular events in men and women with elevated C-reactive protein. N Engl J Med. 
2008;359:2195–207. https://doi.org/10.1056/NEJMoa0807646.

Ridker PM, MacFadyen JG, Fonseca FA, Genest J, Gotto AM, Kastelein JJ, et al. Number needed 
to treat with rosuvastatin to prevent first cardiovascular events and death among men and 
women with low low-density lipoprotein cholesterol and elevated high-sensitivity C-reactive 
protein: justification for the use of statins in prevention: an intervention trial evaluating rosuv-
astatin (JUPITER). Circ Cardiovasc Qual Outcomes. 2009;2:616–23. https://doi.org/10.1161/
CIRCOUTCOMES.109.848473.

Saunders JT, Nambi V, de Lemos JA, Chambless LE, Virani SS, Boerwinkle E, et al. Cardiac tro-
ponin T measured by a highly sensitive assay predicts coronary heart disease, heart failure, and 
mortality in the Atherosclerosis Risk in Communities Study. Circulation. 2011;123:1367–76. 
https://doi.org/10.1161/CIRCULATIONAHA.110.005264.

Sheridan SL, Viera AJ, Krantz MJ, Ice CL, Steinman LE, Peters KE, et al. The effect of giving global 
coronary risk information to adults: a systematic review. Arch Intern Med. 2010;170:230–9. 
https://doi.org/10.1001/archinternmed.2009.516.

Sillesen H, Sartori S, Sandholt B, Baber U, Mehran R, Fuster V. Carotid plaque thickness and 
carotid plaque burden predict future cardiovascular events in asymptomatic adult Americans. 
Eur Heart J Cardiovasc Imaging. 2018;19:1042–50.

Sniderman AD, Williams K, Contois JH, Monroe HM, McQueen MJ, de Graaf J, et al. A meta- 
analysis of low-density lipoprotein cholesterol, non-high-density lipoprotein cholesterol, 
and apolipoprotein B as markers of cardiovascular risk. Circ Cardiovasc Qual Outcomes. 
2011;4(3):337–45. https://doi.org/10.1161/CIRCOUTCOMES.110.959247.

Thorndike AN, Regan S, Rigotti NA. The treatment of smoking by US physicians during ambula-
tory visits: 1994–2003. Am J Public Health. 2007;97(10):1878–83.

Triant VA, Perez J, Regan S, Massaro JM, Meigs JB, Grinspoon SK, et al. Cardiovascular risk 
prediction functions underestimate risk in HIV infection. Circulation. 2018;137(21):2203–14. 
https://doi.org/10.1161/CIRCULATIONAHA.117.028975.

Tsimikas S. A test in context: lipoprotein(a): diagnosis, prognosis, controversies, and emerging 
therapies. J Am Coll Cardiol. 2017;69(6):692–711. https://doi.org/10.1016/j.jacc.2016.11.042.

Usher-Smith JA, Silarova B, Schuit E, Moons KG, Griffin SJ. Impact of provision of cardiovas-
cular disease risk estimates to healthcare professionals and patients: a systematic review. BMJ 
Open. 2015;5:e008717. https://doi.org/10.1136/bmjopen- 2015- 008717.

Virani SS, Woodard LD, Ramsey DJ, Urech TH, Akeroyd JM, Shah T, et  al. Gender dispari-
ties in evidence-based statin therapy in patients with cardiovascular disease. Am J Cardiol. 
2015;115(1):21–6. https://doi.org/10.1016/j.amjcard.2014.09.041.

Wang TJ, Larson MG, Levy D, Benjamin EJ, Leip EP, Omland T, et al. Plasma natriuretic peptide 
levels and the risk of cardiovascular events and death. N Engl J Med. 2004;350:655–63. https://
doi.org/10.1056/NEJMoa031994.

Whelton PK, Carey RM, Aronow WS, Casey DE Jr, Collins KJ, Dennison Himmelfarb C, et al. 
2017 ACC/AHA/AAPA/ABC/ACPM/AGS/APhA/ASH/ASPC/NMA/PCNA guideline for the 
prevention, detection, evaluation, and management of high blood pressure in adults: execu-

A. Hussain et al.

https://doi.org/10.1016/j.jacc.2011.05.009
https://doi.org/10.1056/NEJM199704033361401
https://doi.org/10.1056/NEJM200003233421202
https://doi.org/10.1056/NEJMoa0807646
https://doi.org/10.1161/CIRCOUTCOMES.109.848473
https://doi.org/10.1161/CIRCOUTCOMES.109.848473
https://doi.org/10.1161/CIRCULATIONAHA.110.005264
https://doi.org/10.1001/archinternmed.2009.516
https://doi.org/10.1161/CIRCOUTCOMES.110.959247
https://doi.org/10.1161/CIRCULATIONAHA.117.028975
https://doi.org/10.1016/j.jacc.2016.11.042
https://doi.org/10.1136/bmjopen-2015-008717
https://doi.org/10.1016/j.amjcard.2014.09.041
https://doi.org/10.1056/NEJMoa031994
https://doi.org/10.1056/NEJMoa031994


19

tive summary: a report of the American College of Cardiology/American Heart Association 
Task Force on Clinical Practice Guidelines. Circulation. 2018;138(17):e426–83. https://doi.
org/10.1161/CIR.0000000000000597.

Willeit P, Kiechl S, Kronenberg F, Witztum JL, Santer P, Mayr M, et  al. Discrimination and 
net reclassification of cardiovascular risk with lipoprotein(a): prospective 15-year out-
comes in the Bruneck Study. J Am Coll Cardiol. 2014;64:851–60. https://doi.org/10.1016/j.
jacc.2014.03.061.

Wilson PW, D'Agostino RB, Levy D, Belanger AM, Silbershatz H, Kannel WB. Prediction of 
coronary heart disease using risk factor categories. Circulation. 1998;97(18):1837–47. https://
doi.org/10.1161/01.cir.97.18.1837.

Yousuf O, Mohanty BD, Martin SS, Joshi PH, Blaha MJ, Nasir K, et al. High-sensitivity C-reactive 
protein and cardiovascular disease: a resolute belief or an elusive link? J Am Coll Cardiol. 
2013;62:397–408. https://doi.org/10.1016/j.jacc.2013.05.016.

1 Cardiovascular Risk Assessment in Primary Prevention

https://doi.org/10.1161/CIR.0000000000000597
https://doi.org/10.1161/CIR.0000000000000597
https://doi.org/10.1016/j.jacc.2014.03.061
https://doi.org/10.1016/j.jacc.2014.03.061
https://doi.org/10.1161/01.cir.97.18.1837
https://doi.org/10.1161/01.cir.97.18.1837
https://doi.org/10.1016/j.jacc.2013.05.016


21© The Author(s), under exclusive license to Springer Nature 
Switzerland AG 2022
M. D. Shapiro (ed.), Cardiovascular Risk Assessment in Primary Prevention, 
Contemporary Cardiology, https://doi.org/10.1007/978-3-030-98824-1_2

Chapter 2
Global Approaches to Risk Assessment: 
The US Guidelines

Anurag Mehta, Devinder S. Dhindsa, and Laurence S. Sperling

 Introduction

Assessment of absolute cardiovascular disease (CVD) risk and aligning the inten-
sity of treatment with estimated risk have long served as the cornerstones of CVD 
prevention (Wilson et al. 1998; Goff Jr et al. 2014; Arnett et al. 2019). Estimating 
absolute CVD risk has advantages, including a population-based understanding of 
patient prognosis, a foundation for effective risk communication, and balance of 
potential benefits and harms of preventive therapies (net clinical benefit) (Lloyd- 
Jones et al. 2019). Thus, estimated CVD risk serves as the yardstick that informs 
clinician–patient discussions aimed at reducing risk in asymptomatic individuals. 
Assessment of risk is critical for determining the intensity of cardiovascular preven-
tion efforts, including lifestyle management as well as initiation and maintenance of 
pharmacological therapy. The US guideline-recommended approach to cardiovas-
cular risk assessment involves the estimation of absolute risk using risk prediction 
algorithms, ideally, embedded in electronic medical record systems to allow for 
rapid estimation of risk. This recent improvement in ease of use has led to increas-
ing adoption of these risk estimation tools in diverse clinical settings.

In the United States, the pooled cohort equations (PCEs) are the most commonly 
used risk prediction algorithm to estimate the 10-year risk of developing an athero-
sclerotic cardiovascular disease (ASCVD) event in asymptomatic individuals (Goff 
Jr et al. 2014). Absolute risk estimated using the PCE serves as the starting point for 
guiding clinician–patient discussions regarding ASCVD prevention strategies 
(Lloyd-Jones et al. 2019). These equations are an integral part of the US American 
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College of Cardiology(ACC)/American Heart Association (AHA)/multi-society 
cholesterol and hypertension management guidelines, and have been validated in 
several populations (Grundy et al. 2019; Whelton et al. 2018). It is important to note 
that this cardiovascular risk assessment approach utilizes population levels of select 
traditional cardiovascular risk factors to predict the natural course of ASCVD in 
individual patients (Lloyd-Jones et al. 2019). Therefore, the ASCVD risk predicted 
by PCE needs to be personalized and refined by considering unique cardiovascular 
risk and resilience factors in each individual. In this chapter, we discuss cardiovas-
cular risk assessment approaches promulgated by the US guidelines, their limita-
tions, and opportunities for enhancement in the future.

 US Guideline Recommendations

The 2013 ACC/AHA guideline for cardiovascular risk assessment introduced the 
race- and sex-specific PCE for predicting 10-year risk of developing a first ASCVD 
event [defined as nonfatal myocardial infarction (MI) or coronary heart disease 
(CHD)-related death, or fatal or nonfatal stroke] among non-Hispanic white and 
non-Hispanic black individuals free from clinical CVD (Goff Jr et al. 2014). These 
guidelines further recommended that the sex-specific PCE for non-Hispanic whites 
be considered for risk estimation in other race/ethnic groups (Goff Jr et al. 2014). 
The PCEs were an update to the Framingham Risk Score, (Wilson et al. 1998) the 
most commonly used risk prediction algorithm in the United States at the time. The 
formulation of separate risk prediction equations for black individuals and the inclu-
sion of stroke as a clinical end point of interest were recognized as favorable changes 
to the cardiovascular risk assessment paradigm in 2013.

The PCE risk prediction algorithm utilizes information regarding age, sex, race, 
diabetes status, current smoking, systolic blood pressure, antihypertensive use, total 
cholesterol level, and high-density lipoprotein cholesterol (HDL-C) level to predict 
10-year ASCVD risk (Goff Jr et al. 2014). These equations have been derived from 
five longitudinal community-based epidemiological cohorts in the United States: 
the Atherosclerosis Risk in Communities (ARIC) study, the Cardiovascular Health 
Study (CHS), the Coronary Artery Risk Development in Young Adults (CARDIA) 
study, and the Framingham Original and Offspring studies (Goff Jr et  al. 2014). 
Since inception, the PCEs have been externally validated in several patient popula-
tions and are known to be well-calibrated near treatment decision thresholds 
(7.5–10% 10-year ASCVD risk) among study samples comprising broad US popu-
lations (Lloyd-Jones et al. 2019).

The 10-year ASCVD risk predicted by PCE is useful for guiding cholesterol and 
blood pressure (BP) management strategies. PCE-predicted 10-year ASCVD risk 
plays a central role in guiding cholesterol management strategies in the primary 
prevention setting. The 2018 cholesterol management guidelines recommend that 
10-year ASCVD risk should be the starting point of the clinician–patient risk dis-
cussion among individuals aged 40–75  years with low-density lipoprotein 
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cholesterol (LDL-C) 70–190  mg/dL and without diabetes (Grundy et  al. 2019). 
Based on the estimated absolute 10-year ASCVD risk, asymptomatic individuals 
are divided into four risk categories: low (<5%), borderline (5–7.5%), intermediate 
(≥7.5–20%), and high (≥20%) risk (Grundy et al. 2019). The guidelines recom-
mend emphasizing a healthy lifestyle in everyone to help reduce cardiovascular risk 
regardless of estimated ASCVD risk. Moderate-intensity statin therapy may be con-
sidered in individuals with borderline risk (Class of Recommendation IIb) and is 
recommended in those with intermediate risk (Class of Recommendation I) (Grundy 
et al. 2019). Among individuals with borderline or intermediate risk, the guidelines 
recommend personalizing risk assessment by considering risk-enhancing factors 
(discussed below). Furthermore, coronary artery calcium (CAC) testing can be con-
sidered for refining ASCVD risk estimation in individuals when risk decision is 
uncertain (Class of Recommendation IIa) (Grundy et al. 2019). Lastly, initiation of 
high-intensity statin therapy with a goal of reducing LDL-C level ≥ 50% is recom-
mended among high-risk individuals (Class of Recommendation I) (Grundy et al. 
2019). These recommendations are summarized in Fig. 2.1.

The 2017 hypertension management guidelines established new BP categories 
for Americans: normal [systolic blood pressure (SBP) <120 mmHg and diastolic 
blood pressure (DBP) <80 mmHg], elevated (SBP 120–129 and DBP <80 mmHg), 
stage 1 hypertension (SBP 130–139 or DBP 80–89 mmHg), and stage 2 hyperten-
sion (SBP ≥140 or DBP ≥90 mmHg) (Whelton et al. 2018). The guidelines recog-
nized PCE-predicted 10-year ASCVD risk threshold of 10% as an important 
threshold for guiding BP management in the primary prevention setting among indi-
viduals with stage 1 hypertension. Specifically, the hypertension guidelines recom-
mend that individuals with 10-year ASCVD risk ≥10% should be treated with both 

Estimate Absolute 10-year ASCVD Risk

Low Risk
0 – <5%

Borderline Risk
5% – <7.5%

Intermediate Risk
7.5% – <20%

High Risk
≥20%

Clinician-patient discussion considering
risk-enhancing factors and net benefit of therapy

If uncertainty remains, consider CAC score
and revise decision based on results

Lifestyle
modification

Lifestyle
and drug therapy

Fig. 2.1 Summary of risk assessment and clinician–patient risk discussion regarding atheroscle-
rotic cardiovascular disease primary prevention. (Reproduced with publisher’s permission from 
Lloyd-Jones et al. 2019)
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pharmacological and nonpharmacological therapies (Class of Recommendation I), 
while those with risk <10% be treated with nonpharmacological therapies and have 
repeat BP evaluation in 3–6 months (Class of Recommendation I) (Whelton et al. 
2018). Individuals with stage 2 hypertension should be managed with combination 
nonpharmacological and antihypertensive drug therapy (with two agents of differ-
ent classes) regardless of 10-year ASCVD risk and have a repeat BP evaluation in 
1 month (Whelton et al. 2018).

 Risk-Enhancing Factors

As mentioned previously, the 2018 cholesterol management guidelines recommend 
considering certain risk-enhancing factors to guide primary prevention strategies 
among individuals with borderline (5–7.5%) or intermediate (≥7.5–20%) 10-year 
ASCVD risk (Grundy et  al. 2019). These risk-enhancing factors are listed in 
Table 2.1, (Lloyd-Jones et al. 2019) and the list is a composite of risk factors that 

Table 2.1 Cardiovascular risk enhancing factors for clinician-patient risk discussion

1. Family history of premature ASCVD (males age < 55 years, females age < 65 years)
2. Primary hypercholesterolemia (LDL-C 160–189 mg/dL, non-HDL-C 190–219 mg/dL)
3. Metabolic syndrome [increased waist circumference, elevated triglycerides (>150 mg/dL), 

elevated blood pressure, elevated glucose, and low HDL-C (<40 mg/dL in men; <50 mg/
dL in women) are factors; tally of three makes the diagnosis)

4. Chronic kidney disease (eGFR 15–59 mL/min/1.73 m2 with or without albuminuria, not 
treated with dialysis or kidney transplantation)

5. Chronic inflammatory conditions such as psoriasis, RA, or HIV/AIDS
6. History of premature menopause (before age 40 years) and history of pregnancy-associated 

conditions that increase later ASCVD risk such as preeclampsia
7. High-risk race/ethnicities (e.g., South Asian ancestry)
8. Lipid/biomarkers: associated with increased ASCVD risk

   Persistently elevated, primary hypertriglyceridemia (≥175 mg/dL)
   Elevated high-sensitivity C-reactive protein (≥2.0 mg/L)
Elevated Lp(a): a relative indication for its measurement is family history of premature 
ASCVD
An Lp(a) ≥50 mg/dL or ≥ 125 nmol/L constitutes a risk-enhancing factor, especially at 
higher levels of Lp(a)
   Elevated apoB ≥130 mg/dL: a relative indication for its measurement would be 

triglyceride ≥200 mg/dL
A level ≥ 130 mg/dL corresponds to an LDL-C > 160 mg/dL and constitutes a risk- 
enhancing factor
   ABI <0.9

Reprinted with publisher’s permission from Lloyd-Jones et al. 2019
AIDS acquired immunodeficiency syndrome, ABI ankle–brachial index, apoB apolipoprotein B, 
ASCVD atherosclerotic cardiovascular disease, eGFR estimated glomerular filtration rate, HDL-C 
high-density lipoprotein cholesterol, HIV human immunodeficiency virus, LDL-C low-density 
lipoprotein cholesterol, Lp(a) lipoprotein (a); RA rheumatoid arthritis
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have been shown to be independently associated with increased cardiovascular risk 
in epidemiological studies.

Primary hypercholesterolemia (elevated LDL-C or non-HDL-C), (Silverman 
et al. 2016; Brunner et al. 2019) primary hypertriglyceridemia, (Michael et al. 2011) 
elevated lipoprotein(a), (Virani et al. 2012) and apolipoprotein B levels (Sniderman 
et al. 2019) are well-established markers of increased cardiovascular risk. Family 
history of premature ASCVD is a predictor of cardiovascular risk that reflects the 
shared genetic and environmental predilection to cardiovascular disease (Anurag 
et  al. 2020). Chronic systemic inflammation is a key driver of atherosclerosis, 
(Willerson and Ridker 2004) and as such, the presence of chronic inflammatory 
conditions and elevated high-sensitivity C-reactive protein are considered risk- 
enhancing factors. Along similar lines, metabolic syndrome, (Grundy 2004) chronic 
kidney disease, (Sarnak et al. 2019) premature menopause, (Honigberg et al. 2019a) 
and preeclampsia (Honigberg et al. 2019b) are other determinants of atherosclerosis 
pathobiology and considered risk-enhancing factors. Low ankle–brachial index is 
reflective of atherosclerotic peripheral arterial insufficiency and is associated with 
increased cardiovascular risk (Ankle Brachial Index Collaboration et  al. 2008). 
Lastly, South Asian ancestry is also considered a risk-enhancing factor because 
these individuals harbor biological and behavioral risk factors that predispose them 
to early-onset severe ASCVD (Mehta et al. 2020).

The presence of one or more risk-enhancing factors can serve as a useful marker 
for reclassifying ASCVD risk. Specifically, the guidelines recommend statin initia-
tion or therapy intensification among intermediate-risk individuals with risk- 
enhancing factors (Class of Recommendation IIa) (Grundy et  al. 2019). Among 
individuals at borderline risk, the guidelines recommend that the presence of risk- 
enhancing factors may justify the initiation of moderate-intensity statin therapy 
(Class of Recommendation IIb) (Grundy et al. 2019).

 Coronary Artery Calcium Score

CAC is measured using noncontrast, electrocardiographically gated cardiac com-
puted tomography and is quantified using the Agatston score (Greenland et  al. 
2018). CAC is considered a marker of subclinical coronary atherosclerosis that 
reflects the cumulative exposure to both measured and unmeasured cardiovascular 
risk factors over the lifetime (Toth 2008). Several epidemiological studies have 
demonstrated that the CAC score is independently associated with ASCVD risk in 
diverse patient populations and improves risk discrimination and reclassification 
among asymptomatic individuals (Polonsky et al. 2010; Erbel et al. 2010; Elias- 
Smale et al. 2010; Paixao et al. 2015; Baber et al. 2015; Hoffmann et al. 2016). 
Additionally, in studies comparing the CAC score with other nontraditional risk 
markers, CAC uniformly outperforms other markers, including several risk- 
enhancing factors discussed above, for improving cardiovascular risk assessment 
and guiding treatment strategies (Mehta et al. 2017).
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The 2018 cholesterol management guidelines recommend considering the mea-
surement of CAC if the decision regarding statin therapy is uncertain among indi-
viduals with intermediate (≥7.5–20%) and select individuals with borderline 
(5–7.5%) estimated 10-year ASCVD risk (Class of Recommendation IIa) (Grundy 
et al. 2019). In these scenarios, the CAC score can be used to guide decisions regard-
ing deferring, delaying, or initiating statin therapy (Fig. 2.2). If the CAC score is 
zero, it is reasonable to withhold statin therapy and reassess in 5–10 years as long as 
high-risk conditions like diabetes, smoking, and family history of premature 
ASCVD are absent (Lloyd-Jones et  al. 2019). Recent evidence from the Multi- 
Ethnic Study of Atherosclerosis (MESA) suggests that the ideal timeline for rescan-
ning individuals with CAC score of zero is 3–7 years (Dzaye et al. 2020). Study 
authors suggest that the interscan interval depends on individual demographic char-
acteristics and cardiovascular risk profile (Dzaye et al. 2020). A CAC score of 1–99 
Agatston units favors statin therapy, especially in those older than 55  years age 
(Lloyd-Jones et al. 2019). Lastly, if the CAC score is greater than 100 Agatston units 
or higher than 75th percentile for age/sex/race, initiating statin therapy to reduce 
cardiovascular risk is recommended (Lloyd-Jones et al. 2019).

 Lifetime Risk Assessment

Age is the predominant factor that influences PCE-predicted 10-year ASCVD risk 
(Karmali et al. 2014). Therefore, young individuals with a high burden of traditional 
risk factors are often deemed to be at low 10-year ASCVD risk (Karmali et  al. 
2014). In such scenarios, lifetime cardiovascular risk assessment is an important 

10-Year Risk
5% – <7.5% or 7.5% – <20%

Consider Risk-Enhancing Factors
Engage Patient in Discussion

Regarding Net Benefit of Statin
Therapy

Decision

Patient Undecided or Clinical Uncertainty Regarding
Net Benefit of Statin Therapy

Decision for No Drug
Therapy

Decision for Drug Therapy

Consider CAC measurement.
If performed:

See 2018 Cholesterol Clinical
Practice Guidelines

CAC = 0 AU
CAC 1–99 AU and <75th %ile

for age/sex/race/ethnicity
CAC ≥100 AU or ≥75th %ile

for age/sex/race/ethnicity

Below Threshod for Statin Benefit
Consider avoiding or

postponing drug therapy.*

Above Threshold for Statin Benefit
Recommend statin therapy.

Subclinical atherosclerosis present; risk estimate
similar. Repeat clinician-patient discussion with
new information. Consider statin therapy now or

postpone statin and consider repeat CAC in 5 years.

Fig. 2.2 Incorporating coronary artery calcium score in risk assessment among borderline and 
intermediate-risk patients. (Reproduced with publisher’s permission from Lloyd-Jones et al. 2019)
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tool for understanding the impact of aggregate risk factor burden on long-term 
ASCVD risk trajectory (Lloyd-Jones et  al. 2019). Current US guidelines recom-
mend considering lifetime or 30-year ASCVD risk assessment using the PCE 
among adults 20–39 years of age and for those 40–59 years of age who are at <7.5% 
10-year ASCVD risk (Class of Recommendation IIb) (Arnett et  al. 2019). This 
information can be a useful communication strategy for guiding clinician–patient 
risk discussion and facilitating healthy lifestyle interventions.

 Limitations of Current Approaches to Risk Assessment

Cardiovascular risk assessment has evolved significantly since the field of preven-
tive cardiology was born in 1961 when Dr. William B. Kannel, then director of the 
Framingham Heart Study, coined the term “risk factors” for coronary heart disease 
(Kannel et al. 1961). This evolution has been fueled by advances in cardiovascular 
epidemiology through the establishment of large population-based epidemiological 
cohorts, improvement in data analysis techniques, and identification of novel risk 
factors. Our current guideline-based approaches to risk assessment and ASCVD 
prevention discussed above reflect significant progress made in the field over the 
last several decades. However, there are several limitations to our current approach 
that may benefit from refinement.

It is important to remember that all risk estimation tools, including the PCE, 
apply population-based risk estimates to individual patients. In other words, the 
level of PCE-estimated risk for a given individual is calculated using risk prediction 
models that were created using data obtained from participants of five longitudinal 
community-based epidemiological cohorts in the United States. These cohorts 
recruited participants at least three decades ago, and expectedly, the population bur-
den of cardiovascular risk factors, as well as the use of preventive therapies, has 
changed in this time frame. These secular trends lead to a mismatch between PCE- 
predicted and observed cardiovascular risk that has been reported in several studies 
since the PCE risk prediction algorithm was published in 2013 (Cook and Ridker 
2014; Kavousi et al. 2014; Muntner et al. 2014; DeFilippis et al. 2015). Second, 
there is a lack of race/ethnic diversity in the epidemiological cohort studies used for 
the creation of the PCE with the vast majority of participants being non-Hispanic 
white or non-Hispanic black men and women. As such, this lack of race/ethnic rep-
resentation in our primary risk estimation tool is a limitation for accurate risk 
assessment, and thus, prevention of ASCVD in underrepresented minority popula-
tions. Third, the risk estimated by PCE is calculated using a prediction model that 
incorporates data regarding age, sex, race, diabetes status, current smoking, systolic 
blood pressure, antihypertensive use, total cholesterol level, and HDL-C level. This 
information is available for many asymptomatic individuals interacting with health- 
care systems in the United States. However, it is worth noting that this approach has 
evolved little in the past two decades (Wilson et al. 1998). In addition, several novel 
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risk markers have been extensively studied and are awaiting further validation and 
consideration, which may make risk assessment more precise. Lastly, our current 
approach does not include measures of social determinants of health that have a 
significant impact on cardiovascular risk.

 Considerations for Enhancing Cardiovascular 
Risk Assessment

Considerations for enhancing our current approach to cardiovascular risk assess-
ment should focus on addressing the limitations discussed above. These new 
approaches can be grouped together into three main categories as discussed below.

 Larger and More Diverse Contemporary 
Epidemiological Cohorts

As mentioned previously, the epidemiological cohorts used for creating the PCE 
were established decades ago and lack race/ethnic diversity. Establishing larger and 
more diverse contemporary epidemiological cohorts that can be used for updating 
current risk estimation tools is the first step toward improving cardiovascular risk 
assessment. This has been the focus of the National Institutes of Health (NIH) and 
other research organizations that have invested in diverse epidemiological cohort 
studies such as the MESA, (Bild et al. 2002) the Jackson Heart Study, (Sempos et al. 
1999) the Dallas Heart Study, (Victor et al. 2004) the Hispanic Community Health 
Study/Study of Latinos, (Perreira et al. 2020) the Mediators of Atherosclerosis in 
South Asians Living in America Study, (Kanaya et al. 2013) and the Strong Heart 
Study. (Lee et al. 1990) These cohorts continue to provide crucial scientific infor-
mation that are useful for improving risk assessment and ASCVD prevention among 
race/ethnic minorities. More recently, a mega-scale NIH-funded epidemiological 
cohort called the “All of Us” initiative was launched in the United States in 2018 
(All of Us Research Program Investigators et al. 2019). The study aims to recruit a 
diverse group of over one million Americans from a network of more than 340 geo-
graphically diverse recruitment sites. The “All of Us” study is collecting participant 
data from health questionnaires, electronic health records, physical measurements, 
and biospecimens (All of Us Research Program Investigators et  al. 2019). Once 
completed, this initiative will be invaluable for improving cardiovascular risk 
assessment and fostering innovation that ushers in an era of precision medicine with 
refined risk prediction and individualized targeted therapies.
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 Precision Medicine

Precision medicine can be defined as the use of diagnostic tools and treatments 
targeted to the needs of an individual patient based on the genetic, biomarker, or 
psychosocial characteristics (Ramaswami et al. 2018). Advances in genomic tech-
nologies hold a promising role in enhancing our ability to assess cardiovascular risk. 
An example of this approach is the use of polygenic risk scores that estimate an 
individual’s genetic susceptibility to ASCVD and are calculated according to geno-
typic profile and genome-wide association study data (Choi et al. 2020). Polygenic 
risk scores are novel tools that may help identify patients at the highest cardiovas-
cular risk at a young age even in the absence of traditional cardiovascular risk fac-
tors (Khera et  al. 2018). These individuals may benefit from earlier and more 
aggressive preventive interventions to help offset ASCVD risk (Khera et al. 2016). 
However, two recent studies have demonstrated that polygenic risk scores failed to 
improve ASCVD risk prediction beyond PCE among middle-aged white individuals 
living in the United States and the United Kingdom. Future research work is needed 
to clarify the potential role of polygenic risk scores for enhancing cardiovascular 
risk assessment (Mosley et al. 2020; Elliott et al. 2020). Clonal hematopoiesis of 
indeterminate potential (CHIP) is an acquired genetic risk factor for ASCVD that 
acts through inflammatory pathways (Jaiswal et  al. 2017). CHIP refers to clonal 
expansion of hematopoietic stem cells due to acquired somatic mutations that occur 
during the aging process (Jaiswal et al. 2017). Deficiency of TET2 (tet methylcyto-
sine dioxygenase 2), one of the key genes associated with CHIP, was shown to 
promote atherogenesis through an IL-1β-dependent and NLRP3 inflammasome- 
dependent mechanism (Libby et al. 2019). CHIP is surprisingly common, occurring 
in up to 20% of septuagenarians, and though it rarely transforms to acute leukemia 
(occurring 0.5–1% per year in carriers), CHIP confers a 40% increased risk of CVD, 
and thus, has emerged as a novel risk factor (Libby et al. 2019). Investigations are 
underway to determine optimal approaches to integrate CHIP in cardiovascular risk 
assessment. In addition to genetic markers of cardiovascular risk, biomarkers that 
are distal to the genome and proximal to the disease phenotype are being leveraged 
to improve risk assessment. These approaches encompass the transcriptomics, 
(Pedrotty et al. 2012) proteomics, (Lindsey et al. 2015) and metabolomics (Lewis 
et al. 2008). In addition to serving as risk factors, biomarkers identified using these 
high-throughput technologies may also serve as emerging targets for reducing 
ASCVD risk. Importantly, these novel risk markers need to be systematically evalu-
ated in epidemiological studies. The ability to improve risk discrimination, risk 
reclassification, and diagnostic accuracy beyond traditional cardiovascular risk fac-
tors should be studied using accepted statistical techniques like the C-statistic, net 
reclassification index, integrated discrimination index, discrimination slope, and 
predicted-to-observed event rates (Hlatky et al. 2009).
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 Social Determinants of Health

Social determinants of health (SDOH) have a significant and measurable impact on 
ASCVD risk. In high-income countries, four measures of SDOH have been consis-
tently associated with ASCVD risk: income level, educational attainment, employ-
ment status, and neighborhood socioeconomic factors (Schultz et  al. 2018). The 
association of SDOH with ASCVD risk is in part mediated by increased burden of 
traditional risk factors like hypertension, diabetes, smoking, and obesity. Integration 
of SDOH into traditional ASCVD risk prediction models may improve risk assess-
ment and allow improved management of high-risk individuals (Schultz et al. 2018). 
However, cultural and regional differences in SDOH make generalized implementa-
tion challenging.

 Conclusion

Assessment of cardiovascular risk is the backbone of cardiovascular disease preven-
tion. Current US guidelines for cardiovascular risk assessment recommend using 
the race- and sex-specific pooled cohort equations for estimating the 10-year risk of 
an ASCVD event in asymptomatic individuals. The PCE-predicted 10-year ASCVD 
risk serves as the starting point for guiding shared decision-making regarding pri-
mary ASCVD prevention. Current guidelines have developed provisions for person-
alizing and refining ASCVD risk estimates by recommending considerations for 
risk-enhancing factors and quantification of CAC. Future research efforts should 
focus on improving our current approach to risk assessment by studying larger and 
more diverse epidemiological cohorts, leveraging the power of precision medicine, 
and incorporating measures of social determinants of health in risk prediction 
algorithms.
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Chapter 3
European Guidelines for Risk Assessment 
in the Primary Prevention 
of Cardiovascular Disease

Christian Cawley and John W. McEvoy

 Introduction

The European Society of Cardiology (ESC) first published joint recommendations 
on the prevention of cardiovascular disease (CVD) in 1994 (Pyörälä et al. 1994). 
With continuous review of the most contemporaneous evidence in CVD preven-
tion, the ESC has since published six further revisions to these prevention guide-
lines (Visseren et al. 2021). The most recent set of guidelines, published in 2021, 
provide updated recommendations for both CVD risk estimation and risk factor 
management. In particular, the publication of the Systematic COronary Risk 
Evaluation 2 (SCORE2) CVD risk assessment tool in early 2021 now allows esti-
mation of both nonfatal and fatal CVD events for European patient populations. 
Therefore, SCORE2 has a central role in the 2021 ESC CVD prevention guide-
lines (Hageman et  al. 2021). However, these updated guidelines also endorse a 
number of new approaches to the use of risk in guiding CVD prevention therapies, 
including a two-step approach to personalizing risk factor targets, estimation of 
lifetime risk and expected lifetime treatment benefit in settings where 10-year risk 
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estimates may not be optimal, and other more bespoke risk calculators for diabet-
ics and older persons. In this chapter, we review the 2021 ESC guideline, focusing 
on the recommended CVD risk assessment tools in the first section and then on the 
use of CVD risk to inform the intensity of primary CVD prevention therapies in 
the second section.

 Current European Recommendations for Risk Assessment 
in CVD Prevention

The 2021 ESC recommendations acknowledge the role of both systematic screen-
ing as well as opportunistic screening of patients felt to be at an increased CVD 
risk due to the presence of any genetic, lifestyle, or recognized comorbid risk fac-
tors. Although the guidelines acknowledge that validated CVD risk assessment 
scores may suffer from the imperfect application of mean population data to the 
individual patient – a practice that may over- or underestimate the magnitude of 
CVD risk on an individual basis – their routine use is still recommended in the 
2021 guidelines.

 The New SCORE2 Risk Estimator

One of the major changes found in the 2021 ESC guidelines lies in the recom-
mended tool for evaluating CVD risk, specifically through the utilization of the 
recently upgraded and published SCORE2 risk prediction algorithm (Hageman 
et al. 2021). While the first and second ESC joint task force publications based their 
risk evaluation on the American Framingham Risk Score (FRS), the Systematic 
COronary Risk Evaluation (SCORE) model was developed in 2003 for use in 
European patient populations and had remained the backbone of ESC CVD preven-
tion guidelines since then (Wilson et al. 1998; Conroy et al. 2003).

Despite its widespread use in both guidelines and clinical practice, the original 
SCORE model had a number of acknowledged flaws (Conroy et al. 2003). First, the 
SCORE risk outcome focused exclusively on fatal CVD events, a clear difference 
from the American standard FRS and its more recent iteration [the pooled cohort 
equations (PCE)], both of which estimate total CVD [i.e., fatal CVD, nonfatal myo-
cardial infarction (MI), and nonfatal stroke] (Wilson et al. 1998; Conroy et al. 2003; 
Goff et  al. 2013). The authors of the original SCORE estimator rationalized the 
decision to estimate fatal CVD only by pointing to the paucity of quality nonfatal 
MI and stroke data collected in the European studies used to derive this score 
(Conroy et al. 2003). The authors concluded that “hard” data relating to fatal CVD 
events was more uniformly available across European states due to readily 
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accessible national death registries. However, the inability to estimate nonfatal 
CVD outcomes can attenuate the clinical relevance of CVD risk estimation using 
SCORE, particularly for younger patient populations in whom the risk of fatal 
CVD is low. As a consequence, the overall CVD risk among young adults may be 
underestimated when nonfatal events are excluded. Second, the original SCORE 
algorithm did not account for non-CVD mortality as a competing risk event, which 
has an increasing relevance for multimorbid patient cohorts and older persons. Not 
accounting for non-CVD deaths can result in an overestimation of the true CVD 
risk observed in these subgroups. Finally, many of the cohort studies on which the 
first SCORE algorithm was based are now considered quite dated (e.g., baseline 
data collection in the 1980s) and may no longer be reflective of the modern European 
patient population.

The SCORE2 algorithm seeks to improve on the design of its predecessor in the 
following ways: providing risk evaluation for both nonfatal myocardial infarction or 
stroke as well as fatal CVD events; accounting for the impact of competing non- 
CVD mortality risk; and incorporating contemporary European population data. The 
data gathered for SCORE2 were taken from the large longitudinal United Kingdom 
Biobank (UKB) cohort study as well as 46 cohorts selected from the Emerging Risk 
Factors Collaboration (ERFC). To exclude less relevant data, ERFC cohorts were 
selected based on strict inclusion criteria, including documented information on 
baseline risk factor status; cohorts whose participants approximately corresponded 
to that of the general population; baseline year of cohort not before the year 1990; 
and available data on cause-specific mortality and nonfatal CVD events for at least 
1-year post follow-up. Individuals with established CVD or diabetes and those indi-
viduals from outside the SCORE2 age range of 40–69 years were censored from 
analysis. Unlike the data gathered for the original SCORE algorithm, the use of the 
UKB and ERFC cohort studies allows for risk estimation of both fatal and nonfatal 
CVD events using SCORE2. Additionally, the aforementioned maximum baseline 
survey cutoff of 1990 meant that the data presented was more contemporaneous, and 
therefore more relevant, to the modern European population. The algorithm was then 
externally validated using a selection of study cohorts whose methodological criteria 
matched that of the cohorts used to derive SCORE2 (Hageman et al. 2021; Ollier 
et al. 2005; Collaboration ERF 2007).

Another new aspect of SCORE2 is the inclusion of four risk regions for Europe 
(Fig. 3.1), each with distinct risk equations, which contrasts with the two regions 
offered by SCORE. It is worth emphasizing here that SCORE2 is designed for non-
diabetic adults only. The 2021 ESC guidelines recommend that separate risk equa-
tions be used among diabetics (see below).

Much like the previously utilized Framingham score (and the current PCE score 
used in the United States), the inclusion of nonfatal events has translated to higher 
cutoffs for categorizing CVD risk with the use of SCORE2 compared to the first 
SCORE algorithm (Hageman et al. 2021; Conroy et al. 2003). Indeed, because both 
the SCORE and SCORE2 equations predict different outcomes, it can be difficult to 
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directly compare one with another. In addition, SCORE2 risk categories are now 
subdivided into three groups as opposed to the six defined by the original SCORE 
algorithm. These three categories encompass a spectrum from low-to-moderate risk 
to high risk to very high risk, which importantly now depend on one’s age, and 
range from 10-year total CVD risk estimates of <2.5% to ≥ 15% (Table 3.1). In 
contrast to SCORE2, the lower end of the categorical risk spectrum was defined as 

10-Year Risk Category PCE (ACC/AHA 

2013)

SCORE (ESC 

2003)

SCORE2 (ESC 2021)

No age criteria No age criteria <50 years 50–69 

years

≥ 70 years

Very Low N/A ≤1%
<2.5%

“Low to 

moderate”

<5%

“Low to 

moderate”

<7.5%

“Low to 

moderate”

Low <5% 2%

Moderate 5–7.4% 3–4%

Elevated 7.5 –14.9% 5–9%

High ≥15% 10–14% 2.5–7.4% 5–9.9% 7.5–14.9%

Very High N/A ≥15% ≥ 7.5% ≥ 10% ≥ 15%

Table 3.1 Comparison of percentage 10-year CVD risk thresholds across the pooled cohort 
equations (PCE) (Mora et al. 2018), SCORE (Piepoli et al. 2016), and SCORE2 (Visseren et al. 
2021) algorithms

Although there are several risk category subdivisions within the PCE algorithm, the threshold of 
significant risk elevation is >7.5%; this percentage relates to total CVD risk. The original SCORE 
algorithm provides predictive risk estimates based on fatal CVD events only, thereby excluding 
risk prediction for nonfatal MI or CVA. The SCORE2 risk calculation provides information on 
total CVD risk
PCE pooled cohort equations, SCORE Systematic COronary Risk Evaluation, SCORE2 Systematic 
COronary Risk Evaluation 2, N/A not applicable

Risk Regions

Very High Risk

High Risk

Moderate Risk

Low Risk

Fig. 3.1 European risk regions based on standardized CVD mortality rates reported by the WHO
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individuals with a SCORE risk of <1% at 10 years and no additional risk modifi-
ers – categorized as “low risk.” Individuals deemed to be of “low-to-moderate risk” 
were those shown to have a calculated risk of 1–<5% or by the presence of any 
dyslipidemia, hypertriglycerideemia, sedentary lifestyle, abdominal obesity, lower 
socioeconomic class, and family history of premature coronary artery disease. The 
“elevated-to-high–risk” profile individuals were characterized by SCORE risks of 
5–<10% or by the presence of familial dyslipidemias or severe hypertension. 
Finally, those at the highest risk (“very high risk”) were defined by a SCORE risk of 
>10% or by the presence of known CVD, moderate to severe CKD, and type 2 DM 
(T2DM) or type 1 DM (T1DM) with target organ damage. Table 3.1 provides rough 
comparisons of the categorical 10-year risk thresholds for PCE vs. SCORE 
vs. SCORE2.

The first step of calculating CVD risk using SCORE2 involves the input of sev-
eral traditional risk factors, namely, sex, age, smoking status, systolic blood pres-
sure, total cholesterol, and high-density lipoprotein-cholesterol (HDL-C) (Fig. 3.2) 
(Hageman et al. 2021). This yields a 10-year “crude” total CVD risk score through 
the application of risk factor coefficients and survival functions from sex- specific 
models developed from the UKB and ERFC cohorts. Note that this crude estimate 
is not seen by the clinician and also that these models account for non- CVD death 
as a competing risk event. The “crude” risk score is then recalibrated using sex- and 
region-specific rescaling factors to provide a recalibrated 10-year risk for total CVD 
for each of the four risk regions. It is these recalibrated risk estimates that the clini-
cian sees.

The derivation of the rescaling factors used in the above recalibration process 
was complicated and is summarized in the right-hand section of Fig.  3.2. First, 
population-average risk factor levels for men and women in each of the four risk 
regions (which were taken from the NCDRisc study) were entered into the UKB- 
and ERFC-derived model to produce a “predicted CVD risk.” (Sabanayagam et al. 
2016) Second, an “expected CVD risk” was derived from World Health Organization 
(WHO) reports of sex- and region-specific annual total CVD mortality. These WHO 
figures for CVD death were converted to estimates of total CVD (fatal and nonfatal) 
using region-specific multiplication factors derived from CPRD/Finnish CVD 
Register/Swedish CVD Reigster for regions assigned as low to moderate risk and 
from Estonian Biobank/HAPIEE for high- to very-high-risk regions (Herrett et al. 
2015; Schmermund et al. 2002; Leitsalu et al. 2015; Peasey et al. 2006; Ricci et al. 
2018). Third, by plotting a regression of “predicted” on “expected” CVD risk, 
region- and sex-specific “rescaling factors” were then derived that convert crude 
10-year risk of total CVD to a recalibrated 10-year risk of total CVD.

Results taken from the publication of SCORE2 demonstrate modest results for 
the prognostic discrimination of events in external validation cohorts, with C-indices 
ranging from 0.66 to 0.81, depending on the European risk region under consider-
ation (Hageman et  al. 2021). Interestingly, the results described suggest that the 
SCORE2 algorithm has similar discrimination when compared to its predecessor 
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Fig. 3.2 Summary of the ESC SCORE2 equation. The left panel in this image shows the practical 
estimation of ESC SCORE2. The physician enters their patients’ risk factors into an online calcula-
tor or into a risk table to obtain a region- and sex-specific estimate of 10-year total CVD risk. The 
estimation of this 10-year total CVD risk involves two unseen steps. First, the patient’s risk factors 
are applied to coefficients and the survival function from sex-specific models derived using UKB 
and ERFC datasets. This process yields a sex-specific “crude” 10-year total CVD risk estimate, 
which accounts for non-CVD death as a competing risk outcome. This “crude risk” estimate is not 
seen by the clinician. Second, the sex-specific “crude risk” is transformed into a sex- and region-
specific “recalibrated risk” for total CVD over 10 years using sex- and region-specific rescaling 
factors derived from the recalibration process. It is only this sex- and region-specific recalibrated 
risk for total CVD events over 10 years that is seen by the clinician. The right panel in this image 
shows additional information (with further details provided in the Hageman et al. 2021 article and 
supplement) on the process of recalibration and external validation. It is not necessary to under-
stand these latter two processes when using SCORE2 and so, for simplicity, the clinician may want 
to focus simply on the left panel of this image
1.  Risk factors entered into the SCORE2 calculator are sex, age, smoking status, systolic blood 

pressure, total cholesterol, and HDL-cholesterol
2.  The UKB and ERFC models are designed to estimate 10-year total CVD risk using non-CVD 

death as a competing risk outcome
3.  Total CVD comprises of risk for fatal CVD, nonfatal MI, and nonfatal stroke events over 

10 years.
4.  For the recalibration, average risk factor levels according to region and sex are derived from 

NCDRisc and then used as input variables into the UKB/ERFC-derived models to obtain “pre-
dicted risks” for total CVD by sex and by region

5.  Then World Health Organization (WHO) reports of sex- and region-specific annual CVD mor-
tality are used in the process of deriving “expected risks” for total CVD by sex and by region.

6.  To translate WHO sex- and region-specific annual CVD mortality into 10-year sex- and region- 
specific estimates of total (fatal and nonfatal) CVD among primary prevention nondiabetic 
adults using non-CVD death as a competing risk outcome, multiplication factors are used. 
These multiplication factors are derived from modeling of CPRD/HNR/Swedish National 
Registry and other studies for the low−/moderate-risk regions and modeling of Estonian 
Biobank/HAPIEE for the high−/very-high-risk regions

7.  Then the predicted risks are regressed on expected risks for 10-year total CVD to derive rescal-
ing factors used to recalibrate the sex-specific “crude” 10-year total CVD risk into sex- and 
region- specific “recalibrated” 1- year total CVD risk (i.e., the final output of the SCORE2 
algorithm)

ESC SCORE2 European Society of Cardiology Systematic COronary Risk Evaluation 2, UKB 
United Kingdom Biobank, ERFC Emerging Risk Factors Collaboration, NCDRisC non- 
communicable diseases risk factor collaboration, CVD cardiovascular disease, WHO World Health 
Organization, EPIC-CVD European Prospective Investigation into Cancer and Nutrition  – 
Cardiovascular Disease, CPRD Clinical Practice Research Datalink, HNR Heinz–Nizdorf Recall 
Study, Estonian BB Estonian Biobank, HAPIEE Health, Alcohol and Psychosocial factors in 
Eastern Europe Study, RUS + LTU Russia and Lithuania

SCORE, although it does now include nonfatal CVD events in the risk estimate, 
accounts for non-CVD competing death, and provides more granular information 
on the basis of four risk regions. As such, while it is acknowledged that SCORE2 
does not offer a perfect solution to all of the issues found with the original SCORE 
algorithm, it nevertheless does provide a suitable and much needed update for CVD 
risk estimation in European populations.
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 Other Risk Scores Endorsed in the 2021 ESC Guideline

As noted above, the SCORE2 algorithm encompasses CVD risk estimation for non-
diabetic individuals aged from 40 to 69  years without evidence of established 
CVD. A number of additional risk estimation algorithms are currently in develop-
ment by the ESC, which will cater to specific patient populations not already cov-
ered by SCORE2.

 SCORE-OP and Other Risk Algorithms Developed by ESC

One such risk prediction algorithm is for CVD risk estimation in older patients (i.e., 
those ≥70 years), which will tailors toward a typically more frail and multimorbid 
population. This tool is called Systematic Coronary Risk Evaluation 2 Older Persons 
(SCORE2-OP), and it was endorsed in 2021 ESC guidelines and made available to 
researchers in late 2021 (SCORE2-OP working group and ESC Cardiovascular risk 
collaboration). In addition, the first ESC-developed secondary prevention CVD risk 
prediction algorithm is also in development (named SMART2); this will allow for 
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risk estimation of recurrent CVD among adults with a known history of prior 
CVD. Furthermore, specific ESC risk estimation algorithms are also planned that 
will cater to both heart failure and arrhythmia/atrial fibrillation populations. While 
some of these algorithms have yet to be published, they will take into account the 
specific disease risk modifiers for each of these unique populations and aim to pro-
vide clinicians with more individualized guidance on risk factor management and 
preventive treatment intensification, as well as assisting in patient education.

In addition to SCORE2 and SCORE2-OP, the 2021 ESC guideline endorses the 
use of other risk estimators (Fig. 3.3). For example, diabetics are recommended to 
undergo risk assessment using the Action in Diabetes and Vascular Disease: 
preterAx and diamicroN-MR Controlled Evaluation (ADVANCE) risk score. 
Pending the publication of the SMART2-secondary prevention risk estimator, the 
guideline endorses the use of the Reduction of Atherothrombosis for Continued 
Health (REACH) and/or Secondary Manifestations of Arterial Disease (SMART) 
calculators in secondary prevention patients.

 ADVANCE Risk Score Among Primary Prevention Diabetics (Endorsed 
but Not Developed by ESC)

The ADVANCE risk scoring system (which estimates both fatal and nonfatal CVD 
events in diabetic patients) was published in 2011 (Kengne et  al. 2011). The 
ADVANCE study from which this prediction tool was constructed was aimed at 
assessing the impact of blood pressure and glycemic control on both microvascular 
and macrovascular outcomes in diabetic patients and was designed as a large multi-
center factorial randomized controlled trial (RCT) spanning Asia, Australasia, 
Europe, and Canada, involving a total cohort of 11,460 patients (Patel et al. 2007). 
The estimation of CVD risk was derived from a smaller subgroup of 7168 patients 
without established CVD and took place over a follow-up period of 4.5 years, exam-
ining for total CVD events during that time (i.e., fatal and nonfatal MI, stroke, and 
cardiovascular death) (Kengne et al. 2011). The tool demonstrated a modest dis-
crimination capacity with a c-statistic of 0.70. External validation using the 
DIABetes, HYpertension, microalbuminuria or proteinuria, CARdiovascular 
events, and Ramipril (DIABHYCAR) cohort demonstrated a similar c-statistic 
of 0.69.

Factors included within the ADVANCE risk calculator are sex, age at diabetes 
mellitus (DM) diagnosis, duration of time since DM diagnosis, presence of atrial 
fibrillation, evidence of retinopathy, history of hypertension, pulse pressure, HbA1c, 
and degree of albuminuria and non-HDLc level. Each factor is given appropriate 
weighting to derive the 4-year total CVD risk score. The authors noted that the 
inclusion of indicators of microvascular disease (albuminuria, retinopathy), along 
with measured HbA1c and duration of known DM, may give an improved approxi-
mation of total hyperglycemia exposure compared to previously established risk 
estimators.
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Although the 2021 ESC guidelines recommend the ADVANCE risk estimator for 
CVD risk assessment in diabetic patients, there are several issues to consider with 
its use. First, the risk estimate is given as a 4-year total CVD risk score; this is a key 
difference from the numerical output from other contemporary CVD risk estimators 
that typically calculate a 10-year risk score. The authors of ADVANCE rationalized 
the limitation of the tool’s estimation to a 4-year risk score as it was felt that the 
longer survival of certain participants would have a potentially disproportionate 
influence on parameter estimates. Interestingly, despite the quoted 4-year risk score, 
the 2021 ESC guidelines recommend the ADVANCE algorithm as a means for 
deciding on treatment intensification without indicating how to compare the 4-year 
risk estimates among diabetics with the 10-year risk estimates for nondiabetics pro-
duced by the various risk equations (though there are ways to recalibrate the 
ADVANCE score output to a 10-year risk estimate). Second, the participants 
included in ADVANCE were all aged 55 years or older, which may affect the accu-
racy of risk derivation for younger diabetic patients. Third, the study’s participants 
also underwent randomized treatments during the course of ADVANCE, a factor 
that the algorithm’s authors acknowledge may weigh on the tool’s generalizability. 
Finally, while the authors of the ADVANCE score cited the large heterogeneous 
global cohort as a major strength of the tool, the algorithm does not provide region-
specific or European-specific weighting – a factor that may lead to over- or under-
estimation of risk depending on the population under consideration.

 SMART-REACH Risk Score for Secondary Prevention Adults (Endorsed 
but Not Developed by ESC)

While the focus of this book and chapter is on risk assessment in primary preven-
tion, it is worth mentioning that the new 2021 ESC prevention guidelines also sug-
gest that risk assessment in certain secondary prevention adults may be worth 
considering when deciding on the intensity of preventive treatment. Previous ESC 
and American prevention guidelines have considered all secondary prevention 
adults to uniformly be at high-to-very high risk, and guidelines have generally rec-
ommended the same intensive prevention risk factor targets for all secondary pre-
vention adults. However, in reality, there is some heterogeneity in risk among these 
adults. This heterogeneity may be important to consider in the context of emerging 
new medications that are effective for secondary prevention but are also expensive 
with varied cost- effectiveness. One way to allocate these more expensive secondary 
prevention options is to identify, using risk scores, who among the larger secondary 
prevention cohort is at highest risk. These individuals would be most likely to ben-
efit from expensive newer therapies.

The Secondary Manifestations of Arterial Disease  – REduction of 
Atherothrombosis for Continued Health (SMART-REACH) model, published in 
2018, appears to be favored for secondary prevention risk assessment in the 2021 
ESC guidelines, though the planned future publication of the SMART2-secondary 
prevention risk estimator developed by the ESC may see this recommendation for 
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SMART- REACH revised in subsequent guidelines (Kaasenbrood et  al. 2018). 
SMART- REACH was developed using three patient cohorts with known cardiovas-
cular disease and who were monitored for recurrent cardiovascular events, namely, 
SMART, REACH (Western Europe), and REACH (North America) (Simons et al. 
1999; Bhatt et al. 2006). SMART is an ongoing single-center prospective cohort 
study involving patients with manifest cardiovascular disease recruited to the 
University Medical Center Utrecht, Netherlands (Simons et al. 1999). The REACH 
Registry was established as a large international multicenter prospective observa-
tional registry beginning in 2003 and encompassing a maximum of 4 years’ follow-
 up. In the derivation of this risk estimator, the authors of the SMART-REACH 
model included data from 6959 patients enrolled in the SMART study between 
1996 and 2014, 14,259 patients from REACH (Western Europe), and 19,170 
patients from REACH (North America) (Bhatt et al. 2006; Dorresteijn et al. 2013). 
The combined 2018 SMART-REACH model can be used to calculate 10-year recur-
rent cardiovascular risk adjusted for noncardiovascular mortality (Kaasenbrood 
et al. 2018). A helpful addition to the SMART-REACH model is the ability to dem-
onstrate estimated gains in life expectancy through therapy modification and/or 
intensification.

The overlapping risk factors identified between the SMART and REACH studies 
were sex, systolic blood pressure, active smoking, diagnosis of DM, diagnosis of 
atrial fibrillation, diagnosis of heart failure, creatinine level, total cholesterol level, 
and number of affected vascular territories. These predictors were then appropri-
ately weighted to produce the risk estimates outlined above. The internally validated 
c-statistics for the SMART and REACH (North America) models were 0.68 and 
0.67, respectively. We are not aware of any external validation for the combined 
SMART-REACH model.

The combined SMART-REACH model’s ability to predict multiple risk scores, 
including 10-year recurrent CVD risk, life expectancy without recurrent cardiovas-
cular events, and estimated gains in life expectancy through therapy modification, 
all provide a well-rounded and personalized approach to risk assessment. The latter 
aspect allows the clinician to demonstrate the benefit of such therapeutic changes to 
the patient, offering improved education and potentially also encouraging patient 
compliance with preventive therapy (though data are limited to support the latter 
statement). SMART-REACH’s inclusion of noncardiovascular death as a competing 
risk improves the accuracy of the estimation tool, particularly when applied to older, 
multimorbid patients. However, the clinical utility of CVD risk estimation in sec-
ondary prevention patients remains, for now, unproven.

 LIVE-CVD Score for Primary Prevention Adults Aged <50/>70 Years 
(Endorsed but Not Developed by ESC)

Finally, and perhaps most importantly, the 2021 ESC guideline promotes the con-
sideration of lifetime risk estimation in young adults. It also departs from prior 
guidelines by suggesting, particularly for young (<50  years) and old adults 
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(>70 years), that the “estimated lifetime treatment benefit” be calculated when con-
sidering certain preventive therapies. Both lifetime risk and estimated lifetime treat-
ment benefit can be calculated using the LIFEtime-perspective CardioVascular 
Disease (LIFE-CVD) score.

The LIFE-CVD tool was published in 2020 and is the 2021 ESC guidelines’ 
preferred algorithm for CVD risk assessment for healthy adults who fall outside the 
age range applicable to SCORE2 (Jaspers et al. 2020). Specifically, LIFE-CVD has 
been validated for the use in healthy patients between the ages of 45 and 80 years. 
LIFE-CVD was developed using the Multi-Ethnic Study of Atherosclerosis 
(MESA), which was designed as a North American multicenter prospective cohort 
study enrolling patients aged 45–84 years with no evidence of CVD at baseline in 
2000 (Bild et al. 2002). A total of 6715 study participants from MESA were selected 
in the development of LIFE-CVD with a median follow-up period of 13.0 years tak-
ing place between 2000 and 2014. This follow-up period encompassed 621 CVD 
events (defined as acute myocardial infarction, stroke, resuscitated cardiac arrest, or 
cardiovascular death) and 795 non-CVD deaths were included in derivation 
analyses.

Similar to the methodology of the SCORE2 and SMART-REACH tools, the 
LIFE-CVD model was constructed using two Fine and Gray competing-risk- 
adjusted left-truncated sub-distribution hazard functions that assessed the compet-
ing risks of hard CVD events and noncardiovascular mortality, respectively 
(Jaspers et al. 2020). This allows clinicians to use the tool for the prediction of 
10-year CVD risk, overall life expectancy, and CVD-free life expectancy. 
Additionally, LIFE- CVD can be used to assess the impact of therapy and lifestyle 
modification, including a reduction in systolic blood pressure, commencing or 
intensifying statin therapy, smoking cessation, and the commencement of aspirin 
or an equivalent antithrombotic therapy. The effects of these therapies were pre-
dicted using relative risk reductions from published hazard ratios in preventive 
therapy trials combined with the absolute risk functions derived from the Fine and 
Gray competing-risk models. It is worth noting that the hazard ratios for given 
treatments are averages from the trial population and may not be accurate for any 
given individual. The LIFE-CVD risk estimator was externally validated using a 
number of international cohorts, namely, the Heinz Nixdorf Recall (n = 4177), 
Atherosclerosis Risk in Communities (n  =  9250), Norfolk (n  =  23,548), and 
European Prospective Investigation into Cancer and Nutrition  – Netherlands 
(n = 25,833) studies. The calculated c-statistics from external validation ranged 
from 0.67 to 0.76.

The LIFE-CVD algorithm has some notable strengths, beyond its slightly 
wider age assessable age range. Along with LIFE-CVD’s ability to provide the 
clinician with a variety of CVD risk formats as well as predicting potential prog-
nostic benefits of a number of therapies (e.g., with specific doses for statins 
included in the algorithm), it also provides individualized illustrative graphics to 
the clinician to aid with patient education and discussion of management. In addi-
tion, the inclusion of noncardiovascular death as a competing risk (as discussed 
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for SMART-REACH) reduces the overestimation of risk for older multimorbid 
patients.

As both models were developed using a similar methodology, LIFE-CVD shares 
some of the pitfalls outlined in the above discussion of SMART-REACH. LIFE- 
CVD presumes a constant risk factor profile from baseline assessment extending 
across the patient’s lifetime. Clearly, a patient’s risk profile can evolve with time, 
either with increasing comorbidities over time or with improved preventive thera-
pies and lifestyle modification. Revisiting a patient’s risk factor profile and pre-
dicted risk periodically can assist with patient education, motivation, and vigilance. 
While the LIFE-CVD model can be used for patients diagnosed with DM, the binary 
entry within the algorithm loses the nuance of duration and severity of hyperglyce-
mia exposure (as can be found in the ADVANCE tool discussed above). Similarly, 
the duration since diagnosis of other relevant comorbidities (e.g., hypertension, dys-
lipidemia) is not accounted for. Additionally, certain pertinent contributing comor-
bidities, including chronic kidney disease, are excluded entirely from the risk 
estimator. Unfortunately, while the LIFE-CVD model includes the prediction of 
benefit for pharmacotherapeutic interventions and intensification, the tool does not 
assess the impact of a number of positive lifestyle modifications, including aerobic 
physical exercise of at least moderate intensity, weight loss, and dietary modifica-
tion. In addition, the LIFE-CVD model has not been well validated by external 
groups using diverse cohorts and the use of estimated lifetime treatment benefit to 
guide preventive therapy decisions is also relatively untested (as are the cutpoints 
chosen to identify persons suitable for a given therapy, such as the recommendation 
that 12 months of expected prolongation of life with a therapy be used as a cutpoint 
above which a therapy should be considered but below which a therapy might be 
considered unnecessary).

 ESC 2021 Recommendation for the Use of CVD Risk 
Estimates in Risk Factor Management

Although intuitive, one of the other new (and arguably most innovative) aspects of 
the 2021 ESC guideline on cardiovascular disease prevention is the provision of a 
two-step approach to personalizing risk factor targets (Fig.  3.4). All patients are 
examined and investigated at their initial assessment and stratified based on their 
personalized CVD risk score. These results return baseline blood pressure and cho-
lesterol levels, and patients are assessed for smoking status, DM, and relevant life-
style factors. At this point, all patients should be encouraged to abstain from smoking 
and engage with dietary and lifestyle modification.

The initial risk factor targets outlined for patients <70  years without CVD 
(including healthy adults, patients with familial hypercholesterolemia, CKD, and 
DM without severe target organ damage) are relatively uniform, recommending 
systolic BP targets of <140 mmHg and LDL-C levels of <2.6 mmol/L. The systolic 
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BP target of <140 mmHg for patients >70 years should be assessed in the setting of 
estimated lifetime benefit, comorbidities, and patient preference. For those patients 
with established CVD, or severe target organ damage in the setting of DM, LDL-C 
targets are further intensified to <1.8 mmol/L in the initial phase – patients with 
established CVD and familial hypercholesterolemia face an initial recommended 
target LDL-C of <1.4 mmol/L.

The second step involves a personalized intensification of risk factor targets 
based on individual risk factor levels and comorbidities along with a patient discus-
sion regarding their own preferences for management and outcomes. Importantly, 
this step allows the patient’s voice to be heard and also provides physicians some 
leeway and therapeutic options that can be individualized to patient preferences 
(Martin et  al. 2015). This conversation should be further facilitated by the clini-
cian’s use of an appropriate CVD risk calculator as outlined above, which may 
demonstrate, for example, gains in life expectancy free of CVD as a means of keep-
ing the patient informed as to the impact of further intensification of risk factor 
targets. Second step intensification targets for those without established CVD 
encompass systolic BP targets of <130 mmHg if tolerated and the further reduction 

Categories of individuals considered for prevention

STEP 1

STEP 2

Apparently healthy
persons

Patients with
established CVD

Patients with Type 2
Diabetes Mellitus

Patients with specific
risk factors such as CKD

and FH

Without CVD or Severe TOD With CVD or Severe TOD

Prevention goals for all:

Smoking cessation and
lifestyle modifications

Prevention goals for all:

Smoking cessation and
lifestyle modifications

SBP <140 to 130mmHg
(if tolerated)

LDL-c <50% reduction
and <1.8mmol/L

Antithrombotic therapy

Prevention goals for all:

Smoking cessation and
lifestyle modifications

SBP <140 to 130mmHg
(if tolerated)

LDL-c <2.6mmol/L
HbA1c <53mmol/mol

Prevention goals for all:

Smoking cessation and
lifestyle modifications

SBP <140 to 130mmHg
(if tolerated)

LDL-c <1.8mmol/L
HbA1c <53 mmol/l (<7%)

SGLT2i or GLP1 -RA
CVD: Antiplatelet therapy

Specific risk factor
prevention and
treatment goals

Smoking cessation and
lifestyle modifications

SBP<140 to 130mmHg
(if tolerated)

LDL-c <2.6mmol/L

Otherwise according to
CVD or DM history

Risk-benefit based SBP
and LDL-c goals:

SBP <140 to 130mmHg
(if tolerated)

LDL-c <2.6mmol/L

Identified prevention
and treatment goals

based on estimation of
10-year or lifetime CVD
risk, treatment benefit,
comorbidites, patient

preferences

Identified prevention
and treatment goals

based on estimation of
10-year or lifetime CVD
risk, treatment benefit,
comorbidites, patient

preferences

Identified prevention
and treatment goals
based on residual 10-

year CVD risk or lifetime
CVD risk and treatment
benefit, comorbidites,
patient preferences

Identified prevention
and treatment goals

based on estimation of
lifetime CVD risk,

treatment benefits,
patient preferences

SBP <130mmHg
(if tolerated)

LDL-c <1.8mml/L

SBP <130mmHg (if
tolerated)

LDL-c <1.8mml/L

SBP <130mmHg
(if tolerated)

LDL-c <1.4mml/L

SBP <130mmHg
(if tolerated)

LDL-c <1.4mml/L

± DAPT/Dual Pathway
Inhibition/Novel

upcoming therapies
(e.g., Colchicine; EPA)

SGLT2i or GLP1 -RA
± DAPT/Dual Pathway

Inhibition/Novel
upcoming therapies (e.g.,

Colchicine; EPA)

SGLT2i or GLP1 -RA

Fig. 3.4 Flowchart summarizing the ESC 2021 guideline two-step approach to risk stratification 
and treatment options. Step 1 encompasses a uniform set of prevention goals specific to the patient 
category. Step 2 details a more intensive set of prevention goals based on a combination of a 
patient’s personalized CVD risk, predicted treatment benefits, and patient preferences regarding 
management. Notably, certain specific patient subgroups (e.g., CKD and familial hypercholester-
olemia) are not formally included in the two-step prevention intensification plan but recommenda-
tions are applied based on the presence of either CVD or DM
CVD cardiovascular disease, CKD chronic kidney disease, FH familial hypercholesterolemia, DM 
diabetes mellitus, SBP systolic blood pressure, DAPT dual antiplatelet therapy, EPA icosapent 
ethyl, SGLT2i sodium/glucose cotransporter 2 inhibitor, GLP1-RA glucagon-like peptide 1 recep-
tor agonist, TOD target organ damage
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of LDL-C to <1.8 mmol/L. A further intensification of target LDL-C to <1.4 mmol/L 
is recommended for patients with established CVD or severe target organ damage 
in the setting of DM.

Further pharmacotherapeutic modifications recommended as part of the phase 2 
intensification strategy for patients with established CVD or DM are discussed in 
more detail in the relevant sections below.

 Cholesterol Measurement and Management

The 2021 guideline recommendations from the ESC regarding the measurement, 
monitoring, and management of cholesterol levels focus strongly on the reduction 
of LDL-C levels as well as reduction in all apolipoprotein B-containing lipoprotein 
levels. This is motivated by the expanding body of evidence, which has shown an 
absolute reduction in LDL-C levels to be of benefit in both CVD prevention and 
overall risk reduction (Amarenco et al. 2020; Flather 2010). Specifically, the latest 
guidelines encompass key concepts in LDL-C monitoring: that reduced levels of 
LDL-C over a prolonged period demonstrate a positive-modifying influence on 
CVD risk regardless of the means of reduction; and that the benefit in lowering 
these levels is amplified in individuals with higher baseline CVD risk profiles. Data 
collected from placebo-controlled trials has demonstrated a continued benefit with 
lower LDL-C levels without a clear lower limit (Flather 2010).

While LDL-C measurements do not feature in SCORE2, total cholesterol and 
HDL-C levels are input variables within the 10-year total CVD risk calculation. 
Patients with genetic lipid disorders were not included for analysis during the devel-
opment of SCORE2 and should not be assessed using this algorithm.

The ESC recommends a two-step model for stratifying and modifying CVD risk 
in apparently healthy individuals (i.e., those without CVD, DM, CKD, SBP 
>160 mmHg, or familial hypercholesterolemia). The first step outlines a prevention 
goal of LDL-C  <  2.6  mmol/L for individuals at high CVD risk for those aged 
≤75 years. This same target may also be considered, albeit as a class IIB recom-
mendation, for high-risk patients >75 years. The second step intensifies the target 
LDL-C based on a combination of 10-year calculated risk, additional comorbidities, 
overall risk–benefit, and ultimately patient preference. This second step targets a 
stricter LDL-C of <1.8  mmol/L for primary prevention in nondiabetic patients. 
Furthermore, the 2021 ESC guidelines recommend a treatment LDL-C goal of 
<1.4 mmol/L and a measured reduction of ≥50% from baseline for secondary pre-
vention among those with established CVD or for primary prevention in diabetic 
patients with evidence of target organ damage (TOD). Additionally, for those 
patients who suffer a second vascular event, the latest guideline recommends even 
more stringent targets of <1.0 mmol/L. Overall, the ESC recommendations have 
adopted a rationale of lower is better in the management of LDL-C specifically, and 
that more potent reductions in LDL-C should be encouraged where possible.
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 Hypertension

The 2021 ESC guidelines have emphasized the paramount importance of BP opti-
mization in CVD prevention, stating that the first goal should be to lower BP below 
140/90 mmHg through the use of antihypertensive therapy for all patient demo-
graphics where treatment is likely to provide sufficient benefit. This is based on 
absolute CVD risk, estimated lifetime benefit, and the presence of hypertensive 
TOD (Sundström et al. 2015; Ettehad et al. 2016). This represents an upgrade from 
a class IIA to a class I recommendation within the updated 2021 guidelines. Further, 
more stringent targets are recommended for specific patient subgroups. Once treat-
ment has been established, the goals of SBP reduction are further titrated to 
120–130 mmHg for those <65 years of age and to <140 or 130 mmHg if tolerated 
for those aged ≥65 years (Patel and Group AC 2007; Sundström et al. 2015; Ettehad 
et al. 2016; Group SR 2015; Williamson et al. 2016). Younger patients may safely 
achieve an SBP of <120 mmHg with therapy; should this be well-tolerated, but then 
no further titration is advised.

The measurement of systolic BP plays an important role in the SCORE2 algo-
rithm’s estimation of 10-year total CVD risk. Hypertensive patients with rare BP 
disorders (e.g., primary hyperaldosteronism) were not included in the development 
of the SCORE2 algorithm, and therefore should not have their CVD risk estimated 
using this tool.

Although ESC guidelines recognize the logistical difficulties in whole popula-
tion screening for hypertension, the use of opportunistic screening of patients with 
identifiable risk factors [e.g., raised body mass index (BMI), smoking, family his-
tory of hypertension) remains a grade I recommendation. The confirmation and sub-
sequent grading of hypertension should be based either on repeated office 
measurements in a controlled setting with standardized methodology, 24-hour 
ambulatory monitoring, or on repeated home measurements. Office BP measure-
ments should be taken across more than one visit prior to finalizing treatment deci-
sions, with exceptions allowed when the BP measurements are significantly raised 
such as in grade III hypertension (systolic BP ≥180 or diastolic BP ≥110 mmHg).

Once the diagnosis of hypertension is confirmed, further CVD risk stratification 
should include screening for evidence of hypertensive TOD.  Specifically, this 
should include renal profiling [in the form of serum creatinine, estimated glomeru-
lar filtration rate (eGFR), and urinary albumin:creatinine ratio], electrocardio-
graphic (ECG) screening (with formal echocardiography recommended for those 
with abnormal ECG tracings or clinical evidence of LV dysfunction), and the use of 
fundoscopy for patients with a diagnosis of diabetes mellitus or grade II or III 
hypertension. Potential secondary etiologies of hypertension should also be consid-
ered with further investigation when suspected, though the routine measurement of 
additional biomarkers or vascular imaging is not recommended (Sehestedt et  al. 
2010; Okin et al. 2004; Perrone-Filardi et al. 2017).

The 2021 ESC guidelines recognize that the cumulative lifetime benefit typically 
favors SBP reduction even in the setting of younger patients with low 10-year risk 
profiles. For younger patients with lower CVD risk, it is suggested that the decision 
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to commence drug therapy should be discussed prior to initiation, specifically with 
attention toward overall lifetime benefit. Combination therapy has found a greater 
reception in recent years and now features as a class I recommendation due to a 
widely displayed inefficacy of monotherapy in BP control, particularly in achieving 
the stricter goals established in the 2021 guidelines (Wald et al. 2009; MacDonald 
et al. 2017; Rea et al. 2018; Egan et al. 2012; Salam et al. 2019; Gupta et al. 2017). 
Indeed, the ESC recommends that combination therapy should be regarded as part 
of the usual care of hypertension. It is worth noting, however, that antihypertensive 
monotherapy still retains a place within the guidelines for those either with low-risk 
grade I hypertension (systolic BP <160 mmHg) or for very old (≥80 years) or frail 
patients. The goal is to achieve the target BP parameters within 3 months of com-
mencing therapy.

 Diabetes Mellitus

Diabetes mellitus (DM) represents a significant independent risk factor for the 
development of CVD (Selvin et al. 2004). According to the latest 2021 ESC guide-
lines for CVD prevention, patients with DM should be considered to be high- or 
very-high-risk populations with further stratification based on evidence of diabetic 
TOD as well as the presence of additional risk modifiers and comorbidities. 
Although patients with diagnosed DM were included in both the derivation and cali-
bration of the SCORE2 algorithm, the calculator is not designed or intended for 
CVD risk estimation for diabetic patients. A number of peer-reviewed CVD risk 
calculators are available, however, which are tailored specifically for the assessment 
of CVD risk in patients with DM (e.g., the ADVANCE risk estimation tool) (Kengne 
et al. 2011; Berkelmans et al. 2019).

The 2021 ESC guidelines propose a two-step treatment algorithm to first estab-
lish CVD risk and treatment goals for patients with a diagnosis of diabetes mellitus 
before moving on to the second step of treatment intensification based on CVD risk 
re-evaluation, existing comorbidities, and overall patient preference. All patients 
should engage with lifestyle and dietary modifications, including smoking cessa-
tion, aerobic physical exercise of at least moderate intensity, and a low-saturated fat/
high-fiber diet. Glycemic control should aim for an HbA1c of <53 mmol/L (<7%) 
in the majority of patients with DM, though suggested HbA1c targets are stricter 
(<48 mmol/L, <6.5%) early phase after the diagnosis of DM in persons who are not 
frail and do not have established CVD. Among frail or elderly patients with DM, 
HbA1c targets can be relaxed to >53 mmol/L (>7%) on an individual basis in con-
sultation with a physician.

The prevalence of dyslipidemia and its importance in CVD risk reduction for 
patients with DM remains one of the key aspects of screening, monitoring, and 
treating this growing patient population. For those patients >40 years of age with 
DM without evidence of CVD or target organ damage, LDL-C levels of 2.6 mmol/L 
should be considered; further intensification to levels of 1.8 mmol/L may also be 
considered. In those where statin monotherapy is not sufficient, the addition of 
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ezetimibe should be considered. An earlier introduction of statin therapy can be 
considered before the age of 40 for patients with evidence of target organ damage 
provided that pregnancy is not being planned; indeed, statin therapy should be 
avoided for any pre-menopausal women either planning a pregnancy or not on ade-
quate contraception.

Pharmacotherapeutic recommendations for patients with type 2 DM in the 2021 
guidelines have adapted to the substantial amount of RCT data released since the 
publication from the sixth ESC joint committee for CVD prevention in 2016. 
Metformin remains the recommended first-line agent (as long as it is well tolerated 
and suitable based on renal function) for type 2 DM patients without evidence of 
CVD, heart failure, or CKD (Group UPDS 1998). The early commencement of an 
evidence- supported Sodium/Glucose Cotransporter 2 (SGLT2) inhibitors or 
Glucagon-like Peptide-1 receptor (GLP1-receptor) agonists is recommended for 
patients with concomitant T2DM and evidence of CVD (Kristensen et  al. 2019; 
Zelniker et al. 2019; Buse et al. 2020). The use of an SGLT2 inhibitor is now also 
recommended for those T2DM with a diagnosis of either heart failure or CKD stage 
II–IIIb or evidence of albuminuria (Heerspink et al. 2020; Perkovic et al. 2019). For 
those patients with T2DM without evidence of CVD, HF, or CKD, the commence-
ment of an SGLT2 inhibitor or GLP1-receptor agonist may be considered to reduce 
CVD risk and mortality, though it remains a class IIa recommendation and subject 
to cost–benefit analysis (Kristensen et al. 2019; Zelniker et al. 2019; Buse et al. 2020).

Although the latest recommendations still employ metformin as first-line therapy 
for T2DM patients without CVD, HF, or CKD, the option to utilize a risk score and 
cost–benefit analysis for these patients to determine those who may be better served 
by either an SGLT2 inhibitor or GLP1-receptor agonist is offered as a class IIa rec-
ommendation (Kristensen et al. 2019; Zelniker et al. 2019; Buse et al. 2020).

Unfortunately, therapeutic management for CVD risk reduction in T1DM does 
not offer the same variety of strong evidence-supported pharmacological options as 
in T2DM. Key points in CVD prevention in T1DM still focus on improved glycemic 
control – with a recommended HbA1c range of 48–58 mmol/mol to reduce macro-
vascular complications and < 53 mmol/mol (<7%) to reduce the incidence of micro-
vascular complications. Unlike in T2DM, metformin is not recommended for the 
purpose of lowering CVD risk in T1DM patients (Petrie et al. 2017). Conversely, 
dapagliflozin has recently been approved in the United Kingdom in combination with 
insulin for the purpose of improving glycemic control in adult T1DM patients with 
BMI ≥27 kg/m2 not adequately managed on insulin therapy alone, though this is not 
yet the case in the United States. The use of SGLT2 inhibitors in T1DM is advised 
with caution and vigilance due to the increased risk of diabetic ketoacidosis.

 Chronic Kidney Disease

The leading cause of morbidity and mortality in patients with CKD is CVD, and 
CKD represents a unique challenge in CVD prevention with an increased rate of 
hypertension, dyslipidemia, and DM in comparison to the general population 
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(Gansevoort et al. 2013). The 2021 ESC guidelines recommend all CKD patients 
should be assessed for CVD risk as well as monitored for evidence of CKD 
progression. Estimated eGFR can be calculated using the Chronic Kidney 
Disease Epidemiology Collaboration (CKD-EPI) calculator; evidence and quan-
tification of albuminuria should also be monitored based on urinary 
albumin:creatinine ratio.

Importantly, the SCORE2 model is not applicable to patients with established 
CKD.  Indeed, many CVD risk calculators aimed at primary prevention exclude 
CKD from their analyzed cohort. However, according to guidance from the 2021 
ESC task force, patients with CKD stage III should qualify as high CVD risk while 
those with CKD IV or CKD V qualify as very high risk.

Much like other risk factors, a two-step treatment algorithm is suggested for 
prevention in CKD patients. The first step includes overall CVD risk stratification 
with targeted prevention goal and treatment initiation before the second step of reas-
sessment and treatment intensification. For those CKD patients with concomitant 
hypertension, DM, or albuminuria, the addition of a RAAS-inhibiting agent titrated 
to the highest tolerated dose is recommended. The current ESC guidelines recom-
mend target BP parameters of <130/80 mmHg should be applied to patients with 
CKD after appropriate treatment intensification; lower BP targets are acceptable 
provided the patient can tolerate this.

Due to the prevalence of dyslipidemia in the CKD patient cohort, initiation of 
moderate-intensity statin therapy along with ezetimibe is recommended in all CKD 
stage III–V patients >50 years of age, excluding those already commenced on dialy-
sis (Baigent et al. 2011; Barylski et al. 2013; Herrington et al. 2016). For those CKD 
stage V patients already on lipid-lowering therapies at the time of commencing 
dialysis, the decision to continue therapy should be informed by their CVD risk 
profile, particularly for those already demonstrating evidence of CVD.  Lipid-
lowering therapy should not be commenced in those dialysis- dependent CKD 
patients without evidence of CVD (Fellström et al. 2009; Wanner et al. 2005).

 Advice Regarding Antithrombotic Therapy

The 2021 ESC guidelines have balanced a number of contemporaneously pub-
lished meta-analyses studying the risk versus benefit of aspirin use in primary 
CVD prevention (McNeil et  al. 2018; Group ASC 2018; Gaziano et  al. 2018). 
Prior ESC prevention guidelines provided a class 3 (harm) indication for aspirin 
in primary prevention. While the overall summation of data for the new 2021 
guideline appears to favor ongoing avoidance of the routine use of aspirin, the 
guideline now acknowledges that there are subgroups of primary prevention 
adults where benefit may outweigh the bleeding risk. Drawing on the ASCEND 
trial amongst others, 2021 ESC guidelines state that low-dose aspirin may be 
considered as part of primary prevention for diabetic patients at high or very high 
risk of CVD who have no clear contraindication to aspirin (Group ASC 2018; 
Cosentino et al. 2020).
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 Summary

The 2021 ESC guideline presents a more nuanced and personalized approach to 
CVD prevention compared to previous iterations, particularly in the area of risk 
assessment. With the recent publication of SCORE2 as well as the development of 
other subgroup-specific risk estimators, clinicians now have a greater array of tools 
to assist in the planning and optimization of therapy both in primary and secondary 
prevention. While these models do not represent perfect assessment tools, their 
accounting for competing comorbidities and the use of more contemporaneous 
cohorts with appropriate region-specific weighting allows for a more modern 
approach to risk prediction. Along with the use of more specific risk assessment 
algorithms, a greater emphasis is being placed on the role of patient education and 
assisted decision-making, giving the patient a more active role in their own manage-
ment pathway. This is exemplified in the newly introduced two-step approach to 
CVD prevention, a unique and very welcome addition to the 2021 guideline that 
gives the patient an opportunity to decide on the pursuit of a more intensive preven-
tion strategy, based on the balance of CVD risk overall as well as the estimated gain 
in CVD-free life expectancy from a given therapy. Finally, the 2021 guideline offers 
more up-to-date insight into disease-specific prevention targets and therapies, with 
further allowance for the assessment of cost-effective analysis for more novel 
treatments.
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Chapter 4
Hypercholesterolemia

Ali Agha and Christie M. Ballantyne

The direct association between low-density lipoprotein (LDL) cholesterol (LDL-C) 
and cardiovascular disease (CVD) has been established through abundant and con-
sistent experimental, observational, genetic, and clinical trial data (Borén et  al. 
2020). However, our understanding and therefore definition of hypercholesterol-
emia continue to evolve as new data become available through advances in technol-
ogy (including genetic and imaging approaches) and study design (including 
additional populations and interventions). At what level should blood cholesterol, 
and LDL-C in particular, be considered elevated? Randomized clinical trials of pro-
gressively efficacious LDL-C–lowering strategies have not identified an LDL-C 
level below which further LDL-C lowering does not further reduce CVD risk 
(Giugliano et al. 2017). In addition, complex interactions among risk factors can 
affect the assessment and interpretation of LDL-C levels in different clinical sce-
narios even within the spectrum of primary prevention. Accordingly, as reflected in 
American cholesterol guidelines spanning three decades, the focus of guideline- 
recommended preventive strategies has shifted from absolute LDL-C level at base-
line to include more emphasis on intensity of LDL-C reduction within the context 
of an individual’s overall CVD risk.
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 The Role of Low-Density Lipoprotein Cholesterol 
in the Development and Progression of Cardiovascular Disease

Increased concentrations of circulating LDL and other apoB-containing lipopro-
teins [such as very low-density lipoprotein (VLDL) remnants and intermediate- 
density lipoprotein (IDL)] penetrate and are retained in the subendothelial/intimal 
space, where these particles undergo modifications including oxidation by reactive 
oxygen species. Endothelial cell phenotypes can be altered in the setting of hyper-
cholesterolemia, hypertension, diabetes, smoking, or hyperglycemia. Endothelial 
cell phenotypic changes include increased expression of leukocyte adhesion mole-
cules, chemokines, and cytokines, which promote rolling, firm attachment, and 
transmigration of monocytes into the intimal space. Monocytes then take up modi-
fied LDL and differentiate into foamy macrophages and secrete chemoattractants, 
leading to smooth muscle migration into the intima and changes in the extracellular 
matrix, with the development of complex plaques over time. As the number and 
burden of plaque accrues over time, increasing calcium deposition can be detected 
and quantified by computed tomography (discussed in another chapter). Complex 
lipid-rich plaques with a high number of macrophages are prone to thinning and 
rupture of the cap, with acute thrombus formation (Singh et al. 2002; Falk 2006).

Although atherosclerosis is commonly thought to be a disease of the elderly, 
evidence of atherosclerosis, such as fatty streaks, has been identified among adoles-
cents, showing that the disease process may begin early in life (McGill Jr. et al. 
2000). Given that incident CVD increases with increasing LDL cholesterol (LDL- 
C) concentration as well as duration of exposure, a recent study explored the area 
under the curve for LDL-C versus age as a possible risk assessment tool. 
Cardiovascular event risk was associated with not only cumulative prior exposure to 
LDL-C, but also time course of area accumulation (the slope of the curve). In other 
words, the same area accumulated at a younger age (as opposed to older age) 
resulted in the greatest risk increase, further demonstrating the importance of opti-
mal LDL-C control starting at a young age (Domanski et al. 2020). However, indi-
viduals at an increased risk of incident CVD events often remain unidentified until 
late in life, when the atherosclerotic disease process is well underway.

Increasing genetic evidence supports the utility of genetic testing in risk assess-
ment to improve prevention. A recent study including nearly half a million partici-
pants in the UK Biobank demonstrated that those with favorable LDL-C genetic 
scores (above the median, based on 100 exomes known to be associated with lower 
LDL-C levels) had 14.7 mg/dL lower LDL-C levels and an odds ratio (OR) of 0.73 
for major coronary events [95% confidence interval (CI) 0.70–0.75; P  <  0.001] 
compared with participants with lower scores (Ference et al. 2019). Additionally, 
although familial hypercholesterolemia (FH) may be diagnosed clinically (Gidding 
et  al. 2015) (to be discussed later in this chapter), individuals with an identified 
mutation in LDLR, the gene encoding the LDL receptor, have a markedly elevated 
risk of myocardial infarction (Lee et al. 2019). Furthermore, a prospective study 
from the Framingham cohort demonstrated that parental premature CVD placed 

A. Agha and C. M. Ballantyne



63

middle-aged offspring at more than double the risk of a CVD event, suggesting that 
CVD is a heritable condition. Consistent with this observation, polygenic risk scores 
have been shown to improve CVD risk stratification (Hadley et al. 2021). These 
findings demonstrate that genetic testing for pathogenetic variants and polygenic 
risk scores for LDL-C, FH, and CVD may allow for the early identification of indi-
viduals who may benefit from early initiation of lipid-lowering therapy (LLT).

Perhaps the strongest evidence supporting the role of LDL-C in the development 
and progression of CVD is the reduction in the incidence of major vascular events 
that can be obtained with the lowering of LDL-C. A meta-analysis including nearly 
170,000 patients with a median follow-up of greater than 5 years demonstrated that 
for each 1-mmol/L (38.7 mg/dL) reduction in LDL-C, there was a stepwise 22% 
reduction in the incidence of major CVD events (Baigent et  al. 2010). Also, the 
absolute risk reduction for major cardiovascular events with LDL-C reduction was 
proportional to the baseline risk, which suggests that individuals at greatest risk for 
future CVD events have the most to gain from LDL-C reduction. However, the ben-
efit of statin therapy to lower LDL-C can even be appreciated among primary pre-
vention patients who are considered “low risk” (i.e., 10-year CVD risk score <5% 
by the pooled cohort equations). Based on such findings, measurement of a lipid 
profile that includes total cholesterol, high-density lipoprotein cholesterol (HDL- 
C), triglycerides, and LDL-C has become an essential aspect of cardiovascular risk 
assessment.

In addition to recommending lifestyle modifications (such as maintaining a 
heart-healthy diet and exercising frequently), the cornerstone of primary prevention 
of CVD in both the American Heart Association (AHA)/American College of 
Cardiology (ACC) (Grundy et al. 2019) and the European Society of Cardiology 
(ESC)/European Atherosclerosis Society (EAS) (Task Force for the Management of 
Dyslipidaemias of the European Society of Cardiology (ESC) and European 
Atherosclerosis Society (EAS) 2020) cholesterol guidelines is the use of LLT to 
reduce the levels of atherogenic lipoproteins in the blood. The most notable athero-
genic lipoprotein is LDL (Ference et al. 2017). However, clinicians do not routinely 
measure LDL but use LDL-C as a surrogate measurement for LDL, so reduction in 
LDL-C is the target of therapy in both sets of guidelines. Assessment of LDL-C 
levels at baseline is recommended, with additional repeat measurements of LDL-C 
after initiation and dose adjustment of LLT to determine patient adherence and mea-
sure response to treatment (Jia et al. 2019, 2020).

There are multiple methods of measuring LDL-C. Although the gold standard 
has historically been ultracentrifugation, this test is expensive and time consuming. 
LDL-C may also be measured directly with homogeneous assays utilizing chemical- 
based methods. However, these assays are not standardized and may not be reliable 
in individuals with CVD or lipid disorders (Miller et al. 2010). More commonly, 
LDL-C levels are estimated based on measurements of total cholesterol, HDL-C, 
and triglycerides that are obtained with a routine lipid profile. Traditionally, the 
Friedewald equation has been used to estimate LDL-C (LDL-C = total cholesterol – 
HDL-C – [triglycerides/5]) (Friedewald et al. 1972). This equation assumes a fixed 
triglyceride:VLDL ratio of 5:1 but is unreliable at very high triglyceride levels 
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(>400 mg/dL) and low LDL-C levels (<70 mg/dL). These limitations are important 
as the incidence of comorbidities associated with elevated triglycerides (including 
features associated with the metabolic syndrome, to be discussed later in this chap-
ter) is increasing. Furthermore, individuals with CVD or multiple comorbidities 
who are considered “high risk” are expected to achieve very low levels of LDL-C 
based on the most recent blood cholesterol guidelines (this is especially true of the 
current ESC/EAS guidelines), and it is important to measure low concentrations of 
LDL-C accurately to manage these individuals appropriately. The Martin–Hopkins 
equation has proven to be a more accurate method of measuring LDL-C than the 
Friedewald equation in cases of elevated triglycerides and/or low LDL-C because it 
does not assume a fixed TG:VLDL ratio of 5:1 (Martin et al. 2013). The current 
AHA/ACC cholesterol guidelines provide a class IIA recommendation for either the 
direct measurement of LDL or calculation of LDL-C using the Martin–Hopkins 
equation in individuals with LDL-C < 70 mg/dL. A more recent method of LDL-C 
estimation developed at the National Institutes of Health (NIH), which does not 
assume a fixed TG:VLDL ratio either, may be more accurate than either the 
Friedewald or Martin–Hopkins equations and is reliable even when triglyceride lev-
els are as high as 800 mg/dL (Sampson et al. 2020). Table 4.1 outlines the equations 
used to estimate LDL-C.

Table 4.1 Methods of estimating low-density lipoprotein cholesterol (LDL-C)

Method of 
estimation Equation Advantages Disadvantages

Friedewald 
equation 
(Friedewald 
et al. 1972)

LDL-C = TC – HDL-C – 
(TG/5)

Very simple to 
calculate LDL-C using 
total cholesterol and 
HDL-C

May inaccurately 
estimate LDL-C in 
individuals with 
elevated TG 
(>400 mg/dL) or low 
LDL-C (<70 mg/dL)

Martin–
Hopkins 
equation 
(Martin et al. 
2013)

LDL-C = TC – HDL-C – (TG/
adjustable factor)

More accurate than 
Friedewald equation, 
especially at high TG 
and low LDL-C 
(<70 mg/dL); virtually 
no increased cost 
compared with 
Friedewald equation

Less straightforward 
method of LDL-C 
calculation compared 
with Friedewald 
equation

National 
Institutes of 
Health 
equation 
(Sampson 
et al. 2020)

LDL-C = (TC/0.948) – (HDL- 
C/0.971) – 
[(TG/8.56) + ([TG × non- 
HDL- C]/2140) – 
(TG2/16100)] – 9.44

More accurate than 
Friedewald equation or 
Martin–Hopkins 
equation at TG as high 
as 800 mg/dL and low 
LDL-C (<70 mg/dL); 
virtually no increased 
cost compared with 
Friedewald equation

Less straightforward 
method of LDL-C 
calculation compared 
with Friedewald 
equation or Martin–
Hopkins equation

HDL-C high-density lipoprotein cholesterol, TC total cholesterol, TG triglyceride
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In addition to measurement of LDL-C concentration, determining the size and 
number of LDL particles is another method for measurement of LDL and may 
provide useful information in some patients. Individuals with elevated triglycer-
ides, metabolic syndrome, and/or diabetes often have increased small dense LDL 
(sdLDL) particles, which are associated with increased CVD risk (Williams et al. 
2014; Hoogeveen et al. 2014; Hoogeveen and Ballantyne 2021), but may not have 
a high level of LDL-C because the smaller particles contain less cholesterol. 
However, LDL particle concentration (LDL-P) has been shown to be a more accu-
rate predictor of CVD risk than LDL-C in individuals with discordant levels of 
LDL-P and LDL-C (Otvos et al. 2011). Nuclear magnetic resonance (NMR) spec-
troscopy has been used since the late twentieth century to characterize particle 
size and concentration (Hoogeveen and Ballantyne 2021). The concentration of 
each lipoprotein particle is calculated, and particles are classified based on size. 
An NMR assay by LipoScience (now known as LabCorp) measures lipoprotein 
particle concentrations and size in 11 lipoprotein subfractions (including three 
subfractions for LDL), whereas an NMR assay by Nightingale Health measures 
lipoprotein particle concentrations and size in 14 lipoprotein subfractions 
(Hoogeveen and Ballantyne 2021; Soininen et al. 2009). Currently, multiple plat-
forms use different software for NMR particle measurement. Lipoprotein concen-
trations and sizes can also be measured using electrospray differential mobility 
analysis (also referred to as “ion mobility”), which has been validated against 
NMR. This method is based on the principle that particles of a given size and 
charge behave predictably when subjected to an electrical field (Caulfield et al. 
2008). However, both NMR and ion mobility involve complex methodology, 
expensive equipment that is not available in most labs, and proprietary software, 
and raise major concerns regarding the standardization of lipoprotein subfraction 
measurements across platforms and laboratories across the globe (Wilson 
et al. 2021).

The measurement of triglycerides in LDL (LDL-TG) may also be a useful mea-
surement in individuals with conditions associated with elevated triglycerides (to be 
discussed later in this chapter), as LDL-TG has been shown to be predictive of CVD 
events (Saeed et al. 2018; Hussain et al. 2022). LDL-TG is usually measured by 
using ultracentrifugation to isolate LDL in conjunction with an enzyme-based 
method of quantifying triglycerides (März et al. 2004). More recently, a detergent- 
based assay for LDL-TG was developed and validated against the more common 
approach (Ito et al. 2019).

In addition to LDL-C, both the AHA/ACC Multisociety and ESC/EAS guide-
lines support the assessment of non-HDL-C (total cholesterol  – HDL-C) in risk 
stratification. This may be particularly useful for individuals with elevated triglyc-
erides, in whom accurate estimation of LDL-C may be difficult. Both guidelines 
also support the measurement of apoB and lipoprotein(a) in risk stratification as 
apoB-containing lipoproteins are directly involved in the development of CVD 
(Ference et al. 2017), and lipoprotein(a) has been shown to have a causal association 
with risk for myocardial infarction (Kamstrup et  al. 2009). The ESC/EAS 
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guidelines recommend measurement of lipoprotein(a) once in everyone and provide 
specific treatment goals for apoB based on CVD risk (non-HDL-C, lipoprotein(a), 
and apoB are discussed more extensively in other chapters).

 Primary Prevention in High-Risk Groups

 Genetic Disorders/Familial Hypercholesterolemia

Aside from traditional CVD risk factors such as age, sex, smoking, hypertension, 
and diabetes, genetic disorders can also predispose individuals to the development 
of CVD. Genetic dyslipidemia is a common and treatable cause of CVD (Stitziel 
and MacRae 2014).

FH is a long-recognized yet underdiagnosed genetic dyslipidemia characterized 
by severe hypercholesterolemia and greatly increased CVD risk. Heterozygous FH 
is most often an autosomal-dominant genetic disorder associated with severe eleva-
tions of LDL-C (often greater than 190 mg/dL) and a 10- to 17-fold increased risk 
of atherosclerotic CVD in individuals who are left untreated. Even FH patients who 
are treated with LLT have an 8- to 14-fold increased risk of developing atheroscle-
rotic CVD, suggesting that these patients are not treated early enough nor aggres-
sively enough (Nordestgaard et al. 2013; Benn et al. 2012). Early identification and 
treatment of these individuals is of particular importance as the risk of premature 
coronary heart disease is increased by 20-fold in untreated patients (Hopkins 
et al. 2011).

FH occurs in approximately 1 in 250 individuals (de Ferranti et al. 2016), with 
an increased prevalence among those who identify as French Canadians, South 
African Afrikaners, Finns, Ashkenazi Jews, or Christian Lebanese (Cuchel et  al. 
2014). Patients with marked elevations in LDL-C may be diagnosed with FH after 
genetic testing identifies a pathogenic variant of LDLR, APOB, or PCSK9 (Sturm 
et al. 2018; Brown et al. 2020). However, the absence of a causal mutation does not 
rule out the diagnosis of FH as many individuals with extreme elevations of LDL-C 
may carry an unidentified FH mutation or have a polygenic inheritance pattern. 
Therefore, FH is often diagnosed by clinical diagnostic criteria for FH such as the 
AHA, EAS, Simon Broome, and Dutch Lipid Clinic Network criteria (Gidding 
et al. 2015; Nordestgaard et al. 2013; Austin et al. 2004; Haase and Goldberg 2012). 
Patient characteristics that may alert physicians to potential FH are summarized in 
Table 4.2.

On physical exam, patients with FH may present with tendon xanthomas, the 
physical exam finding most commonly associated with FH and most often 
included in the aforementioned diagnostic criteria. Aortic stenosis is also more 
common in patients with FH compared with the general population and may pres-
ent as a systolic murmur identified upon auscultation of the heart (Marco-Benedi 
et al. 2019).
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The AHA/ACC and ESC/EAS cholesterol guidelines both recommend begin-
ning LLT without the calculation of a risk score in patients with LDL-C ≥ 190  mg/
dL. The AHA/ACC guidelines recommend initiation of high-intensity statin therapy 
(i.e., rosuvastatin 20–40 mg daily or atorvastatin 40–80 mg daily) in these individu-
als; if LDL-C remains ≥100 mg/dL, the addition of other medications, including 
ezetimibe, proprotein convertase subtilisin/kexin type 9 inhibitor (PCSK9i), and/or 
bempedoic acid, should be considered. The ESC/EAS guidelines recommend con-
sidering the diagnosis of FH in individuals with LDL-C ≥ 190 mg/dL and suggest 
treating those with FH and atherosclerotic CVD or another major risk factor aggres-
sively as “very high risk,” whereas those with FH but without atherosclerotic CVD 
or major risk factors are classified as “high risk.” Based on its safety profile, statin 
therapy may be initiated in patients with FH as early as 8–10  years of age 
(Nordestgaard et  al. 2013). Additionally, cascade (family) screening is recom-
mended for family members of individuals diagnosed with FH.

 Diabetes and the Metabolic Syndrome

Atherosclerotic CVD is the leading cause of morbidity and mortality in individuals 
with diabetes (American Diabetes Association 2021), despite advances in preven-
tion (Rawshani et al. 2017). A landmark study by Haffner and colleagues demon-
strated that diabetic patients without previous myocardial infarction have as high a 
risk of myocardial infarction as nondiabetic patients with previous myocardial 
infarction (Haffner et  al. 1998), although this notion has been challenged more 
recently. Regardless, primary prevention of CVD is essential in the management of 
diabetic patients, and LLT may be initiated in diabetic patients without calculating 
a risk score. In diabetic patients aged 40–75 years, the AHA/ACC guidelines recom-
mend treatment with moderate-intensity statin therapy to achieve an LDL-C reduc-
tion of ≥30% from baseline, and in those with multiple other risk factors, 
high-intensity statin therapy to achieve an LDL-C reduction of ≥50% from base-
line. Similarly, the ESC/EAS guidelines recommend treating all diabetic patients 
(except those who are relatively young, newly diagnosed, and with no other CVD 
risk factors) aggressively with LLT.  The American Diabetes Association (ADA) 

Table 4.2 Characteristics of familial hypercholesterolemia (FH)

Clinical LDL-C ≥ 190 mg/dL and first-degree relative with similarly elevated LDL-C and 
or premature CVD

Genetic Causal mutation in LDLR, APOB, or PCSK9

Family 
history

First-degree relative with LDL-C ≥ 190 mg/dL, premature coronary heart disease, 
or causal mutation in LDLR, APOB, or PCSK9

For detailed diagnostic criteria for FH, see American Heart Association, European Atherosclerosis 
Society, Simon Broome, and Dutch Lipid Clinic Network algorithms (Gidding et  al. 2015; 
Nordestgaard et al. 2013; Austin et al. 2004; Haase and Goldberg 2012)
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guidelines recommend moderate-intensity statin therapy in addition to lifestyle 
therapy in diabetic patients with diabetes aged 40–75 years without atherosclerotic 
CVD and in diabetic patients aged 20–39 years who have additional CVD risk fac-
tors (American Diabetes Association 2021). For higher-risk diabetic patients, par-
ticularly those aged 50–70  years or with multiple CVD risk factors, the ADA 
guidelines recommend high-intensity statin therapy, and in those with estimated 
10-year risk ≥20% (by the pooled cohort equations), combination therapy with 
ezetimibe in addition to maximally tolerated statin therapy to achieve an LDL-C 
reduction of ≥50%.

The metabolic syndrome represents a group of metabolic abnormalities, includ-
ing hypertension, central obesity, insulin resistance, and atherogenic dyslipidemia, 
and is positively associated with both diabetes and CVD (Rochlani et  al. 2017). 
Insulin resistance and obesity are both associated with increased levels of triglycer-
ides. Among individuals with metabolic syndrome, LDL-C may be more accurately 
measured using the Martin–Hopkins or NIH equation as opposed to the Friedewald 
equation. Alternatively, CVD risk may also be estimated by using non-HDL-C, 
which is not influenced by triglyceride levels. It may be useful to measure LDL-P in 
these individuals as LDL-C may not accurately reflect their high number of athero-
genic sdLDL particles.

Excess adipose tissue is also associated with increased levels of cholesteryl ester 
transfer protein (CETP) (Arai et al. 1994), which mediates the exchange of choles-
teryl esters from cholesterol-rich lipoproteins for triglycerides from triglyceride- 
rich lipoproteins, leading to triglyceride-enriched HDL and LDL particles (Morton 
1999). These triglyceride-enriched HDL and LDL particles are substrates for 
hepatic lipase and lipoprotein lipase, resulting in lower HDL concentrations and 
more sdLDL (Lagrost et al. 1993) and LDL-TG, all of which are associated with an 
increased risk of CVD (Williams et al. 2014; Hoogeveen et al. 2014; Hoogeveen 
and Ballantyne 2021; Saeed et al. 2018; Siddiqi et al. 2015). However, phase 3 clini-
cal trials of several compounds that inhibit CETP failed to reduce CVD events (Tall 
and Rader 2018). One agent, anacetrapib, showed benefit in a long-term (median 
4.1-year follow-up) outcome study (HPS/TIMI-REVEAL Collaborative Group 
2017), but this agent was never submitted for approval to regulatory authorities. 
Although initiation of LLT in diabetic patients aged 40–75 years is widely accepted, 
targeted approaches to prevent CVD in individuals with features of the metabolic 
syndrome, including insulin resistance and central adiposity, are still a work in 
progress.

 Conclusion/Future Directions

Hypercholesterolemia, particularly elevated LDL-C, is a major contributor to the 
development of atherosclerosis. It is important to treat hypercholesterolemia and 
other CVD risk factors with evidence- based therapies. In the setting of hypercholes-
terolemia, this primarily involves the identification of those who would benefit from 
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the initiation of LLT. Measurement of LDL-C can be used as a risk assessment tool 
and provides clinicians with a “target of therapy” for primary prevention of 
CVD. Management of hyperlipidemia is of particular importance among high-risk 
individuals, such as those with FH, diabetes mellitus, and metabolic syndrome.

Considering the high risk of atherosclerotic CVD associated with elevations of 
LDL-C early in life (Domanski et al. 2020), additional research is needed to under-
stand better the risks versus benefits of initiating LLT in young individuals with 
hyperlipidemia that is not as extreme as observed in those with FH. Moving for-
ward, genetic testing to identify pathogenic variants and for use in calculating a 
polygenic risk score could play an important role in identifying individuals who 
may benefit from early initiation of LLT.
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Chapter 5
Blood Pressure Control in Primary Care

LaShanda Brown, Jeff D. Williamson, and C. Barrett Bowling

In this chapter, we will first review hypertension prevalence, treatment, and control, 
also highlighting current clinical practice guideline definitions and their implica-
tions for identifying and monitoring hypertension in primary care practice. Next, we 
describe some considerations for controlling hypertension, focused especially on 
adults at older ages, the most prevalent group of hypertensives in primary care. 
Finally, we propose a framework for BP management particularly focused on older 
adults but that is applicable across the entire adult age spectrum. This framework 
will consider the aging context as well as the specific steps in hypertension manage-
ment. Using this framework, we will summarize the existing literature as it relates 
to four necessary steps in hypertension control: (1) measuring BP, (2) planning and 
goal setting, (3) treating hypertension, and (4) monitoring BP over time, discussing 
implementation challenges and opportunities for improving care for adults with 
hypertension, especially older adults.

 Epidemiology

Accurate blood pressure screening and careful management of elevated blood pres-
sure (BP) is perhaps the most important public health activity in the primary care of 
adults. This is because for many years, including the past decade, elevated BP has 
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been the leading cause of death and disability-adjusted life-years worldwide (Lim 
et al. 2012). In the United States, hypertension accounts for more CVD deaths than 
any other modifiable CVD risk factor, second only to cigarette smoking as a pre-
ventable cause of death for any reason (Danaei et al. 2009). In 23,272 US National 
Health and Nutrition Examination Survey (NHANES) participants, >50% of deaths 
from coronary heart disease (CHD) and stroke occurred among individuals with 
hypertension (Ford 2011). Because of the high prevalence of hypertension and its 
associated increased risk of CHD, stroke, and end-stage renal disease (ESRD), the 
population-attributable risk of these outcomes associated with hypertension is high 
(Ford 2011; Cheng et  al. 2014). In the population-based Atherosclerosis Risk in 
Communities (ARIC) study, 25% of the cardiovascular events (CHD, coronary 
revascularization, stroke, or HF) were attributable to hypertension. In the Northern 
Manhattan study, the percentage of events attributable to hypertension was higher in 
women (32%) than in men (19%) and higher in blacks (36%) than in whites (21%) 
(Willey et al. 2014). In 2012, hypertension was the second leading assigned cause 
of ESRD, behind diabetes mellitus (DM), and accounted for 34% of incident ESRD 
cases in the US population (Saran et al. 2015). Many adult patients with hyperten-
sion have other CVD risk factors, and a list of these modifiable and relatively fixed 
risk factors is provided in Table 5.1. Among US adults with hypertension between 
2009 and 2012, 15.5% were current smokers, 49.5% were obese, 63.2% had hyper-
cholesterolemia, 27.2% had DM, and 15.8% had chronic kidney disease [CKD; 
defined as estimated glomerular filtration rate (eGFR) <60 mL/min/1.73 m2 and/or 
urine albumin:creatinine ≥300 mg/g] (Egan et al. 2014).

Not only are CVD risk factors common among adults with hypertension, a higher 
percentage of adults with CVD risk factors have hypertension. For example, 71% of 
US adults with diagnosed DM have hypertension (Centers for Disease Control and 
Prevention 2014). In the Chronic Renal Insufficiency Cohort (CRIC), 86% of the 
participants had hypertension (Muntner et  al. 2010). Also, 28.1% of adults with 
hypertension and CKD in the population-based Reasons for Geographic and Racial 
Differences in Stroke (REGARDS) study were classified as having resistant hyper-
tension (Tanner et al. 2013). In NHANES 1999–2010, 35.7% of obese individuals 
had hypertension (Saydah et al. 2014). The presence of multiple CVD risk factors 
in individuals with hypertension results in high absolute risks for CHD and stroke 
in this population. For example, among US adults with hypertension between 2009 

Table 5.1 Risk factors 
common in patients with 
hypertension

Modifiable risk factorsa

Current cigarette smoking, secondhand smoking
Diabetes mellitus
Dyslipidemia/hypercholesterolemia
Overweight/obesity
Physical inactivity/low fitness
Unhealthy diet

aFactors that can be changed and, if changed, may reduce 
CVD risk
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and 2012, 41.7% had a 10-year CHD risk >20%, 40.9% had a risk of 10–20%, and 
only 18.4% had a risk <10% (Egan et al. 2014). It is important to note that the preva-
lence of hypertension and the incidence of hypertension-related cardiovascular dis-
ease (CVD) increase with older age, making blood pressure (BP) control among 
older adults an even more important population health goal (Muntner et al. 2018; 
Benjamin et al. 2019).

Although antihypertensive medications are effective, inexpensive, and recom-
mended by clinical practice guidelines, a large percentage of adults with hyperten-
sion have uncontrolled BP (Muntner et al. 2020; Whelton et al. 2018). There are 
several factors that contribute to poor blood pressure control in primary care, includ-
ing multiple co-occurring health conditions, often complex combinations of per-
sonal and environmental factors, and, in the context of aging, heterogeneity in 
physical and cognitive function (World Health Organization 2002; Boyd et al. 2019; 
Tinetti and Fried 2004). Importantly, there are also specific considerations for mea-
suring and treating hypertension that vary by age and comorbidity (Reynolds et al. 
2015). An additional contributor has been the differing guidelines for defining and 
maintaining good blood pressure control by nation and even by professional medi-
cal societies within a nation such as the United States.

 Guideline Definitions and Treatment Goals

The 2017 American College of Cardiology/American Heart Association (ACC/
AHA) Guideline for the Prevention, Detection, Evaluation, and Management of 
High Blood Pressure in Adults classifies BP into one of four categories that applies 
to all ages: normal, elevated, stage 1, and stage 2 (Whelton et al. 2018). The guide-
line defines normal BP as systolic BP (SBP) <120  mm Hg and diastolic (DBP) 
<80 mm Hg. Elevated BP is defined as SBP 120–129 mm Hg and DBP <80 mm Hg. 
Stage 1 hypertension is defined as SBP 130–139 mm Hg or DBP 80–89 mm Hg, and 
stage 2 hypertension is defined as SBP ≥140 mm Hg or DBP ≥90 mm Hg. These 
were based on increasingly larger quantities of observational data and the new cat-
egories replaced the Seventh Report of the Joint National Committee on Prevention, 
Detection, Evaluation, and Treatment of High Blood Pressure (JNC7) classification, 
adding the new category elevated BP, eliminating the pre-hypertension category, 
and lowering the BP levels for defining stage 1 hypertension (Whelton et al. 2018; 
Chobanian et al. 2003).

New to these guidelines are recommendations for thresholds to initiate 
BP-lowering medications linked to BP goals and based on individual CVD risk. 
Among patients with clinical CVD, guidelines recommend treatment for secondary 
prevention of CVD events with a BP goal <130 mm Hg/<80 mm Hg. For primary 
prevention among those without known CVD, guidelines recommend first estimat-
ing the 10-year atherosclerotic cardiovascular disease (ASCVD) risk. BP-lowering 
medications are recommended for goal BP levels of <130 mm Hg/<80 mm Hg in 
patients with an ASCVD risk of >10%. As 88% of adults over 65 years and 100% 
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of those over 75 years old have an ASCVD risk of ≥10%, the recommended BP goal 
for the vast majority of older adults is <130 mm Hg/<80 mm Hg (Whelton et al. 
2018). In addition to antihypertensive medication to achieve these goals, the 2017 
ACC/AHA guidelines also recommend nonpharmacological interventions includ-
ing weight loss among those overweight or obese, a heart-healthy diet, sodium 
restriction, increased physical activity, and reduction in alcohol consumption. These 
treatment recommendations are the same for adults of all ages.

 Prevalence, Treatment, and Control in Primary Care

The prevalence of hypertension increases with age. Most epidemiological studies 
have used BP ≥140/90 mm Hg to define hypertension. For example, according to an 
analysis of data from NHANES conducted between 2011 and 2014, the prevalence 
of hypertension was 10.5%, 29.5%, 52.4%, 63.6%, and 75.1% among US adults 
20–44, 45–54, 55–64, 65–74, and ≥75 years old, respectively (Muntner et al. 2018). 
Applying the 2017 ACC/AHA guideline definition of hypertension as BP 
≥130/80 mm Hg classified a higher percentage of US adults as having hypertension 
(45.6% and 31.9% for 2017 ACC/AHA and JNC7, respectively). However, most of 
the increased prevalence occurred in younger adults as among those 75 years old 
and older the difference in those meeting the definition of hypertension (82.3% 
versus 75.1%) or who would receive recommendations for antihypertensive medi-
cations (82.3% versus 78.5%) is small. In the general US population, gender differ-
ences in the prevalence of hypertension have also been reported with a higher 
percentage of men compared to women meeting the definition for hypertension 
prior to age 65. However, after age 65 years the prevalence of hypertension is higher 
among women than men (Benjamin et al. 2019).

The percentage of adults with awareness of hypertension and receiving treatment 
is generally high. Awareness of hypertension, when it was defined as BP ≥140/90 mm 
Hg, was 67.3%, 79.3%, 85.4%, and 82.1% among US adults 18–44, 45–64, 65–74, 
and ≥75 years old, respectively (Muntner et al. 2020). Hypertension awareness is 
more common among those with a usual health-care provider, which may explain in 
part the higher prevalence of awareness at older ages as older adults often require 
more frequent interactions with the health-care system. Among those aware they 
had hypertension, antihypertensive medication use is highest among older adults. 
Among those who reported awareness, the percentage taking antihypertensive med-
ication were 75.8%, 87.7%, 94.1%, and 96.0% at 18–44, 45–64, 65–74, and 
≥75 years old (Muntner et al. 2020).

Even in older adults with hypertension, those most at risk for CVD and brain 
health complications, the percentage with controlled BP has generally been reported 
to be less than 50%, even when control was defined as an SBP < 140 mmHg. A 
recent analysis reported trends in BP control using NHANES calendar periods 
across nearly two decades (Muntner et al. 2020). Serial cross-sectional surveys took 
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place over 2-year intervals from 1999–2000 through 2017–2018. Overall, an 
increasing percentage of adults with controlled BP was seen through 2013–2014, 
followed by a decrease in calendar periods 2015–2016 and 2017–2018. This trend 
was also seen among those ≥75 years old (Fig. 5.1). To achieve adequate control 
(SBP, 130 mmHg), an average of three antihypertensive medications daily is neces-
sary, as shown in the recently completed SPRINT trial.

 BP Control and Disabling Conditions

As adults age and prioritize remaining independent in late life, it is important to 
help them recognize the association between BP control and conditions that impair 
cognitive and physical function. Uncontrolled BP is a known risk factor for dis-
abling conditions, including stroke, heart failure, and coronary heart disease 
(Benjamin et al. 2019). Studies have also shown direct associations of hypertension 
with a decline in cognitive and physical function (Hajjar et al. 2007). For example, 
BP ≥120/80 mm Hg during midlife was found to be associated with a greater risk 
of developing dementia in later life (Gottesman et  al. 2017). Therefore, a life-
course perspective is helpful for understanding the detrimental effects of uncon-
trolled BP that may accumulate over many years, leading to disability (Yano 
et al. 2014).
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Fig. 5.1 Trends in blood pressure (BP) control among US adults ≥75 years old from the National 
Health and Nutrition Examination Survey (NHANES). (Source: Muntner et al. 2020)
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 Framework

Without careful attention to prevention in this area from primary care providers, the 
combination of an aging US population, a decreasing percentage with controlled 
hypertension, and recommendations for lower BP goals will likely result in an 
expanding population of older adults with uncontrolled BP who are at risk for CVD 
events, cognitive and physical disability. Population health efforts to improve BP 
control often focus on increasing awareness and treatment. However, awareness and 
treatment have remained high among older adults. An alternative approach may be 
to recognize specific challenges to BP control among adults. A framework for con-
sidering how key steps in BP management occur in the context of common issues as 
adults age is shown in Fig. 5.2.

 Implications of an Aging Population on Treatment Approach

There is compelling evidence that treatment of elevated blood pressures in ambula-
tory, cognitively normal adults, even those over the age of 80 years, is effective at 
reducing cardiovascular events, morbidity and mortality, and early dementia [mild 
cognitive impairment (MCI)] (Williamson et al. 2016; SPRINT MIND Investigators 
for the SPRINT Research Group et al. 2019). Multiple studies have shown a signifi-
cant reduction in morbidity and mortality when elevated blood pressures are appro-
priately treated to goal. Despite the benefits of treating hypertension, medical 
providers remain reluctant to treat elevated blood pressures in older adults accord-
ing to current guidelines.

Aging context

• Function 
• Health conditions
• Personal and 
 Environmental 
 factors

Measure

Plan

Treat

Monitor

Steps for BP control
Fig. 5.2 A framework to 
improve blood pressure 
(BP) control that considers 
how key steps in BP 
management occur in the 
context of common aging 
issues
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While some conditions have overlapping treatment goals with hypertension, 
reinforcing the need for treatment (e.g., ACE/ARB among those with hypertension, 
chronic kidney disease, and diabetes), the presence of multimorbidity may make 
self-management more complex (Bowling et al. 2017; Hall et al. 2020).

The World Health Organization (WHO) has developed a model that is useful for 
helping to identify the likelihood of benefit from intense efforts to control BP. The 
WHO International Classification of Functioning (ICF) model describes four 
domains that require consideration: (1) function, (2) health conditions (i.e., multi-
morbidity), (3) personal factors, and (4) environmental factors (World Health 
Organization 2002; Jette 2006). This model considers the impact of functional limi-
tations and multiple chronic conditions on treatment decisions (Barnett et al. 2012; 
Tinetti et al. 2012). These include personal factors (such as individual health goals, 
personal financial resources) and environmental factors (such as the availability of 
caregivers to assist with complex medication regimens, living situations such as 
independent living versus nursing home residence). Each of these categories should 
be incorporated into shared treatment decision-making by the patient and their treat-
ment team. While these considerations may be important regardless of age, the fre-
quency at which these factors interact is known to increase at older ages (Bowling 
et al. 2019a). For example, persons with limited life expectancy due to such condi-
tions as advanced cancer, dementia, or those residing in nursing homes are less 
likely to benefit from prioritizing guideline blood pressure control and may even 
experience harm (Pajewski et al. 2020). This is the rationale for the 2017 AHA/ACC 
to include a second recommendation for blood pressure control in older adults who 
have “a high burden of comorbidity and limited life expectancy [where] clinical 
judgment, patient preference, and a team-based approach to assess risk/benefit is 
reasonable for decisions regarding intensity of BP lowering and choice of antihy-
pertensive drugs.”

 Steps in BP Management

There are specific components involved in achieving and sustaining BP control 
(Table 5.2). This framework acknowledges that the BP measure can be affected by 
the technique, device, and setting in which BP is measured. The plan refers to set-
ting a goal BP in the context of the patient and family’s overall health goals. 
Treatment refers to the management strategy, including the use of BP-lowering 
medications, the expected benefits of treatment, and risk for adverse events. Lastly, 
monitor refers to the need for ongoing follow-up to support a patient’s ability to 
sustain BP control over time. Below, we highlight some of the relevant literature for 
each of these four steps.
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 Measure

A recent report showed a poor correlation between blood pressures recorded in 
electronic health records (EHR) compared to BP obtained under a standardized 
research protocol (Drawz et al. 2020). The greatest portion of the average clinical 
care readings for patients was usually higher than the research clinic readings, but 
approximately 20% of the clinical care readings were usually lower than the 
research clinic measurements (Drawz et al. 2020). Most of these findings can be 
explained by variations from the AHA Scientific Statement on Measurement of BP 
in Humans, which describes 6 overall steps and 20 specific instructions for the 
proper technique to obtain seated BP in the office (Muntner et al. 2019). However, 
primary care clinicians do not need to tackle all 20 to make a big difference in 
reducing CVD and disability risks related to hypertension. Large-scale studies have 
demonstrated that implementing proper BP measurement technique is feasible. 
Primary care clinic- level challenges are important but manageable and include (1) 
ensuring a 3- to 5-minute relaxation period, (2) using an automated device to mea-
sure BP and not human ascertainment, (3) minimizing talking to the patient during 
the measurement, (4) ensuring the proper cuff size for obese patients, and (5) 
removing clothing that impairs accurate measurement at the patient level. These 
five steps are good examples of how outpatient clinics can overcome clinic- and 
patient-level barriers to guideline BP care just as they have done in other areas of 
primary care practice (e.g., blood drawing, laboratory calibration, crash cart main-
tenance) through putting standardized policies into place. This might also involve 
an expanded use of home blood pressure monitoring (HBPM) according to an AHA 
Scientific Statement recommendation for proper technique (Muntner et al. 2019). 
Concerns about device validation have also been reported (Cohen et  al. 2019). 

Table 5.2 Steps in hypertension control and relevant considerations for older adults

Description Relevance and potential limitations in older adults

Measure Technique, 
device, setting

Proper technique may be limited by physical and cognitive 
impairment or geriatric conditions
Competing demands for clinical assessments among older adults 
with multimorbidity (i.e., proper technique a low priority)
Higher prevalence of treated white coat hypertension at older age

Plan Setting goals Concerns about the generalizability of clinical trial evidence for 
some older adults
Wide range in health goals and willingness to accept tradeoffs 
between benefits and risks

Treat Management 
strategy

Treatment intensification
Physical and cognitive impairment may limit management
Dependence on caregivers for management support

Monitor Follow-up over 
time

Changing life expectancy over time for which BP monitoring 
may be necessary
Intervening health events at older age may affect BP control and 
treatment goals

L. Brown et al.
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Nevertheless, none of these concerns preclude guideline-based management of con-
sistently elevated blood pressure.

Research has shown differences based on the setting in which BP is measured, an 
important example being white coat hypertension (Reynolds et al. 2015; Ishikawa 
et al. 2011). One way to identify white coat hypertension is by using ambulatory 
blood pressure monitoring (ABPM). In ABPM, a BP monitor is worn for 24 hours 
and obtains automatic readings in the out-of-office setting (Reynolds et al. 2015). 
ABPM has been shown to be similarly feasible in older and younger adults (Nesti 
et al. 2014). Using ABPM, white coat hypertension is defined as having elevated 
clinic BP without elevated daytime BP on ABPM. An analysis of data from the 
Jackson Heart Study compared the difference in clinic and daytime SBP among 
black US adults with hypertension <60 versus ≥60 years old (Tanner et al. 2016). 
The difference between clinic SBP and daytime SBP was on average higher among 
those ≥60 years old compared to <60 years old (12 mm Hg higher versus 8 mm Hg 
higher). The prevalence of white coat hypertension may be greater among special 
populations of adults. Taken together, these findings suggest that clinic BPs, often 
poorly measured as part of routine care, may not always reflect the out-of-clinic BP, 
and this discrepancy should be considered when addressing difficult control BP or 
poorly tolerated BP control. Given this, primary care clinicians could review their 
blood pressure measurement approach with the goal to both improve in-clinic mea-
surement and identify patients who may benefit from additional out-of-clinic 
measurements.

 Plan

The plan refers to setting goals for BP control levels. As described above, the 
guideline- recommended goal BP for the vast majority of older adults is <130 mm 
Hg/<80  mm Hg. This recommendation is supported by clinical trial evidence, 
including findings from the Systolic Blood Pressure Intervention Trial (SPRINT), 
which tested intensive versus standard control (SPRINT Research Group et  al. 
2015). While the results of SPRINT have been extensively reported, (Supiano and 
Williamson 2019) it is worth reviewing three findings that are relevant to older 
adults. First, among the prespecified subgroup of participants ≥75 years old, treat-
ing to an SBP goal of <120 mm Hg (intensive control) versus <140 mm Hg (stan-
dard control) resulted in and achieved a mean of 123 mmHg and lower rates of fatal 
and nonfatal CVD events and death (Williamson et al. 2016). This was true in pre-
specified subgroups in which participants were categorized as fit, less fit, or frail or 
had a low gait speed and among those ≥80 years old free of cognitive impairment 
(Pajewski et al. 2020). Second, findings from SPRINT may be generalizable to a 
large number of ambulatory older adults, including those with frailty. In SPRINT, 
31% of participants ≥75 years old were frail, a similar prevalence seen in community- 
dwelling older adults (Pajewski et al. 2016) Recent work has shown that more than 

5 Blood Pressure Control in Primary Care



82

1/3 of all older adults meet the criteria for blood pressure control with a goal of SBP 
of 120 mmHg as defined in SPRINT (Bress et al. 2016). Third, findings from the 
SPRINT MIND study found a lower incidence of mild cognitive impairment (MCI) 
and the combination of MCI or probable dementia with intensive SBP control 
(SPRINT MIND Investigators for the SPRINT Research Group et al. 2019). There 
was no difference seen in the primary outcome of probable dementia, perhaps due 
to the intervention being terminated early and inadequate follow-up time. However, 
because maintaining cognitive function is such an important goal in aging, findings 
of lower risk of MCI are clinically relevant for older adults.

While SPRINT is a landmark study and representative of a large percentage of 
older adults with hypertension, it is not possible for a randomized trial to be gener-
alizable to all older adults. Therefore, it is important to consider the study exclu-
sions most relevant to older adults when planning BP goals. For example, SPRINT 
excluded adults residing in nursing homes and those with standing hypotension of 
<110 mm Hg, type 2 diabetes, prior history of stroke, estimated glomerular filtration 
rate <20 ml/min/1.73 m2, dementia, or symptomatic heart failure (SPRINT Research 
Group et al. 2015). As these conditions are common at older age and may be associ-
ated with risk for adverse events, it is not known if intensive SBP control would 
confer the same benefits for some subgroups of older adults.

 Treat

After making plans for BP goals, the next step is to choose a management strategy. 
This includes both nonpharmacological interventions, such as low sodium diets and 
weight loss, as well as the use of BP-lowering medications. Several nonpharmaco-
logical interventions (weight loss, smoking cessation, limiting alcohol intake, etc.) 
have additional benefits such as improvement of function and should be considered 
regardless of the need for antihypertensive medication. The clinician and patient 
should have an understanding of the expected benefits and potential for risk for 
adverse events when considering antihypertensive medication initiation or intensifi-
cation. In general, guideline recommendations for specific antihypertensive medica-
tions do not differ by age (Whelton et al. 2018). As the majority of older adults with 
hypertension are on treatment, treatment decisions less often focus on which antihy-
pertensive medication to initiate, but more on when to intensify treatment by adding 
medications from other classes. For example, among adults ≥75  years old in 
SPRINT, 85% of participants in the intensive treatment group and 57% in the stan-
dard treatment group required two or more antihypertensive medication classes to 
achieve the targeted BP goals (mean number 2.8 versus 1.8) (Williamson et  al. 
2016). The most commonly used antihypertensive medications for both randomiza-
tion groups were ACE inhibitors/ARBs followed by diuretics and calcium channel 
blockers. Therefore, it is important to anticipate the need for multiple strategies 
when treating hypertension.
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Another aspect of treatment to consider is the risk for adverse events. Falls are 
the leading cause of injury and death among older adults (Bergen et al. 2016). While 
low blood pressure is associated with falls, (Tinetti et al. 2014) no randomized clini-
cal trial, including SPRINT, has ever shown intensive BP treatment to be associated 
with a higher risk of injurious falls (SPRINT Research Group et al. 2015; Margolis 
et al. 2014). However, rates of falls have been shown to be lower in trial populations 
than in observational studies (Tinetti et al. 2014; Deandrea et al. 2010). These find-
ings suggest that the risk for falls should not preclude hypertension treatment for 
most older adults, but careful titration, short-term monitoring, and addressing mul-
tiple fall risk factors should be part of comprehensive hypertension treatment.

 Monitor

In practice, clinicians diagnose and treat individuals with hypertension over many 
visits and patients live with hypertension over many years. As patients age and 
experience health events, many unrelated to hypertension, these may affect their BP 
and its control. Therefore, monitoring BP control over time with the goal of sustain-
ing BP control is an important step in hypertension management. Recent studies 
have shown that sustained BP control is associated with better health outcomes 
(Bowling et al. 2019b). For example, an analysis of the Antihypertensive and Lipid- 
Lowering Treatment to Prevent Heart Attack Trial (ALLHAT) linked to Medicare 
health insurance claims examined the association between sustained SBP control 
and the progression of multimorbidity, defined by the co-occurrence of up to 14 
separate chronic conditions (Bowling et al. 2020). SBP control was categorized as 
<140 mm Hg at <50%, 50% to <75%, 75% to <100%, and 100% of visits over a 
48-month assessment period. Participants with sustained SBP control at a higher 
percentage of visits had a slower rate of multimorbidity progression and developed 
multimorbidity when they were 5–10 years older than their counterparts without 
sustained SBP control. As older adults often consider their overall health when 
assessing the risks and benefits of treatment, not just the disease-specific outcomes, 
evidence on reducing multimorbidity could be used to guide patient-centered dis-
cussions about monitoring and improving BP control over time.

 Implementing This Framework into Primary Care

Understanding the unique challenges and opportunities for BP control in adults may 
facilitate better implementation of hypertension guidelines in primary care. 
Opportunities to improve blood pressure control can be considered for each of the 
four steps described above. For example, for measure, primary care clinicians may 
need to work with clinic staff to develop practical approaches to BP measurement 
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that are tailored to their clinical settings or accurately obtained BP outside of the 
clinic. For plan, risk stratification tools may be helpful to identify patients for whom 
guideline-recommended BP is appropriate and shared decision-making tools help 
align patient goals with BP treatment goals. For treat, partnering with pharmacists 
to use treatment protocols that address polypharmacy, drug–drug, and drug–condi-
tion interactions may help reduce adverse events. Finally, for monitor, primary care 
clinicians may want to consider meaningful metrics for sustained BP control that 
support patient–provider communication and quality improvement.

 Conclusions

Elevated blood pressure is the most common risk factor for cardiovascular disease, 
memory decline, and death encountered in primary care. Nevertheless, despite 
proven effective and inexpensive treatments, substantial clinical trial evidence on 
the benefits of treatment, and regularly updated guideline recommendations, a large 
percentage of adults do not have adequately controlled BP. A framework that recog-
nizes both the broader implications for poorly controlled hypertension and the spe-
cific challenges and opportunities for better BP management may be helpful for 
improving BP control. Implementation of current guidelines in populations of older 
adults will be improved when barriers to BP measurement, planning, treating, and 
monitoring are addressed.
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Summary
• Cardiovascular diseases, including coronary heart disease, stroke, heart 

failure, and peripheral arterial disease, along with microvascular disease 
(retinopathy, neuropathy, and chronic kidney disease), are the principal 
causes of morbidity and mortality in persons with metabolic syndrome and 
diabetes.

• Both metabolic syndrome and diabetes are associated with great heteroge-
neity in cardiovascular disease risk, warranting cardiovascular risk assess-
ment, including global risk scoring and consideration of risk-enhancing 
factors. Many such persons do not reach high-risk status based on global 
risk scoring.

• Evaluating subclinical atherosclerosis can also stratify risk in persons with 
metabolic syndrome and diabetes; persons with significant levels of coro-
nary calcium have coronary heart disease rates 10-fold greater than those 
without coronary calcium.

• Few persons with metabolic syndrome and diabetes are at recommended 
targets for all major cardiovascular risk factors, including LDL- cholesterol, 
blood pressure, HbA1c, nonsmoking status, and body mass index.
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 Introduction

The metabolic syndrome (MetS) had its foundations with the original designation of 
the insulin resistance syndrome (Reaven 1988) and cardiometabolic syndrome 
(Fagan and Deedwania 1998), but evolved and became a commonly utilized clinical 
construct in the United States and worldwide with the release of the Third Adult 
Treatment Panel of the National Cholesterol Education Program in 2001 (National 
Cholesterol Education Program (NCEP) 2002). The most recent and currently used 
worldwide definition proposed by the International Diabetes Federation (Alberti 
et al. 2009) requires three or more of five key risk factors (Table 6.1), including 
increased waist circumference with specific cutpoints for persons of different ethnic 
origins (Table 6.2). In addition, if waist circumference is not available, a body mass 
index of 30 kg/m2 or greater be substituted and assumed to designate abdominal 
obesity. With approximately 30 million US adults having type 2 diabetes mellitus 
(DM) in 2017, given the prevalence of MetS is approximately three times that of 
DM, approximately 100 million (one-third) US adults are estimated to have MetS 
(Saklayen 2018). Moreover, with nearly 500 million adults globally having DM, a 
number expected to increase to 700 million by 2045 (International Diabetes 
Federation Atlas 2019), one can estimate that approximately 1.5 billion individuals 
currently have MetS, which will exceed 2 billion by 2045.

Cardiovascular disease (CVD) is the leading cause of morbidity and mortality in 
persons with MetS and DM due principally to coronary heart disease, stroke, heart 
failure, and peripheral arterial disease (Geiss et  al. 1995). While type 2 DM has 
traditionally been referred to as a coronary heart disease (CHD) risk equivalent, it 
actually confers great heterogeneity in CHD and CVD risk, which is dependent on 
many factors, such as the severity of accompanying risk factors, duration of diabe-
tes, and the presence of risk-enhancing factors and subclinical atherosclerosis, thus 
warranting the importance of risk assessment. MetS is also accompanied by a wide 
variation in risk for CVD.

Table 6.1 IDF/IAS/NHLBI/AHA/WHF joint scientific statement on diagnosis of metabolic 
syndrome (Alberti et al. Circulation 2009) (≥3 criteria required for diagnosis)

Measure Categorical Cut Points

Elevated waist circumference Population- and country-specific 
definitions (see Table 6.2)

Elevated triglycerides (drug treatment for elevated 
triglycerides is an alternate indicator)

≥150 mg/dL (1.7 mmol/L)

Reduced HDL-C (drug treatment for reduced HDL-C is an 
alternate indicator)

<40 mg/dL (1.0 mmol/L) in 
males;<50 mg/dL (1.3 mmol/L) in 
females

Elevated blood pressure (antihypertensive drug treatment in 
a patient with a history of hypertension is an alternate 
indicator)

Systolic ≥130 and/or diastolic 
≥85 mm Hg

Elevated fasting glucose‡ (drug treatment of elevated 
glucose is an alternate indicator)

≥100 mg/dL

N. D. Wong



91

This chapter will briefly review the epidemiology of MetS, DM, and CVD and 
focus on the role of and strategies for cardiovascular risk assessment in persons with 
MetS and DM and the status and implications of multiple risk factor control in such 
persons.

 Epidemiology of Metabolic Syndrome, Diabetes, 
and Cardiovascular Disease

The latest estimates from 2019 indicate that 463 million (9.3%) adults worldwide 
aged 20–79 years are living with diabetes, a number expected to rise to 578 million 
(10.2%) by 2030 and to 700 million (10.9%) by 2045; with MetS prevalence 
approximately three times that of DM (Saklayen 2018), this would translate into 
approximately 1.5 billion persons globally with MetS, projected to increase to more 
than 2 billion by 2045. Current annual deaths in the United States due to complica-
tions from DM are estimated to be 4.2 million and annual health-care expenditures 
exceed 750 billion US dollars. China, India, and the United States have the greatest 
number of cases of diabetes with 116.4 million, 77.0 million, and 31.0 million 
cases, respectively (International Diabetes Federation Atlas 2019).

CVD is the most common cause of death among patients with DM, according to 
data from death certificates. Heart disease accounts for approximately 55% of all 
deaths, and cerebrovascular disease is responsible for another 10% of deaths (Geiss 

Table 6.2 Current recommended waist circumference thresholds for abdominal obesity by 
different organizations

Recommended waist circumference threshold for abdominal 
obesity

Population Men Women

Europid ≥94 cm ≥80 cm
Caucasian ≥94 cm ≥80 cm

≥102 cm ≥88 cm
United States ≥102 cm ≥88 cm
Canada ≥102 cm ≥88 cm
European ≥102 cm ≥88 cm
Asian (including Japanese) ≥90 cm ≥80 cm
Asian ≥90 cm ≥80 cm
Japanese ≥85 cm ≥90 cm
China ≥85 cm ≥80 cm
Middle East, Mediterranean ≥94 cm ≥80 cm
Sub-Saharan African ≥94 cm ≥80 cm
Ethnic Central and South 
American

≥90 cm ≥80 cm

aRecent AHA/NHLBI guidelines for metabolic syndrome recognize an increased risk for CVD and 
diabetes at waist-circumference thresholds of ≥94 cm in men and ≥80 cm in women and identify 
these as optional cut points for individuals or populations with increased insulin resistance

6 Cardiovascular Risk Assessment in Metabolic Syndrome and Diabetes



92

et al. 1995). Acute diabetes-related complications are the next most common cause 
of death, accounting for 13% of deaths. Pneumonia/influenza, malignant neoplasms, 
and other causes account for the remaining deaths (Geiss et al. 1995). Data from the 
Emerging Risk Factors Collaboration shows diabetes to confer a 2.0-fold increased 
risk of coronary heart disease, while the risks for ischemic and hemorrhagic stroke 
are increased 2.3- and 1.6-fold (Emerging Risk Factors Collaboration 2010). Recent 
data from a population of 1.9 million persons from the United Kingdom demon-
strated that the most common initial manifestations of CVD in adults with diabetes 
mellitus (DM) were peripheral arterial disease (16.2%) and heart failure (14.7%), 
followed by stable angina, nonfatal myocardial infarction, and stroke (Shah et al. 
2015). Moreover, among cardiovascular patients, data from the Glucose Tolerance 
in Patients with Acute Myocardial Infarction study, Euro Heart Survey, and the 
China Heart Survey show that 34–45% have diabetes and another 35–37% have 
prediabetes, indicating that the vast majority of cardiovascular patients have abnor-
mal glucose tolerance (Conaway and O’Keefe 2006). It has also been shown that 
upon admission for an acute coronary syndrome approximately 15% of patients are 
newly diagnosed with T2DM (Conaway et al. 2005) and some two-thirds of patients 
meeting criteria for DM based on fasting glucose are discharged from the hospital 
inappropriately undiagnosed for DM (Anselmino et al. 2008).

We previously showed among US adults from the National Health and Nutrition 
Examination Survey mortality from CHD, CVD, and all-causes to increase in a 
stepwise gradient among those who were without MetS nor DM, or had MetS, DM 
without CVD, prior CVD without DM, or with both DM and CVD, with this com-
bination having the greatest risk, warranting such persons to be very high risk 
(Fig. 6.1) (Malik et al. 2004). In a systematic review and meta-analysis of 43 cohorts 
involving over 170,000 subjects, Gami et al. (2007) showed MetS without DM to 
have a relative risk of CVD events and death of 1.78 (95% CI = 1.58–2.00), with a 
stronger association in women and in those of lower-risk persons, and a relation that 
remained robust after adjustment for traditional risk factors. Others also have dem-
onstrated a 29% greater risk of CVD events and death in those with MetS and a 68% 
increased risk in those with DM who also had a prior myocardial infarction 
(Levantesi et al. 2005).

The Framingham Heart Study long ago demonstrated that diabetes is a stronger 
risk factor for CVD outcomes in women compared to men. While DM is associated 
with a 2.2-fold greater risk of all CVD outcomes in men (absolute rate 76/1000), the 
respective increase in risk was 3.7-fold in women (absolute rate 65/1000). In par-
ticular, the sex difference for the relative risk associated with DM was substantial 
for peripheral artery disease (3.4 in men and 6.4 in women; absolute rate 18/1000 
for both) and heart failure (4.4  in men and 7.8  in women; absolute rate 23 and 
21/1000, respectively) (Wilson 2001). The presence of chronic kidney disease 
(CKD) with diabetes increases the risk of many cardiovascular complications (myo-
cardial infarction, stroke, heart failure, peripheral arterial disease, and death) by at 
least another twofold (Foley et al. 2005).

N. D. Wong



93

 Global Cardiovascular Risk Assessment in Metabolic 
Syndrome and Diabetes

The work of Haffner and colleagues (Haffner et  al. 1998) showing that among 
Finnish men those with DM without a prior myocardial infarction (MI) had a simi-
lar risk of future MI as those with a prior MI but without DM helped promulgate the 
concept that DM was a risk equivalent for CHD. This was also adopted by the Third 
Adult Treatment Panel (ATP III) of the National Cholesterol Education Program 
in 2001, which proposed that persons with DM should be treated as aggressively 
for cholesterol as those with preexisting CHD (National Cholesterol Education 
Program (NCEP) 2002). While our study in US adults did show that all-cause mor-
tality is similar in those with DM without CVD compared to those with CVD with-
out DM, suggesting these conditions to be risk equivalents for all-cause mortality, 
CHD and CVD mortality were observed to be lower among US persons with DM 
compared to those with prior CVD, questioning the concept of whether DM is a 
CHD risk equivalent for these end points (Malik et al. 2004). Several years later, a 
meta- analysis of over a dozen studies examining this issue showed that those with 

Cardiovascular Disease (CVD) and Total Mortality:
US Men and Women Ages 30-74

(age, gender, and risk-factor adjusted Cox regression) NHANES II Follow-Up
(n=6255)(Malik and Wong, et al., Circulation 2004; 110: 1245-1250)
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Fig. 6.1 Metabolic syndrome and diabetes in relation to CHD, CVD, and total mortality: US men 
and women ages 30–74. * p < 0.05, ** p < 0.01, **** <0.0001 compared to none. (Based on data 
from Malik et al. 2004)
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DM without a prior MI had a 43% lower risk of future CHD compared to those with 
a prior MI without DM (Bulugahapitiya et al. 2009). Moreover, we have shown, 
utilizing global risk assessment with the Framingham risk equations, that among 
US adults with DM from NHANES, nearly a third of men and half of women did 
not reach CVD risk equivalent status and were at intermediate or lower risk (<20% 
10-year risk of CVD events) (Wong et al. 2012a) (Fig. 6.2). Most recently, Rana and 
colleagues showed, among a large registry of DM patients from Kaiser Permanente, 
that DM patients with a duration of DM of 10 years or more have a risk similar 
to those with preexisting CHD (Rana et al. 2016). Thus, while those with DM are 

Global Risk Assessment in DM:
10-year Total CVD Risk by Gender
(Wong ND et al., Diab Vas Dis Res 2012)

 Distribution of 10-year global cardiovascular disease
(CVD) risk by gender; p =0.0001 comparing risk distribution
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clearly at higher risk of CVD events than those without DM, some are at clearly 
higher risk than others, warranting the importance of quantitative risk stratification.

Global risk estimation using risk scoring is the first step in CVD risk assessment. 
When we examined global risk assessment in US adults in 2003–2004 with MetS 
utilizing the ATP III definition for MetS, we identified 38.5% of US adults (30.7% 
of men and 46.9% of women) to be classified as low risk (<6% 10-year risk of 
CHD), 8.5% (7.9% of men and 9.1% of women) to be moderate risk (6- < 10% 
10-year risk), 15.8% (23.4% of men and 7.6% of women) to be at moderately high 
risk (10–20% 10-year risk), and 37.3% (38.0% of men and 36.5% of women) to be 
classified as high risk (>20% CHD risk in 10-year or with preexisting CVD) (Hoang 
et  al. 2008). In a more recent but smaller study examining the Framingham risk 
score in 160 patients with MetS, the highest prevalence of MetS components was 
found in those classified as low risk, and systolic blood pressure and fasting glucose 
were the most important determinants of intermediate and high Framingham risk 
(Jahangiry et al. 2017).

Many traditional and more novel risk factors in persons with DM promote CHD 
risk. This includes elevated low-density lipoprotein cholesterol (LDL-C), low high- 
density lipoprotein cholesterol (HDL-C), elevated blood pressure, and elevated tri-
glycerides. In a study of 2693 adults with DM, the UKPDS showed important 
predictors (of a first CVD event) to include (in order of importance) LDL-C, HDL- 
C, HbA1c, systolic blood pressure, and cigarette smoking (Turner et al. 1998). In 
addition, thrombogenic and inflammatory factors promote risk in those with DM 
and include C-reactive protein, intereukin-1, fibrinogen, and PAI-1, all of which are 
increased in DM (Biondi-Zoccai et al. 2003). We have also shown in the National 
Health and Nutrition Examination survey elevated hs-CRP levels to further augment 
the odds of CVD and peripheral arterial disease in persons with MetS and DM 
(Malik et al. 2005; Vu et al. 2005). Further, diet, physical activity, tobacco smoking, 
obesity, and excess alcohol consumption can also influence risk and nonmodifiable 
factors, including age, sex, and family and personal history of CVD (Pyorala et al. 
1994). In the Swedish National Diabetes Register, an increased HbA1c was the 
strongest predictor of stroke and acute myocardial infarction, and those under age 
55 years had the highest excess risk (Rawshani et al. 2018). Patients with type 1 DM 
are also at risk for ASCVD with HbA1c, albuminuria, duration of DM, systolic 
blood pressure, and LDL-C to be the strongest predictors of CVD outcomes and 
death (Rawshani et  al. 2019). In those with DM, risk factors frequently cluster 
together, and among those with hypertension, hyperlipidemia, and obesity, over 
35% have two of these factors and another 21% have all three (Suh et al. 2010). The 
MRFIT study also showed that the risk of mortality varies fourfold (from 31 to 125 
per 10,000 person-years) comparing those with DM without risk factors to those 
who smoke and have elevated cholesterol and blood pressure (Stamler et al. 1993).

In the case of MetS, a central question has been whether its construction as a 
whole is more important than its parts. In a study examining its role in predicting 
early-onset clinical CHD, while both MetS and DM were associated with increased 
odds of early-onset CHD (4.9 and 8.0, respectively), these relationships were atten-
uated after adjusting for its components (Iribarren et  al. 2006). Others show the 
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number of components of MetS to be important in risk prediction (Knuiman et al. 
2009); for instance, while waist circumference, triglycerides, and glucose cutpoints 
did not predict cardiovascular disease in two large studies, all five components did 
(Sattar et al. 2008).

 Role of Subclinical Atherosclerosis in Risk Stratification 
for Metabolic Syndrome and Diabetes

Given the modest predictive value of global risk assessment involving standard risk 
factors in risk stratification for persons with MetS and DM, there has been a signifi-
cant interest in the role that evaluation of subclinical atherosclerosis, most com-
monly with carotid ultrasound or coronary calcium, may have in risk assessment of 
such persons.

In an early study, we showed that among 1823 persons who underwent screening 
for CAC, those with neither MetS nor DM, MetS, or DM, had a CAC prevalence of 
53.5%, 58.8%, and 75.3% (p < 0.001), respectively. The prevalence of CAC increased 
directly with the number of MetS risk factors present (ranging from 34.0% to 58.3% 
for 0–5 present) (p < 0.001) and that compared to neither condition, the risk -adjusted 
odds for CAC being present was 1.40 (1.05–1.87) and 1.67 (1.12–2.50) in those with 
MetS or DM, respectively (Wong et al. 2003a). Raggi and colleagues (Raggi et al. 
2004) further demonstrated a greater increase in the risk of total mortality with higher 
CAC scores in those with versus without DM, but that both in those with and without 
DM, among those with CAC scores of 0, there was a similarly excellent prognosis 
(long-term survival rates >98%). We further showed in the Multiethnic Study of 
Atherosclerosis (MESA) that both the prevalence and extent of CAC were lowest in 
those with neither MetS nor DM, intermediate in those with MetS, and highest in 
those with DM (prevalences of 45%, 55%, and 62%, respectively) with CAC scores 
of >400 being present in 8%, 11%, and 17% of subjects, respectively. Common and 
internal CIMT thicknesses were also significantly greater across these conditions 
(Malik et al. 2011). While we did not find CIMT continuously or in quartiles to pre-
dict CHD or CVD events independently of age, sex, and traditional risk factors, we 
did find a strong association of CAC with future CHD and CVD event rates in those 
with MetS and DM, where there was a 10-fold variation in event rates across levels 
of CAC (Fig. 6.3). For example, in those with DM with a 0 calcium score, CHD 
event rates were 0.4% per year compared to 4% per year in those with calcium scores 
of 400 or greater. In those with MetS, CHD event rates ranged from 0.2% per year to 
3.5% per year, respectively. Scores of 100 or higher were associated with event rates 
of approximately 2% or greater, considered to be the cutpoint for a “CHD risk equiv-
alent.” Finally, in a more recent 11-year follow-up of MESA, incident CHD contin-
ued to be strongly associated with CAC both in those with and without MetS and 
DM, and CAC remained importantly predictive after adjusting for diabetes duration, 
insulin use, and glycemic control (Malik et al. 2017). We have also described the 
incidence and progression of CAC in persons with MetS and DM (Wong et  al. 
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2012b), showing that relative to those with neither MetS nor DM, adjusted relative 
risks for incident CAC were 1.7 (95% CI: 1.4–2.0), 1.9 (95% CI: 1.4–2.4), and 1.8 
(95% CI: 1.4–2.2) (all p < 0.01), and absolute differences in mean progression (vol-
ume score) were 7.8 (95% CI: 4.0–11.6; p < 0.01), 11.6 (95% CI: 2.7–20.5; p < 0.05), 
and 22.6 (95% CI: 17.2–27.9; p < 0.01) for those with MetS without DM, DM with-
out MetS, and both DM and MetS, respectively. In addition, progression of CAC 
predicted CHD events in those with MetS without DM (adjusted hazard ratios of 4.1 
[2.0–8.5]) and DM (4.9 [1.3–18.4]) among those in the highest tertile of CAC 
increase versus no increase. These observations demonstrate the powerful value of 
CAC scanning for risk stratification both in those with and without MetS and DM, 
importantly identifying subsets of such persons at highest risk where more aggres-
sive risk factor modification can be recommended.

 Risk Prediction Strategies in Metabolic Syndrome 
and Diabetes

The Adult Treatment Panel III of the National Cholesterol Education Program 
(National Cholesterol Education Program (NCEP) 2002) as well as the European 
SCORE algorithms (Conroy et al. 2003) automatically consider those with DM to 

Annual CHD Event Rates (in %) by Calcium Score Events by
CAC Categories in Subjects with DM, MetS, or Neither Disease
(Malik and Wong et al., Diabetes Care 2011)
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be at high risk and do not do a quantitative risk assessment, although the European 
Society of Cardiology guidelines for dyslipidemia management do place patients 
with DM into one of several high- or higher-risk categories based on the coexistence 
of other risk factors or CVD (Mach et al. 2020).

The more recent 2018 AHA/ACC Multisociety Guideline for Management of 
Blood Cholesterol (Grundy et al. 2019) includes DM as a factor in the Pooled Cohort 
Risk Calculator for the calculation of 10-year and lifetime ASCVD risk; however, as 
a binary factor, neither this risk calculator nor the earlier Framingham risk calcula-
tors considers other DM-specific factors such as HbA1c or duration of DM, which 
may preclude precise estimation of ASCVD risk in those with DM. Likewise for risk 
estimation in those with MetS, these and most other equations are limited by not 
including factors for waist circumference (or body mass index), glucose, or triglyc-
erides, which are three of the major MetS factors, and thus could also lead to impre-
cise risk estimation in such individuals. The recent guideline, however, does consider 
the presence of MetS (three or more of the qualifying factors) to be a risk-enhancing 
factor in the treatment decision, and specifically in those with DM, the following 
risk-enhancing factors are indicated to be considered to inform the treatment deci-
sion regarding initiating or intensifying statin therapy: long duration (≥10 years for 
type 2 diabetes mellitus or ≥20 years for type 1 diabetes mellitus), albuminuria ≥30 
mcg of albumin/mg creatinine, eGFR <60 mL/min/1.73 m2, retinopathy, neuropathy, 
and an ankle–brachial index of <0.9. While at least a moderate-intensity statin is 
recommended for those with DM aged 40 and over, it is recommended that the 
Pooled Cohort Risk Calculator be used to determine the 10-year ASCVD risk, which, 
if over 20%, recommends the use of a high- intensity statin with ezetimibe if needed 
to reduce the LDL-C by at least 50%. Thus, risk assessment in those with DM does 
have an important role in determining the intensity of treatment.

The recently developed Globorisk score (Ueda et al. 2017), utilizing data from 
eight large prospective studies, created cardiovascular risk scores for 182 countries 
based on recalibration from national survey data. While it did include diabetes as 
one of the factors, like in prior scores, it was treated as a binary factor and the 
authors noted there was a substantial underestimation of risk.

Based on this need for individualized risk assessment in those with DM, several 
CVD risk engines for patients with DM have been previously developed (Zhao and 
Wong 2018; Stevens et al. 2001; Yeboah et al. 2014; Parrinello et al. 2016; Basu 
et al. 2017; Cederholm et al. 2008; Donnan et al. 2006; Yang et al. 2008), Specifically, 
the UKPDS risk score (Stevens et al. 2001) (Fig. 6.4), which was derived from the 
large UKPDS diabetes sample, calculates the 10-year risk of fatal and nonfatal MI 
and stroke and includes predictors such as duration of DM, HbA1c, and even the 
presence of atrial fibrillation. Another diabetes risk prediction tool (Yeboah et al. 
2014) incorporated newer measures, including high-sensitivity C-reactive protein 
and coronary calcium, showing it to outperform other risk scores. In the ARIC 
cohort, a DM-specific score was developed among whites and blacks estimating 
overall CVD, but not individual CVD end points (Parrinello et al. 2016). Also, from 
the ACCORD clinical trial cohort, a comprehensive risk scoring system called 
RECODe (Risk Equations for Complications Of type 2 Diabetes) was developed to 
predict both microvascular and macrovascular complications (Basu et  al. 2017). 
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However, neither of these prior scores were derived from a wide range of population- 
based cohorts, suggesting the need for a more inclusive multicohort risk score 
developed specifically in patients with DM.

Considering other important comorbidities in DM, we recently developed, from 
the ACCORD cohort, a 5-year risk score to predict incident atrial fibrillation (AF) 
using Cox regression with internal validation (Yang et al. 2020). We studied 9240 
subjects with DM of which 1.8% developed AF over a median follow-up of 4.9 years. 
Subjects developing AF were more likely to be male, of white ethnicity and with 
more obesity and poorer kidney function, but with lower diastolic blood pressure and 
LDL-C. In the risk prediction model, age, gender, race, body mass index, heart fail-
ure, diastolic blood pressure, triglycerides, hemoglobin A1c, duration of DM, serum 
creatinine, and hypertension medication were included as important predictors.

 Evidence for Multiple Risk Factor Control to Reduce 
Cardiovascular Risk in Metabolic Syndrome and Diabetes

Assessment of cardiovascular risk for persons with MetS and DM has the purpose 
of identifying those who can best benefit from risk factor interventions to prevent 
future CHD and CVD events. It is important to understand the extent of 

Fig. 6.4 UKPDS risk engine. T2DM-specific risk calculator. Based on 53,000 patient-years of 
data from the UK Prospective Diabetes Study. Risk estimates and 95% confidence intervals in 
individuals with type 2 diabetes not known to have heart disease. (http://www.dtu.ox.ac.uk/risken-
gine (Donnan et al. 2006))
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uncontrolled risk factors in persons with MetS and DM and the evidence for the 
prevention of CHD and CVD events in such persons.

When examining US adults from the National Health and Nutrition Examination 
Survey, we identified, among those with MetS (but without DM), that among men 
elevations in waist circumference (81%), blood pressure (84%), triglycerides (85%), 
and low HDL-C (83%) were prevalent in more than 80% of subjects, followed by 
LDL-C ≥ 130 mg/dL (58%) and fasting glucose 100–125 mg/dL (22%) (the cut-
point used the time the project was conducted). This compared to prevalences in 
women of 95%, 77%, 73%, 87%, 63%, and 17%, respectively. In that report, we 
projected that “nominal” management of lipids (LDL-C and HDL-C) and blood 
pressure could prevent 51% of CHD events in men and 43% in women, whereas 
“optimal” management could prevent 81% and 82%, respectively (Wong et  al. 
2003b). In a systematic review, Dunkley et al. (Dunkley et al. 2012) showed, among 
16 randomized controlled trials involving 3907 participants with metabolic syn-
drome, that compared to controls, lifestyle (odds ratio 3.8) and pharmacological 
interventions (odds ratio 1.6) were superior for reversing metabolic syndrome.

Of major concern, cardiovascular risk factor control in persons with DM remains 
suboptimal with little improvement over the past decade. A recent report from the 
US Diabetes Collaborative Registry Analysis of 74,393 US adults with DM (Fan 
et al. 2019) showed that 74% of patients had HbA1C <7% (<8% if with ASCVD), 
40% had blood pressure <130/80 mmHg, 49% had an LDL-C < 100 mg/dL (<70 mg/
dL if with ASVD), and 85% were nonsmoking. Only 13% of patients, however, 
were at target for all four measures. Moreover, a recent NHANES 2013–2016 
(Andary et al. 2019) analysis from our group demonstrated that of adults with DM, 
56%, 51%, and 49% were at target for HbA1c, blood pressure, and LDL-C choles-
terol, respectively, but only 17% were at target for all three. When nonsmoking 
(84%) and BMI < 25 kg/m2 (9%) were factored in, fewer than 10% met all five tar-
gets. Moreover, composite target achievement tended to be worse for those with 
preexisting CVD compared to those without (20% and 10%, respectively, for 
HbA1c, LDL-C, and BP control together).

The Intensified Multifactorial Intervention in Patients with Type 2 Diabetes and 
Microalbuminuria (STENO-2) trial, while of limited sample size, is among the few 
that has examined the impact of multiple risk factor control (lipids, blood pressure, 
glucose, diet, exercise) on cardiovascular and mortality outcomes. The original trial 
of 7.8 years of follow-up showed a 53% reduction in the composite CVD end point 
of CVD death, myocardial infarction, stroke, revascularization, and amputation 
(Gaede et al. 2008), and a further 13-year follow-up report showed mortality to be 
40% lower in the intensively treated group (Gæde et al. 2016), suggesting a possible 
legacy effect beyond the original intervention assignment from the original trial. 
Moreover, in the Bypass Angioplasty Revascularization Investigation 2 (BARI 2D) 
trial of DM subjects with CAD, those who had a greater number of risk factors 
controlled to optimal levels (nonsmoking, blood pressure, non-HDL-cholesterol, 
HbA1c, and triglycerides) had a decreased risk of MI, stroke, and death (Bittner 
et al. 2015). Finally, in a pooled analysis of more than 2000 subjects with DM with-
out CVD at baseline we conducted from the MESA, Jackson, and Atherosclerosis 
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Risk in Communities (ARIC) prospective studies (Wong et al. 2016), the more the 
number of risk factors at target, the lower the CVD and CHD event rates (Fig. 6.5). 
Those that had HbA1c < 7%, blood pressure <130/80 mmHg, and LDL-C < 100 mg/
dl had multivariable-adjusted risks that were 62% lower for CVD events and 60% 
lower for CHD events, with robust findings also seen in African-Americans who 
comprised about half of the cohort. Taken together, these data highlight the impor-
tance of composite risk factor control in persons with DM in optimizing CVD risk 
reduction. Improved efforts to coordinate control of these multiple risk factors are 
needed given the current poor state of risk factor control among US adults with DM.

 Conclusions

The prevalence of MetS and DM continues to increase both in the United States and 
worldwide, further fueling the CVD epidemic. Accurate assessment of CVD risk is 
warranted in these persons, beginning with global risk assessment and considering 
the role that additional risk enhancers, as well as assessment of subclinical 
atherosclerosis, can have in more accurately stratifying risk. While the most 

CVD and CHD Event Rates by Number of Risk
Factors Controlled: Pooling of ARIC, JACKSON,

and MESA Study DM Subjects

Multivariable adjusted risks of CVD events 62% lower and CHD
events 60% lower with all 3 risk factors controlled (versus none at
control)

Wong ND, Zhao Y et al. Diabetes Care. 2016;39:668-676
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aggressive risk factor intervention is warranted for those who also have preexisting 
CVD, many who have significant risk factors and/or substantial subclinical athero-
sclerosis (e.g., significant coronary calcium) may be at a similar risk compared to 
those with preexisting CVD. CVD risk factors remain inadequately controlled in a 
large proportion of those with MetS and DM, and evidence suggests that multiple 
risk factor control can prevent half or more of future CVD events. A coordinated 
multidisciplinary team of health-care providers focusing on the common goal of 
reducing CVD and other complications in patients with DM is essential.
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Chapter 7
Primary Prevention: Smoking

Donna Polk

 Introduction

Tobacco use is the leading preventable cause of disease and death worldwide and 
accounts for over 6 million deaths annually (GBD 2015 Tobacco Collaborators 
2017). In the United States, over 480,000 Americans die each year due to tobacco 
use (Burden of Cigarette Use in the US/data and statistics-CDC n.d.). Smokers not 
only have higher rates of respiratory and cardiovascular disease, and cancer, it is 
estimated that their life span is shortened by over a decade (Jha et al. 2013). The risk 
of adverse cardiovascular outcomes is related to tobacco exposure, including sec-
ondhand smoke, so efforts at cessation should be a top priority for all health-care 
providers as should be policies aimed at reducing exposure.

While the overall percent of cigarette smokers in the United States continues to 
decline, there continues to be significant differences in tobacco use based on age, 
sex, race/ethnicity, and socioeconomic status. In addition, with the increase in the 
use of e-cigarettes there has been a shift toward younger users of noncombustible 
tobacco products such as e-cigarettes. Estimates of overall tobacco product use by 
US adults are 50.6 million or 20.8% of the population with cigarette users account-
ing for 14% of users, e-cigarette users (4.5%), cigar (3.6%), smokeless tobacco 
(2.4%), and pipes (1.0%) (Cornelius et  al. 2019). Of the over 34 million (14%) 
estimated cigarette smokers in 2019, 15.3% were male and 12.7% female (Burden 
of Cigarette Use in the US/data and statistics-CDC n.d.). Individuals aged 
18–24 years were least likely to smoke (8%), followed by adults over the age of 65 
(8.2%). Over the past 15 years, there has been a greater reduction in the prevalence 
of smoking among Hispanics (16.2% to 8.8%) and non-Hispanic blacks (21.5% to 
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14.9%). Groups where the prevalence was higher than the national average included 
American Indians/Alaska Natives, veterans and military service members, people 
living with HIV, and individuals with mental health conditions or those with dis-
abilities. Predictors of cigarette use also included education level achieved, sexual 
orientation, household income, and marital status. E-cigarette users were more 
likely to be younger with 24.5% of users aged 18–24 and 49.3% aged 25–44 years. 
In 2015 when 3.5% of the US population reported e-cigarette use within the past 
30 days, 11.3% of high-school students and 4.3% of middle-school students reported 
use during the same period (Jamal et al. 2017). While most e-cigarette users were 
former cigarette smokers (39.5%), 23.6% of users were never smokers and over half 
(56%) of those were under the age of 24, highlighting a concerning trend (Cornelius 
et al. 2019).

 Smoking and Cardiovascular Risk

Tobacco use is a major modifiable risk factor in the development of atherosclerosis, 
myocardial infarction, and mortality after revascularization, and the risk of recur-
rent events, including death, can be reduced through smoking cessation and contin-
ued abstinence (Doll et  al. 1994; Hasdai et  al. 1997). Current smokers have an 
increased risk of myocardial infarction (OR 2.87, 95% CI 2.58–3.19) (Yusuf et al. 
2004), double the risk of stroke (Thun et al. 2013), and three times the risk of pre-
mature cardiovascular death compared with those that never smoked (Thomson 
et al. 2020). Cardiovascular risk is higher in those using smokeless tobacco as well 
and highest in those that use both cigarettes and smokeless tobacco. Not surpris-
ingly, the risk is greatest in those who began smoking at an early age. This risk, 
however, can be reduced significantly with smoking cessation especially prior to the 
age of 40 (Jha et al. 2013; Thomson et al. 2020). Smoking cessation has been asso-
ciated with increased survival of up to a decade (US Department of Health and 
Human Services 2014).

The risk of cardiovascular morbidity and mortality because of tobacco use is evi-
dent at every level of exposure. This elevated risk appears to be dose related and is 
present not just in long-term high-dose smokers but is seen at all levels of cigarette 
use and exposure, including secondhand smoke (Law and Wald 2003). The risk of 
stroke is increased even with smoking a single cigarette daily (Hackshaw et al. 2018). 
Exposure to secondhand smoke can cause sudden infant death syndrome, respira-
tory and ear infections, worsen asthma, as well as coronary heart disease, stroke, 
and cancer in nonsmokers (US Department of Health and Human Services 2014). 
Secondhand smoke in nonsmokers increases the risk of heart disease [1.31 (95% 
CI 1.21–1.41)] and stroke [1.25 (95% CI 1.12–1.38)] (Barnoya and Glantz 2005; 
Oono et al. 2011). Tobacco use is also associated with a higher risk of other cardio-
vascular diseases, including peripheral artery disease, abdominal aortic aneurysm, 
arrhythmias, including atrial fibrillation and ventricular arrhythmias, as well as the 
risk of heart failure. Eliminating the effects of tobacco combustion decreases some 
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of the risks of cigarette smoking, but the hemodynamic, atherosclerotic, and meta-
bolic effects still persist. Electronic cigarettes have been associated with increased 
inflammation, oxidative stress, platelet aggregation, and endothelial dysfunction, 
which are all associated with atherosclerotic progression (Middlekauff 2020).

Smoking cessation reduces cardiovascular morbidity and mortality in individu-
als with and without cardiovascular disease. In patients admitted with acute isch-
emic syndrome, quitting smoking was associated with an odds ratio of 0.57 (95% 
CI 0.36–0.89) of myocardial infarction (Chow et al. 2010). In those with left ven-
tricular dysfunction who stopped smoking, there was a 40% reduction in all-cause 
mortality and a 30% reduction of death, recurrent myocardial infarction, or heart 
failure hospitalization (Shah et al. 2010). Even a reduction in the amount smoked 
can lead to improvement in outcomes with an 18% reduction in mortality post MI 
for every reduction of five cigarettes smoked in the long-term follow-up of post-MI 
patients (Gerber et al. 2009). The benefits of smoking cessation begin almost imme-
diately with improvements in hemodynamics and platelet activation within hours to 
days of stopping tobacco use (US Department of Health and Human Services 2014). 
The cardiovascular risk associated with smoking declines over time after cessation 
and at 5 years is similar to the risk for nonsmokers for those with less than 20 pack- 
year history of smoking. It takes nearly 10–15 years for the risk to subside for heavy 
smokers (US Department of Health and Human Services 2014; Ahmed et al. 2015; 
Duncan et al. 2019). The benefit of smoking cessation is evident at all ages, with or 
without cardiovascular disease and with any amount of smoking. Patients should be 
reminded that it is never too late to benefit from smoking cessation.

 Pathophysiology

Cardiovascular risk is increased by cigarette smoking via effects of both nicotine 
and the combustible effects of tobacco, including increased carbon monoxide, free 
radicals, carbonyls, reactive oxygen species, and particulate matter, as well as 
reduced monocyte-derived endothelial progenitor cells. This occurs with directly 
inhaled smoke from the primary user as well as from side stream smoke emitted 
from the burning tobacco product and exhaled smoke. The increased risk occurs 
through a variety of mechanisms, including, endothelial dysfunction, vasomotor 
effects, inflammatory effects, hypercoagulability and thrombosis, adverse effects on 
lipids and insulin resistance, as well as arrhythmogenesis (Fig.  7.1). Endothelial 
dysfunction is characteristic of coronary artery disease and can occur when nitrous 
oxide is reduced as a result of acute, chronic, or passive exposure to tobacco smoke 
(Kalio et al. 2010; Johnson et al. 2010). Smoking cessation can reverse this endo-
thelial dysfunction. Acutely, cigarette smoke can cause vasospasm and subsequent 
cardiovascular events. Its other hemodynamic effects include increased blood pres-
sure, heart rate, and oxygen demand. This, coupled with reduced oxygen delivery 
because of competing carboxyhemoglobin, can cause an oxygen supply/demand 
mismatch and associated symptoms such as angina.
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Exposure to cigarette smoke can cause a reduction in the thrombolytic ability 
during an acute coronary event. This occurs as platelets become activated and 
exhibit increased aggregation, fibrinogen levels increase, and endothelial cells pro-
duce less tissue plasminogen activator and plasminogen activator inhibitor-1 and 
therefore alter the thrombotic/lytic balance, thus increasing the risk of acute isch-
emic events. Active cigarette exposure increases the risk of stent thrombosis post- 
percutaneous coronary intervention (Hasdai et al. 1997; Haddock et al. 2003; Chen 
et al. 2012). Inflammation also plays a key role in the increased cardiovascular risk 
associated with tobacco use. Measured levels of inflammatory markers such as 
C-reactive protein, tumor necrosis factor, and interleukin-6 and 1β (Barbieri et al. 
2011; Jefferis et al. 2010; Asthana et al. 2010) are seen in smokers and those exposed 
to secondhand smoke.

Cardiometabolic changes occur with tobacco use and include detrimental effects 
on lipids, including increasing low-density lipoprotein (LDL), triglyceride levels, 
and decreasing high-density lipoprotein levels (Gepner et al. 2011). Smoking causes 
proatherogenic changes in LDL, resulting in increased oxidized particles that are 
more likely to be incorporated into plaque. Smoking cessation can improve these 
measures, in particular improving HDL levels.

Myocardial
infarction

Carboxyhemoglobin
formation Sympathetic activity

Sudden cardiac death

Myocardial
oxygen demand

Myocardial
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Arrhythmogenesis
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Fig. 7.1 Mechanisms by which smoking causes cardiovascular disease. The major components of 
cigarette smoke that contribute to cardiovascular disease include nicotine, carbon monoxide, reac-
tive oxygen species, free radicals, carbonyls (such as acrolein), and particulate matter (Kalkhoran 
et al. 2018)
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 Smoking Cessation

Smoking cessation leads to decreased morbidity and mortality of a variety of 
smoking- related illnesses, including cardiovascular disease. Most smokers (69%) 
want to quit tobacco use, and many have attempted at least once to stop smoking, 
more than half within the past year (Babb et al. 2017). Many smokers make many 
attempts to quit, and ultimately many are able to quit with an estimated 60% of US 
smokers who have ever smoked are able to quit (Jamal et al. 2018). Smoking cessa-
tion efforts should include an understanding of the smoker’s interest and willingness 
to quit, knowledge of the methods including behavioral and pharmacologic to assist 
quitting, as well as an understanding of the barriers to quitting and staying quit. 
Individuals who smoke must be ready to quit, and identification of their readiness to 
quit is critical in assisting with a successful quit attempt. Prochaska’s Stages of 
Change theory gives a framework for understanding the challenges of smoking ces-
sation. There are five stages of change: precontemplation, contemplation, prepara-
tion, action, and maintenance (Prochaska et  al. 1992). Smokers who are in the 
precontemplation stage are not likely to quit in the next six months, and thus pro-
vides the health-care provider an opportunity to provide additional information to 
help move them to precontemplation. Each subsequent encounter provides an addi-
tional opportunity to help them toward the action stage. Those at the contemplation 
stage have been thinking about quitting within the next six months, so time spent 
focusing on specific motivators, goals, as well as resources can help these smokers 
move to action. Those at the preparation stage have often tried to quit within the last 
year and are actively thinking about quitting. They may have changed their behavior 
and have cut down on the amount they are smoking. If not, they may be receptive to 
this as a tool to help move them toward the action stage. Those at the action stage 
can set a quit date, discuss barriers to quit, and how to solve them or preempt them 
such as making the house smoke free, as well as access tools such as pharmacologi-
cal therapy, to aid in their quit attempt. It is important to understand the challenges 
and barriers for the smoker to help them have a plan to succeed. For example, if the 
house has other smokers, banning smoking in the living space can help the smoker 
quit and stay quit. For those who have quit before, asking why they restarted can be 
helpful for them to identify the triggers and anticipate them to improve their chances 
of success and avoid relapse. Assessing smoking status and assisting with cessation 
is the key to successful cessation. This includes asking about smoking and docu-
menting this at each health-care visit.

Despite the increased advice to quit smoking from health professionals, only 
four out of nine adult smokers who saw a health professional in the past year were 
advised to quit smoking (US Department of Health and Human Services 2014). 
Even fewer were provided the tools, including medication or counseling, to assist 
them in quitting. Even brief advice to quit is important, but the stronger the advice 
to quit smoking, the more likely smokers are to quit. The USPSTF recommends 
using the 5A to assist smokers (Fig. 7.2). Health-care providers should ask, advise, 
assess, assist, and arrange for follow-up to assist smokers in their efforts to quit 
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tobacco use. Directly asking about smoking at each encounter will help identify 
active tobacco users. Spending time advising to quit and assessing the willingness 
to quit are the next steps. Advising to quit and providing resources such as behav-
ioral and pharmacological and resources like quit lines should be the next step. 
Advice that is directed at the individual’s own risks and discussion of the benefits of 
quitting can help motivate individuals to quit. Assessing dependence on tobacco, in 
addition to willingness to quit, is the next important step. Those that use tobacco 
daily and are heavier tobacco users will benefit from pharmacological therapy. 
Assessing tobacco dependence such as nicotine dependence can help predict suc-
cess and allow for early follow-up for those at an increased risk of recidivism. Those 
that have the highest nicotine dependence are characterized by smoking soon after 
awakening in the morning higher cigarette use. Assisting the quit attempt and 
arranging follow-up keeping smokers accountable can assist with successful quit 
efforts. If smokers are not ready to quit, then utilizing the 5R approach can be help-
ful to move them toward being ready to quit. These include relevance, risks, rewards, 
roadblocks, and repetition to help motivate the smoker to quit (Fig. 7.3).

1. Ask - Identify and document tobacco use status for every patient at every visit. (You may
 wish to develop your own vital signs sticker, based on the sample below). 
2. Advise - In a clear, strong, and personalized manner, urge every tobacco user to quit.
3. Assess - Is the tobacco user willing to make a quit attempt at this time? 
4. Assist - For the patient willing to make a quit attempt, use counseling and
 pharmacotherapy to help him or her quit. (See Counseling Patients To Quit and
 pharmacotherapy information in this packet).
5. Arrange - Schedule followup contact, in person or by telephone, preferably
 within the first week after the quit date.

Fig. 7.2 The 5 As of smoking cessation. (www.ahrq.gov/sites/default/files/wysiwyg/profession-
als/clinicians- providers/guidelines- recommendations/tobacco/5steps.pdf). https://www.ahrq.gov/

1. Relevance - Encourage the patient to indicate why quitting is personally relevant. 

2. Risks - Ask the patient to identify potential negative consequences of tobacco use. 

3. Rewards - Ask the patient to identify potential benefits of stopping tobacco use. 

4. Roadblocks - Ask the patient to identify barriers or impediments to quitting. 

5. Repetition - The motivational intervention should be repeated every time an unmotivated
 patient has an interaction with a clinician. Tobacco users who have failed in previous quit
 attempts should be told that most people make repeated quit attempts before they are
 successful. 

Fig. 7.3 The 5 R’s of smoking cessation (https://www.ahrq.gov/sites/default/files/wysiwyg/profes-
sionals/clinicians- providers/guidelines- recommendations/tobacco/5rs.pdf). https://www.ahrq.gov/
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 Behavioral Interventions

Behavioral Interventions include cognitive therapy, motivational interviewing, 
acceptance and commitment therapy, and contingency management and monetary 
incentives (US Department of Health and Human Services 2014), and effectiveness 
is often dose dependent and can be enhanced with pharmacological therapies. Those 
that are in the contemplation or planning stages should be targeted for intervention. 
Understanding the barriers to quitting and staying quit is instrumental in helping 
smokers quit. Brief (less than 20 minute) sessions can improve quit rates, and more 
intensive interventions such as greater than 20-minute sessions with additional fol-
low- up further increase quit rates at 6 months (Patnode et  al. 2021; Black et  al. 
2020). In a meta-analysis, interventions delivered by a person were more effective 
than written interventions (Black et  al. 2020). A Cochrane review of behavioral 
interventions found that telephone counseling, group counseling, and individually 
delivered smoking cessation counseling improved quit rates compared to usual care 
(Hartmann-Boyce et al. 2021). The success of interventions such as telephone coun-
seling is enhanced in a dose-dependent manner (Matkin et al. 2019). In a Cochrane 
Systematic Review, there was the strongest evidence for any type of counseling and 
guaranteed financial incentives (Hartmann-Boyce et  al. 2019). More modest evi-
dence and need for further study were noted for automated text messages-based 
support, text messaging, email, delivery by lay health advisor, and tailored Internet- 
based interventions to improve quit rates (Hartmann-Boyce et al. 2019). The use of 
incentives improves long-term quit rates even after the incentive has ended, includ-
ing in pregnant women (Notley et al. 2019). The addition of exercise to smoking 
cessation support and hypnotherapy did not appear to improve quit rates. 
Interventions such as gamification via mobile applications have improved the moti-
vation to quit (Rajani et al. 2021). Initial small studies have yielded heterogeneous 
results, and overall meta-analysis suggests that mobile applications may not be as 
effective a tool in general for smoking cessation (Cobos-Campos et  al. 2020). 
However, in those aged 18–24, personalized test message interventions, sustained 
quit-and-win contests, and multiple behavior interventions such as for tobacco and 
alcohol were most effective (Villanti et al. 2020). Several studies are ongoing and 
will add to the current literature.

Expanding opportunities for health behavior change, including smoking cessa-
tion, through technology and mobile-based interventions is an additional resource 
for smokers that can improve quit rates and can be used in combination with other 
interventions such as pharmacological therapy. Quit rates can be enhanced by an 
additional 10–20% with the addition of behavioral support to pharmacological ther-
apies (Hartmann-Boyce et al. 2019).
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 Pharmacological Therapies

 Nicotine Replacement

Nicotine replacement has long been the foundation of smoking cessation interven-
tions. It comes in a variety of formulations, including gum, patches, lozenges, nasal 
spray, and inhalers (Table 7.1). Nicotine acts centrally on the nicotinic cholinergic 
receptors within the brain in 2–8 seconds from inhalation. In addition to the sympa-
thomimetic effects of nicotine that result in the release of catecholamines that affect 
the cardiovascular system, including heart rate and blood pressure, nicotine causes 
the release of neurotransmitters, including dopamine, serotonin, and γ-aminobutyric 
acid (GABA). This quick activation of central nicotine receptors contributes to the 
addictive nature of nicotine. Withdrawal symptoms include irritability, restlessness, 
changes in mood, insomnia difficulty concentrating, and weight gain. Nicotine 
replacement therapy should be used with caution in individuals with recent (less 
than 2 weeks) myocardial infarction, angina, serious arrhythmia, or those who are 
pregnant or breastfeeding. Nicotine replacement therapies such as transdermal 
patches provide a lower level of nicotine to help mitigate withdrawal symptoms. 
The use of two forms of nicotine replacement therapy such as a basal amount from 
a patch in conjunction with scheduled and breakthrough gum, for example, can 
increase quit rates over each one individually.

Nicotine patches are available in escalating doses and take 6–8 hours to reach 
steady state. The highest doses should be used for the heaviest smokers to prevent 
withdrawal symptoms. Most formulations should be removed at bedtime to prevent 
side effects such as insomnia and vivid dreams. Faster peak concentrations 

Table 7.1 Highlights of recommended pharmacotherapy tobacco treatment

Treatment Dosing Precautions

NRT
Patch 21 mg, 

14 mg, or 
7 mg

Starting dose:
21 mg for ≥10 CPD; 14 mg for <10 CPD

Local irritation possible; 
avoid with skin disorders; 
may remove for sleep if 
needed

Gum 2 mg or 
4 mg

Starting dose:
4 mg if first tobacco use is ≤30 min after 
waking; 2 mg if first tobacco use is 
>30 min after waking; maximum of 20 
lozenges or 24 pieces of gum/day
Chew and park gum

Hiccups/dyspepsia 
possible; avoid food or 
beverages 15 min before 
and after use

Lozenge 2 mg or 
4 mg

Nasal 
spray

10 mg/mL Starting dose:
1–2 doses/h (1 dose = 1 spray each 
nostril); maximum of 40 doses/day

Local irritation possible; 
avoid with nasal or reactive 
airway disorders

Oral 
inhaler

10-mg 
cartridge

Starting dose:
puff for 20 min/cartridge every 1–2 h; 
maximum 16 cartridges/day

Cough possible; avoid with 
reactive airway disorders

Modified (Arnett et al. 2019)
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(20–60 minutes) can be achieved with gum, lozenges, or an oral inhaler. It is impor-
tant to instruct patients regarding the proper use of nicotine replacement gum. It 
should be chewed for a few seconds until they feel tingling, then put the gum in their 
cheek and every few minutes chewed for a few seconds. Chew traditional gum and 
can therefore develop side effects that cause them to discontinue its use such as jaw 
discomfort, headache and nausea. Lozenges should be allowed to dissolve for 
20–30 minutes and should not be chewed. This can cause dyspepsia. Each of these 
formulations comes in escalating doses, and higher doses should be used in the 
heaviest tobacco users. To improve quit rates, nicotine replacement regardless of the 
form should be scheduled several times per day. The quickest onset and the one 
most similar to smoking a cigarette is the nasal spray, which has its peak serum 
concentration in 4–15 minutes. Because of this, it can be the most addicting. There 
is also an oral inhaler that is available and comes with removable cartridges that can 
be puffed for about 20 minutes. The maximum dose is 16 cartridges per day. Those 
with reactive airways disease should avoid both the inhaler and nasal spray. In gen-
eral, all forms of nicotine replacement therapy increase quit rates over placebo by 
50–60% (Kalkhoran et al. 2018; Lindson et al. 2019) and as much as an additional 
36% increase with the use of long-acting patch plus short-acting nicotine replace-
ment (Arnett et al. 2019).

Electronic cigarettes (ECs) can be effective for smoking cessation as compared 
to placebo and have similar quit rates to nicotine replacement therapy. A meta- 
analysis of the effectiveness of electronic cigarettes in smoking cessation found that 
pooled evidence showed trend for potential of EC’s as smoking cessation tool but 
given the quality of the data could not make conclusive recommendation (Grabovac 
et al. 2021). Currently, there is no long-term data regarding the long-term effects of 
electronic cigarettes, and the USPSTF has concluded that there is insufficient evi-
dence of their use as a smoking cessation tool in adults.

 Bupropion

Bupropion, a monocyclic antidepressant, had been effective in smoking cessation. 
It works centrally by partial nicotinic receptor-blocking activity and by inhibiting 
dopamine reuptake. It should be started 7–14 days prior to the quit date. The initial 
dose is 150  mg extended release daily for 3  days, and then the dose should be 
increased to twice daily for a 12-week course but may be extended for up to 
6 months. Because of the increased risk of seizure, it should not be used in those 
with a history of seizure, stroke, severe brain injury, brain tumor; in individuals with 
anorexia nervosa or bulimia; or in those who use other medications that can lower 
the seizure threshold. It should be used with caution with class 1C antiarrhythmics, 
antidepressants, antipsychotics, and beta-blockers that utilize the CYP2D6 enzyme. 
It is contraindicated in patients on monoamine oxidase inhibitors. Side effects 
include insomnia, dry mouth, headache, anxiety, and nausea. The use of sustained 
release bupropion can increase quit rates significantly over nicotine patch at 
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12 months (30.3% vs. 16.4%), and the quit rate was further enhanced with the com-
bination of bupropion and nicotine patch (35.5%) (Jorenby et al. 1999).

 Varenicline

Varenicline works centrally as a partial agonist for α4β2 nicotinic acetylcholine 
receptor subtypes where its agonist activity increases the release of dopamine and 
its binding blocks nicotine. Combination of actions on these receptors work cen-
trally to reduce cravings and withdrawal symptoms and in those that choose to 
smoke, reduce the immediate pleasure associated with smoking a cigarette. It is 
first-line therapy for smoking cessation but should be used in lower doses in those 
with renal disease or who are on dialysis. Varenicline should be started at least 
7 days prior to the quit date. The initial dose is 0.5 mg daily for 3 days, and then 
twice daily for four additional days. The maintenance dose is 1 mg twice daily for 
up to 6 months. Side effects include vivid dreams and nausea. In a more recent 
review of patients taking varenicline, there has been no increased risk of cardiovas-
cular or neuropsychiatric events as compared to bupropion or nicotine replacement 
therapy (Anthenelli et  al. 2019). Varenicline is more effective than placebo and 
bupropion and as effective as a combination nicotine replacement therapy; there-
fore, varenicline and combination nicotine replacement therapy are considered first 
line for smokers (Cahill et al. 2013; Mills et al. 2012).

 Second-Line Therapies

Clonidine and nortriptyline are second-line agents for those who have contraindica-
tions or cannot tolerate bupropion or varenicline. Clonidine is a selective alpha- 
adrenergic receptor agonist with central nervous system effects. Traditionally used 
as an antihypertensive, it has been more recently used to minimize the side effects 
of withdrawal. Nortriptyline is a tricyclic antidepressant that has been used in smok-
ing cessation. It was shown to be superior to placebo but did not increase quit rates 
when used in conjunction with nicotine replacement therapy. There are several ther-
apies that have the potential for expanding the tools available to help patients quit 
smoking. Cystine is available in Europe and is a partial agonist for the alpha 4 beta2 
subtype of the nicotinic acetylcholine receptor. Additional potential future medica-
tions include N-acetylcysteine, acetylcholinesterase inhibitors, and baclofen, which 
works centrally at the GABA receptors.

 Opportunities for Intervention

Identifying tobacco users at every interaction with the health-care system is critical 
in promoting the cessation of tobacco use. Figure 7.4 shows a pathway for tobacco 
cessation treatment that provides decision points for initial engagement with 
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smoking cessation to relapse prevention and the reduction of exposure to second-
hand smoke to reduce the burden of cardiovascular disease attributable to tobacco 
use and exposure. It highlights the importance of continuous engagement to pro-
mote tobacco cessation. System changes are important for identifying smokers and 
providing them with the resources available to quit tobacco use. In the outpatient 
setting, including tobacco and nicotine use as one of the vital signs has been shown 
to improve cessation. Identifying smokers at the time of hospitalization and provid-
ing post-discharge strategies for smoking cessation can increase quit rates when 
coupled with outpatient follow-up (26% vs. 15% at 6 months) (Reid et al. 2015). 
Cardiac rehabilitation offers a unique setting for smoking cessation interventions, 
and in a meta-analysis 53% of cardiac rehabilitation participants were successful in 
smoking cessation (Sadeghi et al. 2015). Those programs that provided a compre-
hensive intervention, including exercise, education, and targeted smoking cessation, 
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Refer to Figures 2 and 3

Refer to Tables 1 and 2

If not contraindicated

Fig. 7.4 Pathway for tobacco cessation (Barua et al. 2018)
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had the highest quit rates. With the high rate of relapse, a multipronged approach 
that includes policies that promote cessation, systemic identification of smokers, as 
well as varied treatment options to help smokers quit and stay smoke free, is needed.
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Chapter 8
At the Heart of the Matter: Obesity and Its 
Interplay with Preventive Cardiology

Jessica Bartfield, Alex Bonnecaze, and Jamy Ard

 Scope of Obesity

Among adults in the United States, it is now more common to have an abnormally 
high body mass index (BMI) than a normal BMI. Obesity prevalence rates, specifi-
cally, increased at an alarming rate over the past 30–40 years, reaching a high of 
about 42% (Carroll et al. 2017). Obesity affects adults aged 40–59 years old to a 
greater extent, and a disproportionate number of non-Hispanic blacks (49.6%) and 
Hispanics (44.8%) (Carroll et al. 2017). It is considered an epidemic, connected to 
over 200 medical complications, and officially recognized as a disease, yet few 
health-care providers understand the complexity and chronicity of this disease. This 
chapter aims to briefly review the scope of obesity, describe its relationship with 
primary prevention of cardiovascular disease, highlight the current options for obe-
sity treatment, and discuss the future directives of this dynamic field of medicine.

How is obesity defined? In its simplest terms, obesity occurs when a person has 
an excessively high amount of fat mass in relation to fat-free mass. However, the 
vast majority of health-care providers are not routinely measuring patients’ body 
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composition to diagnose and/or treat obesity. Rather, the BMI (weight in kilograms/
height in meters squared) remains the most common method used to determine a 
patient’s weight category. If the BMI is over 25 kg/m2, a patient is considered to 
have overweight status. Once the BMI is over 30 kg/m2, a patient is considered to 
have obesity. Although easy to calculate and convenient for clinical use, using the 
BMI to define obesity and assess metabolic disease risk raises a few concerns. The 
BMI fails to consider age, race, gender, or fat distribution, all of which affect risk 
assessment of obesity and cardiovascular disease risk. Especially for patients with 
BMI < 35 kg/m2, waist circumference offers a stronger predictive value of meta-
bolic disease risk by identifying those with excessive central adiposity (waist cir-
cumference  >  88  cm or 35  in. for females and  >  102  cm or 40  in. for males) 
(Bennasar-Veny et al. 2013; Sahakyan et al. 2015). In fact, metabolic syndrome, a 
significant risk factor for future cardiovascular disease, includes abnormal waist 
circumference, but not weight or BMI, as one of its five criteria.

What causes obesity? From a simplistic perspective, an energy imbalance where 
energy intake exceeds energy expenditure. Far too often, health-care providers 
incorrectly attribute this solely to lifestyle choices or behaviors, such as eating pat-
terns or exercise. Certainly these two behaviors significantly impact one’s weight, 
but the multifactorial etiologies of obesity reach far beyond just these two lifestyle 
factors. Hormonal, psychological, genetic, environmental, and physiological fac-
tors, to name a few, can all negatively influence weight (Fig. 8.1). Unfortunately, 
health-care providers often promote weight gain unknowingly by prescribing 
weight-inducing medications (der Valk et al. 2019). Finally, sleep strongly influ-
ences weight gain, with data suggesting that short sleep duration is associated with 
1.3–1.5 odds ratio for obesity (Wu et al. 2014; Cappuccio et al. 2008).

ObesityHormonal

Dietary

Energy 
expenditure

Psychological

Genetic

Iatrogenic

Environmental

Fig. 8.1 Multifactorial causes of obesity
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Furthermore, despite common presumptions, eating behaviors and movement 
are not just a simple matter of “willpower” or “self-discipline.” Appetite regulation 
involves multiple different central signals [pro-opiomelanocortin (POMC), cocaine- 
and amphetamine-regulated transcript (CART), dopamine, norepinephrine (NE)] 
and peripheral signals [leptin, ghrelin, glucagon-like peptide-1 (GLP-1)] that 
increase or decrease intake (Berthoud et al. 2020). Unfortunately, dysregulation of 
several of these appetite-regulating signals can occur because of any of the afore-
mentioned influences of body weight. Couple this dysregulation with a food envi-
ronment replete with inexpensive, highly palatable, energy-dense foods and 
environments that encourage sedentary behavior rather than movement, and a posi-
tive energy imbalance is almost inevitable.

Clinicians treating patients with obesity need to recognize this complexity and 
avoid simplifying it to “diet and exercise” in order to deliver better patient care and 
help patients manage expectations for weight management. As discussed later in 
this chapter, the response to nearly all obesity treatments remains highly variable. 
Identifying potential contributors to previous or current weight gain allows for more 
tailored, effective treatment.

 Links Between Obesity and Cardiovascular Disease

Cardiovascular disease leads to an average of 2353 deaths every day, more than any 
other disease (Virani et al. 2020). Obesity impacts both the structure and function of 
the cardiovascular system. Examples include increased carotid intima thickness, 
increased left ventricular hypertrophy, and diminished arterial elasticity. Patients 
with obesity often either have a greater cardiovascular disease burden or face an 
increased cardiovascular disease risk (Srinivasan et  al. 1996; Singh et  al. 2010). 
Previously, the connection between cardiovascular disease and obesity was thought 
to be dependent on other risk factors such as dietary patterns, hypertension, impaired 
glycemic control, or dyslipidemia. More recent data, however, emphasizes that obe-
sity contributes to cardiovascular disease independent of other risk factors (Bereson 
2005; Hall et al. 2002).

Excess adipose tissue does not simply serve as a reservoir of stored energy, but 
rather actively secretes a number of different adipokines, influences inflammatory 
markers, and alters critical hormones such as leptin and insulin (Recinella et  al. 
2020; Landecho et al. 2019). This endocrine activity of adipose tissue at the cellular 
level creates a state of inflammation and immune dysregulation in the body. Three 
influences that deserve particular attention with regard to cardiovascular disease 
include adiponectin, omentin-1, and leptin.

Adiponectin, the most commonly expressed adipokine, correlates negatively 
with obesity. Highly beneficial, this adipokine alters many different signaling path-
ways (interleukin-10, tumor necrosis factor-alpha) and reduces the vascular inflam-
matory response. The paucity of adiponectin in patients with obesity, therefore, 
negatively impacts endothelial cells, macrophages, and smooth muscle cells. Within 
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the vasculature walls, there is a loss of differentiation, a loss of endothelial cell 
migration with a simultaneous increased proliferation and migration of smooth 
muscle cells, and an increase in pro-inflammatory mediators from macrophages, 
among other changes. These effects culminate in the initiation of atherogenesis and 
vascular disease (Lau et al. 2017). Not surprisingly, much lower levels of plasma 
adiponectin exist in patients with coronary artery disease when compared to healthy 
patients. Very low levels of plasma adiponectin (<4.0 ug/mL) are associated with 
increased coronary artery disease prevalence and complexity of coronary lesions. In 
certain patient populations, this remained significant even after adjustment for other 
known risk factors such as tobacco use, BMI, and hypertension (Kumada et  al. 
2003). Interestingly, adiponectin is also expressed in adult cardiomyocytes, with 
known involvement in protecting against myocardial ischemia and reperfusion 
injury (Wang et al. 2010). Research suggests that either low levels of adiponectin or 
adiponectin resistance links type 2 diabetes with more severe ischemic heart disease 
morbidity and mortality, but a complete understanding of this has yet to materialize 
(Basu et al. 2007).

Similarly, circulating levels of omentin-1 correlate negatively with obesity and 
coronary artery disease. Through influences on anti-inflammatory cytokines and 
key signaling pathways, omentin-1 promotes vasorelaxation, reduces proliferation 
of vascular smooth muscle cells, and increases endothelial cell survival (Lau et al. 
2017). Studies have shown a negative association of omentin-1 levels with carotid 
intima media thickness and the prevalence, as well as the severity of coronary artery 
disease, in patients with metabolic syndrome (Shibata et al. 2011; Shang et al. 2011).

Finally, the influence of leptin potentially mediates the relationship between obe-
sity and coronary artery disease. Discovered in 1994, leptin acts on the hypothala-
mus to decrease appetite, increase thermogenesis, and activate the sympathetic 
nervous system. Thus, it was presumed that an increase in leptin would yield weight 
loss (Misra and Garg 1996; Lonnqvist 1996). However, this has not been true for 
most patients with obesity. Patients with obesity not only have higher levels of 
leptin, but also have dysfunctional leptin; better understood as resistance to leptin’s 
appetite and weight regulation effects (Seufert 2004). Further studies identified 
leptin receptors on the heart, vascular smooth muscle cells, and endothelial cells. In 
cell culture, leptin increases smooth muscle proliferation and migration, increases 
oxidative stress, and pro-thrombotic platelet aggregation, all of which lead to endo-
thelial dysfunction, atherogenesis, and ultimately cardiovascular disease. Although 
many studies support associations of high leptin levels with congestive heart failure, 
acute myocardial infarction, and left ventricular hypertrophy, there has been some 
variability in results when controlled for obesity (Singh et al. 2010). A study by the 
National Health and Examination Survey supports an independent connection 
between leptin and cardiovascular disease as it found higher leptin levels increased 
the risk for myocardial infarction and stroke for both men (OR 2.41; CI 1.20–4.93) 
and women (OR 4.26; 95% CI 1.75–10.73), regardless of traditional cardiovascular 
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risk factors and obesity (Considine et al. 1996). Finally, the inflammatory actions of 
leptin increase C-reactive protein production by the liver and perpetuate endothelial 
cell dysfunction (Knudson et  al. 2008). This, coupled with the known increased 
sympathetic nervous system activity from leptin, can lead particularly to hyperten-
sion and other cardiac diseases.

 Assessment of the Patient with Obesity

 History

As with any other disease, the main goal of assessment is to determine disease 
severity and complexity and recommend an appropriate intensity of treatment. 
Asking patients for permission to discuss weight is an essential first step. If the 
patient agrees, a few key points of the history can yield valuable information. 
Reviewing a detailed weight history with the patient to identify the onset of weight 
gain and the highest and lowest adult weights reveals the lifelong weight trajectory. 
The relationship of weight gain to life events such as puberty, stress, pregnancy, 
emotional trauma, illness, and medication use should be noted. This not only allows 
the patient to reflect upon their prior challenges with obesity, but also provides the 
clinician with essential information that assists the treatment. A family history spe-
cific to obesity and early-onset cardiovascular disease should also be obtained.

A review of past medical history for obesity-related comorbidities allows for 
further risk determination of morbidity and mortality. Common complications 
include hypertension, congestive heart failure (CHF), coronary artery disease 
(CAD), cerebrovascular disease, nonalcoholic fatty liver disease (NAFLD), hyper-
lipidemia, type 2 diabetes, and obstructive sleep apnea (OSA) (Jensen et al. 2014). 
Calculating a baseline 10-year atherosclerotic cardiovascular disease (ASCVD) 
score using the Pooled Cohort equations defines cardiovascular risk in those without 
established ASCVD and LDL levels between 70 and 198  mg/dL (Lloyd-Jones 
et al. 2019).

A review of current eating behaviors provides crucial insight into weight gain 
and helps guide more specific counseling for behavior change. This ideally should 
include timing of meals, daily eating habits, who shops for food at home, consump-
tion of sugar-sweetened beverages (SSBs), frequency of fast food/takeout meals, 
and financial concerns with food consumption.

Reviewing prior attempts at weight loss reveals patients’ previous success and 
challenges. Previous attempts at specific diets, exercise, use of weight loss medica-
tions or supplements, and commercial or medical weight management programs 
should be reviewed. Identifying both successful and unsuccessful strategies helps to 
better craft a treatment plan.
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 Physical Exam

Waist circumference (measured at the iliac crest) of over 40 inches in men and over 
35 inches in women is associated with an increased risk of cardiovascular events 
and type 2 diabetes (Wang et al. 2005). Abdominal adipose distribution is correlated 
with dyslipidemia, endothelial dysfunction, and vascular inflammation (Berg and 
Scherer 2005). The presence of an elevated waist circumference is strongly associ-
ated with increased visceral adipose mass (Neeland et al. 2019).

A prior study of over 1000 adults found 63% of men with obesity and 22% of 
women with obesity to have OSA (Tufik et al. 2010). Given the high prevalence of 
OSA in this population, performing the STOP-BANG questionnaire may help 
determine which patients warrant further evaluation (Chung et  al. 2013, 2016). 
Those identified to be at risk for OSA should be promptly referred for 
polysomnography.

Hypertension is one of the most prevalent complications of obesity, affecting 
approximately 42.5% of patients (Wang and Wang 2004). Obesity-related hyperten-
sion is the result of multiple factors, including increased sympathetic activity, 
increased renin–angiotensin–aldosterone system (RAAS) activity, and insulin resis-
tance (Landsberg et al. 2013). Hypertensive individuals are 2–3 times more likely 
than normotensive individuals to suffer a cardiovascular event (Lewington et  al. 
2002). Aggressive management of hypertension, via pharmacological and lifestyle 
interventions, is warranted in all patients with obesity.

The presence of a dorsocervical adipose pad, supraclavicular fullness, viola-
ceous striae, facial fullness, and easy bruising can be seen in glucocorticoid excess 
(Cushing’s syndrome). This condition is often accompanied by hypertension, osteo-
porosis, and type 2 diabetes. If glucocorticoid excess is suspected, a thorough 
review of medications should be performed to exclude iatrogenic Cushing’s syn-
drome. Oral, intra-articular, inhaled, and even topical formulations of glucocorti-
coids can result in Cushing’s syndrome. If no exogenous glucocorticoid exposure is 
identified, endogenous hypercortisolism should be excluded.

The presence of tendinous xanthomas, xanthelasmas, corneal arcus, and lipemia 
retinalis should raise suspicion for severe dyslipidemia. Xanthomas are generally 
only seen in severe hypercholesterolemia and strongly suggest a genetic disorder 
such as familial hypercholesterolemia. Further assessment with the Dutch Lipid 
Criteria may be of use in determining the likelihood of familial hypercholesterol-
emia (Nordestgaard et al. 2013) .

 Review of Medications

Medications should be reviewed to identify obesogenic ones. Common weight- 
promoting medications include beta-blockers, insulin, sulfonylureas (SUs), thia-
zolidinediones (TZDs), first-generation antihistamines, antipsychotics, hormonal 
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contraceptives, and antidepressants (Ness-Abramof and Apovian 2005). Patients on 
multiple weight-promoting medications would benefit from referral to obesity med-
icine specialists. Occasionally weight-neutral alternatives can be utilized or more 
intensive treatment can overcome the challenge of weight-promoting medications.

Beta-blockers (with the exception of carvedilol) promote weight gain through 
multiple mechanisms, including decreased metabolic rate, decreased β-receptor- 
mediated thermogenesis, decreased thermogenic response to food intake, and 
increased lethargy (Astrup et al. 1989; Kunz et al. 2000). The summation of these 
effects has been estimated to result in a decreased total energy expenditure of 5–10% 
per day. A meta-analysis of 273 prior studies found patients being treated with beta- 
blockers gained anywhere from 1 to 3.5 kg (Sharma et al. 2001). They are also well 
known to cause hypertriglyceridemia via impaired carbohydrate metabolism, in addi-
tion to causing lowered HDL cholesterol (Black 1991). While many patients have 
absolute indications for beta blockade, opting for non-weight-promoting alternatives 
in those that do not require them (such as ACE-inhibitors or ARBs) is essential.

Many patients with obesity and type 2 diabetes are on regimens consisting of 
insulin and/or SUs and TZDs such as pioglitazone. When possible, discontinuing 
these medications in favor of glucagon-like peptide-1 (GLP-1) agonists and/or 
sodium/glucose cotransporter-2 (SGLT2) inhibitors, which promote weight loss and 
suggested reduction in cardiovascular risk, is preferred (Gerstein et al. 2019; Zelniker 
et al. 2019). Among the current GLP-1 agonists, dulaglutide appears to have the best 
data for primary cardiovascular prevention. The REWIND trial demonstrated that 
dulaglutide was effective for both secondary prevention [number needed to treat 
(NNT) 18] and primary prevention (NNT 72) among patients with type 2 diabetes 
(Gerstein et al. 2019). Current studies have not shown evidence of primary cardio-
vascular prevention with SGLT2 inhibitors; however, strong evidence exists for sec-
ondary cardiovascular prevention with these agents (Zelniker et al. 2019).

 Obesity-Related Complications: Metabolic, Mechanical, 
and Psychosocial

Screening for and treating complications of obesity that are known to increase car-
diovascular disease risk helps to mitigate this risk, assess the severity of obesity, and 
guide referral and intensity of obesity treatment. The initial assessment of the patient 
with obesity should include the following workup and screening.

 Metabolic Complications

Initial lab workup should include a lipid profile, thyroid-stimulating hormone 
(TSH), hemoglobin A1c, fasting blood glucose, and a comprehensive metabolic 
panel. This will allow for diagnosis of underlying dyslipidemias, overt thyroid 
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dysfunction, pre-diabetes/diabetes, evidence of renal dysfunction, and potential 
abnormalities in liver function tests.

 Mechanical

Patients with obesity are at increased risk of degenerative osteoarthritis, gastro-
esophageal reflux (GERD), obstructive sleep apnea (OSA), obesity hypoventilation 
syndrome (OHS), and congestive heart failure (CHF) (Garvey et al. 2016). A review 
of systems should include symptoms of joint pain, reflux, daytime somnolence and 
sleep abnormalities, edema, dyspnea on exertion, and paroxysmal nocturnal dys-
pnea. Identifying these conditions will allow for appropriate referral to respective 
specialists for treatment.

 Psychosocial

Psychosocial complications among patients with obesity include depression, anxi-
ety, poor self-esteem, substance abuse, eating disorders, and body image disorders 
(Kwarteng et al. 2017; Rubino et al. 2020). While some patients may be hesitant to 
disclose such issues, they should be gently discussed by the clinician in order to 
facilitate referral to appropriate behavioral health resources. Questions may include 
current or past issues such as binge eating, purging, emotional eating, history of 
substance abuse, or psychiatric diagnoses.

 Treatment of the Patient with Obesity

 Behavior Modifications

 Dietary Patterns

Ideal dietary strategies for weight loss and cardiovascular health have been studied 
and debated endlessly. Ultimately, the most effective dietary approach is the one 
that creates an energy deficit and that the patient can adhere to over the long term 
(De Jonge et al. 2012; Gardner et al. 2016). Most guidelines suggest the goal of 
creating a 500–750 kcal deficit per day for effective weight loss and suggest using 
calorie targets of 1200, 1500, or 1800 kcal per day to achieve this for most patients 
(Jensen et al. 2014).

Simple, specific, and proven recommendations that providers can use when 
counseling patients include food journaling and using meal replacements (portion 
controlled shakes, bars, frozen meals, etc.). Putting foods in areas out of sight 
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(drawers, cabinets, pantries) rather than out in the open (desktops, countertops, etc.) 
can be an easy and effective strategy for stimulus control. Avoiding sugar-sweet-
ened beverages (SSBs) and ultraprocessed foods generally results in overall lower 
caloric intake. An randomized control trial found that patients on a diet of ultrapro-
cessed foods consumed an average of 500 kcal more per day compared to patients 
randomized to a diet of unprocessed foods (Hall et al. 2019).

A plethora of dietary strategies for weight loss constantly bombard patients, 
most of which have very little evidence. Several popular dietary strategies include 
veganism, vegetarianism, ketogenic diets, intermittent fasting, and the Mediterranean 
diet. While there is fierce debate about the superiority of these diets, each will pro-
duce weight loss if the plan creates a net caloric deficit. Current evidence also sug-
gests cardiovascular benefits with some and risks with others, as detailed below.

Plant-based diets have been associated with up to a 40% reduction in CAD and 
29% reduction in cerebrovascular disease (Kwok et al. 2014). A caloric deficit is 
often easier to achieve given the amount of satiating high-fiber vegetables con-
sumed. Adequate daily protein intake may be challenging for strict vegans, relying 
primarily on legumes, soy, and nuts as sources of amino acids.

The Mediterranean diet involves a high intake of nuts, olive oil, vegetables, 
fruits, and a limited intake of lean animal proteins such as fish and chicken. Red 
meats, processed foods, and dairy are generally avoided. The PREDIMED trial 
involved 7447 patients at high cardiovascular risk who were randomized to either a 
Mediterranean diet with supplemental olive oil, a Mediterranean diet with supple-
mental nuts, or a control diet involving low fat. Both Mediterranean diets appeared 
beneficial for primary prevention of cardiovascular events at 5 years, with a com-
bined hazard ratio of 0.77 compared to those on a low-fat diet (Estruch et al. 2018).

Low and very low carbohydrate diets continue to gain popularity and are associ-
ated with significant weight loss. While high-density lipoproteins (HDL) tend to 
increase and triglycerides generally decrease, a variable LDL response may be seen. 
Generally, higher saturated fat consumption is correlated with a greater LDL 
increase (Kirkpatrick et al. 2019). A recent 8-year prospective study revealed that 
patients on low-carbohydrate/high-fat diets were more likely to develop coronary 
artery calcium progression. The authors further discussed that this effect was only 
seen in those replacing carbohydrates with animal fat, potentially contributing to 
increased vascular inflammation (Gao et al. 2020).

 Physical Activity

Exercise and physical activity play a pivotal role in optimizing cardiovascular health 
and weight management. While exercise is often emphasized for active weight loss, 
it actually plays a much more crucial role in maintaining weight loss (Donnelly 
et al. 2004). Without appropriate caloric restriction, increases in exercise alone gen-
erally do not result in significant weight loss.

Many patients may hesitate to begin an exercise program. Consistency should be 
stressed over the initial duration or intensity of exercise. Furthermore, patients may 
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find increasing daily steps and reducing sedentary time a more appealing and 
achievable goal. Activity trackers may help motivate patients and increase account-
ability, both of which translate into effective behavior change (Wang et al. 2017). 
Utilizing online fitness videos and resistance bands at home creates an alternative 
for the patient with obesity who may find public gyms intimidating.

 Sleep

Poor sleep patterns should be identified and addressed. In particular for primary 
prevention of cardiovascular disease, symptoms of sleep apnea need to be reviewed. 
The STOP-BANG score and Epworth sleep score are examples of proven tools to 
help providers know when to refer patients for polysomnography and sleep medi-
cine. Other sleep disturbances that limit both quantity and quality of sleep (i.e., 
screen time, vasomotor symptoms, restless leg syndrome, nocturia) should be 
addressed as sleep impacts both cardiovascular disease risk and obesity (Dashti 
et al. 2015; Lao et al. 2018).

 Stress Management

Chronic stress affects most patients to some degree. Assessment of the patient’s 
stress levels and stress-coping mechanisms provides vital information regarding 
other habits that induce obesity and cardiovascular health. For example, weight gain 
would be expected in someone reporting they frequently cope with stress by over-
eating. The involvement of a behavioral therapist benefits patients by helping them 
develop healthier outlets for stressors.

 Antiobesity Pharmacotherapy

Current guidelines (Apovian et al. 2015) support the use of antiobesity medications 
(AOMs) in patients with a BMI ≥ 30 kg/m2 or a BMI ≥ 27 kg/m2 with an obesity- 
related comorbidity, such as type 2 diabetes. These medications can help control 
symptoms, improve weight loss response, and help patients more consistently 
adhere to necessary changes in dietary intake required for weight loss and mainte-
nance of weight loss. A prior prospective study found that combined therapy with 
lifestyle modification and AOM resulted in 12.1 kg weight loss over 1 year com-
pared to 5.0 kg lost with AOM alone (Wadden et al. 2005). A goal of 5% weight loss 
over 3 months is typically used; if efficacy/benefit is not seen after 3 months, dis-
continuation of the medication and transitioning to an alternative AOM should be 
considered (Fujioka et  al. 2016). Table  8.1 describes the current FDA-approved 
antiobesity medications.
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Table 8.1 Medications approved by the US Food and Drug Administration for obesity treatment 
(Micromedex® (electronic version) 2020)

Drug (brand name) Mechanism of action
Most common 
side effects

Contraindications
*All AOMs 
contraindicated in 
pregnancy and 
breastfeeding

Relative 
cost

Phentermine
8 mg (Lomaira)
15 mg
30 mg/37.5 mg 
(Adipex)

Works centrally to 
increase norepinephrine 
release, 
sympathomimetic, 
appetite suppression

Dry mouth
Increased 
irritability, 
agitation
Elevated heart 
rate and blood 
pressure
Insomnia

Uncontrolled 
hypertension
Open-angle 
glaucoma
Uncontrolled 
hyperthyroidism
Uncontrolled anxiety
History of 
cardiovascular 
disease
Structural heart 
disease
History of drug abuse
MAO inhibitor use 
within 14 days

$

Phendimetrazine 
(Bontril)
17.5–35 mg taken 
twice a day
105 mg extended 
release taken once 
daily

Works centrally to 
increase norepinephrine 
and dopamine release, 
sympathomimetic,
Appetite suppression

Dry mouth
Agitation
Insomnia
Elevated 
blood pressure 
and heart rate

Uncontrolled 
hypertension
Open-angle 
glaucoma
Uncontrolled 
hyperthyroidism
Uncontrolled anxiety
History of 
cardiovascular 
disease
Structural heart 
disease
History of drug abuse

$

Diethylpropion 
(Tenuate)
25 mg taken up to 
three times per day
75 mg extended 
release taken once 
daily

Works centrally to 
increase norepinephrine 
and dopamine release, 
sympathomimetic,
Appetite suppression

Dry mouth
Constipation
Nausea
Dyspepsia
Insomnia
Elevated 
blood pressure 
and/or heart 
rate

Uncontrolled 
hypertension
Open-angle 
glaucoma
Uncontrolled 
hyperthyroidism
Uncontrolled anxiety
History of 
cardiovascular 
disease
Structural heart 
disease
History of drug abuse
Heart murmur

$

(continued)
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Table 8.1 (continued)

Drug (brand name) Mechanism of action
Most common 
side effects

Contraindications
*All AOMs 
contraindicated in 
pregnancy and 
breastfeeding

Relative 
cost

Orlistat (Xenical)*
120 mg taken three 
times per day with 
meals containing 
fat
*Alli only FDA 
approved over-the- 
counter weight loss 
medication
60 mg taken three 
times per day with 
meals containing 
fat

Inhibits pancreatic and 
gastric lipase, reducing 
the amount of dietary fat 
absorbed

Increased 
stool 
frequency and 
urgency
Flatus with 
discharge
Fatty diarrhea

Cholestasis
Chronic 
malabsorption 
syndromes

$$

Phentermine and 
topiramate 
extended release 
(Qsymia)
3.75 mg/23 mg 
once daily
7.5 mg/46 mg once 
daily
11 mg/69 mg once 
daily
15 mg/92 mg once 
daily

Works centrally to 
increase norepinephrine 
release and gamma- 
amino butyric acid 
release, appetite 
suppression

Dry mouth
Paresthesias
Constipation
Taste changes
Insomnia
Dizziness

Uncontrolled 
hypertension
Open-angle 
glaucoma
Uncontrolled 
hyperthyroidism
Uncontrolled anxiety
History of 
cardiovascular 
disease
Structural heart 
disease
History of drug abuse
MAO inhibitor use 
within 14 days

$$$

Bupropion/
naltrexone 
(Contrave)
8 mg/90 mg tablets; 
two tablets taken 
twice a day

Inhibits norepinephrine 
and dopamine reuptake, 
blocks opioid receptor, 
appetite suppression

Nausea
Vomiting
Constipation
Headache
Insomnia
Flushing

MAO inhibitor use 
within 14 days
ESRD
Uncontrolled 
hypertension
Seizure disorder or 
history
Bulimia
Anorexia
Opioid use or 
dependence

$$$
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 Phentermine

Phentermine is a sympathomimetic medication that primarily works to reduce appe-
tite. It is the oldest, least-expensive, and most widely prescribed antiobesity medica-
tion, but currently only FDA-approved for short-term use. Contraindications include 
CHF, coronary artery disease, arrhythmias, uncontrolled hypertension, uncontrolled 
hyperthyroidism, monoamine-oxidase inhibitor (MAOI) use, glaucoma, and preg-
nancy. Commonly experienced side effects include insomnia, constipation, and dry 
mouth. While it has classically been prescribed at doses of 37.5 mg daily, doses as 
low as 7.5 mg daily combined with lifestyle changes were found to result in weight 
loss of greater than 5% at 28 weeks (Aronne et al. 2013). It is now available in an 8 
mg scored tablet. Utilizing lower doses allows for decreased risk of adverse events 
while maximizing efficacy. For patients without contraindications, it continues to be 
an effective and affordable agent for weight loss.

 Phentermine/Topiramate ER (Qsymia)

In individual drug efficacy studies, phentermine/topiramate ER has the highest 
average weight loss among the currently available AOMs (head-to-head trials of the 
current FDA-approved antiobesity medications have not been done). It works cen-
trally to reduce appetite. A 28-week randomized controlled trial found that patients 
achieved −8.5% and 9.2% weight loss with phentermine 7.5  mg/topiramate ER 
46 mg and phentermine 15 mg/topiramate ER 92 mg, respectively (Aronne et al. 
2013). In addition to the contraindications to phentermine use, it should be avoided 

Table 8.1 (continued)

Drug (brand name) Mechanism of action
Most common 
side effects

Contraindications
*All AOMs 
contraindicated in 
pregnancy and 
breastfeeding

Relative 
cost

Liraglutide 
(Saxenda)
3 mg subcutaneous 
injection once a day

Activates glucagon-like 
peptide (GLP-1) 
receptor, appetite 
suppression

Nausea
Dyspepsia
Diarrhea
Constipation
Fatigue

Medullary thyroid 
cancer history or 
family history of 
medullary thyroid 
cancer
Multiple endocrine 
neoplasia syndrome 
type 2
Pancreatitis history
Suicidal ideation or 
treatment

$$$$
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in patients with metabolic acidosis, glaucoma, or pregnancy. Teratogenicity and 
review of contraceptive strategies should be discussed in women of childbearing 
age. Commonly experienced side effects include paresthesias and dry mouth. 
Topamax often causes dysgeusia, which can help patients decrease or eliminate 
sugar-sweetened beverage use, particularly sodas. An important cost consideration 
to clinicians is that there is no generic alternative for Qsymia, and many insurers 
(such as Medicare) do not cover AOMs. In these situations, referral to an obesity 
medicine specialist for medication management may be helpful.

 Naltrexone/Bupropion (Contrave)

Naltrexone/bupropion works to decrease central appetite and inhibit food cravings. 
In particular, it helps patients with significant emotional eating or strong hedonistic 
responses to foods. Contraindications include current opioid use, seizure disorder, 
and uncontrolled hypertension. The presence of bupropion makes this an attractive 
option for patients who may also be trying to attempt smoking cessation. 
Unfortunately, like Qsymia, a generic alternative does not exist and many insurance 
companies may not cover these medications, making cost difficult for patients.

 Liraglutide 3.0 mg (Saxenda)

While the GLP-1 agonist liraglutide at lower doses is frequently used for the man-
agement of type 2 diabetes (Victoza), liraglutide 3.0 mg is approved for obesity 
treatment. For most patients, this medication markedly improves satiety, allowing 
for a reduction in calorie intake and thus substantial weight loss. Contraindications 
include history of pancreatitis or a family history of medullary thyroid cancer or 
multiple endocrine neoplasia 2 (MEN2) syndrome. The most common side effects 
are generally nausea and dyspepsia, but the slow-dose titration of this medication 
(typically 5 weeks until maximum dose reached) allows for better management of 
any side effects. Patients with prediabetes or DM2 are also excellent candidates for 
this medication. In DM2 patients who may already be on a GLP-1 agonist, changing 
them to liraglutide 3.0 mg generally provides additional glycemic benefits while 
more strongly promoting weight loss.

 Bariatric Surgery

Bariatric surgery should be considered for patients with BMI ≥40 kg/m2 and those 
with BMI ≥35  kg/m2 with an obesity-related comorbidity (Jensen et  al. 2014). 
Surgical options include gastric banding, vertical sleeve gastrectomy (VSG), Roux- 
En- Y gastric bypass (RYGB), and bilio-pancreatic diversion with duodenal switch 
(BPD-DS). A meta-analysis including 22,094 patients undergoing bariatric surgery 

J. Bartfield et al.



137

demonstrated a mean excess body weight loss (EBWL) of 61.2%, remission of dia-
betes in 76.8%, resolution of hypertension in 61.7%, and improved or resolved OSA 
in 83.6% (Buchwald et al. 2004). Mortality of surgery was also noted to be low for 
those undergoing restrictive procedures (0.1%), gastric bypass (0.5%), and BPD-DS 
(1.1%) in centers with experienced bariatric surgeons. A 2019 retrospective cohort 
study comparing bariatric surgery vs. medical management of patients with type 2 
diabetes and obesity found a significant reduction in major adverse cardiovascular 
events (MACE) (31% vs. 48%) and all-cause mortality (7.8% absolute risk reduc-
tion) among those undergoing surgery (Aminian et al. 2019). A prospective trial of 
Swedish patients with obesity found that those undergoing bariatric surgery were 
significantly less likely to suffer initial cardiovascular events compared to the non-
surgical cohort (hazard ratio 0.67) (Sjöström et al. 2012). A caveat to this data is that 
68.1% of patients undergoing bariatric surgery received the vertical banded gastro-
plasty, which is now rarely done.

Prior to undergoing bariatric surgery, patients should be properly evaluated and 
treated for existing behavioral disorders and counseled extensively on post-bariatric 
care and potential complications. Lifelong care is critical to help maintain post- 
bariatric surgery lifestyle habits that maintain weight loss and monitor for nutri-
tional deficiencies. Clinicians caring for bariatric surgical patients should carefully 
monitor weight changes and ensure that patients avoid nonsteroidal anti- 
inflammatories (NSAIDs), tobacco, and excess alcohol. Table 8.2 summarizes the 
four types of bariatric surgeries.

Table 8.2 Bariatric surgery for the management of obesity

Procedure Mechanism of action Benefits
Potential 
complications

Average 
EBWL

Laparoscopic 
gastric banding

An adjustable inflatable 
band is placed around the 
upper portion of the 
stomach, restricting food 
intake.

Early satiety
Very low risk for 
vitamin 
deficiencies
Reversible, 
adjustable

Band slippage or 
erosion
Foreign body 
reaction
Over-tightening can 
result in inability to 
eat or drink, risk 
esophageal 
dysmotility or 
dilation

40–50%

Vertical sleeve 
gastrectomy 
(VSG)

80% of the stomach is 
removed, resulting in 
significant restriction.

Early satiety
No bypass or 
foreign objects 
involved
Lower risk of 
complications 
when compared 
to RYGB and 
BPD-DS

Not reversible
Vitamin 
deficiencies (B12, 
iron, vitamin D, 
calcium, folate)
Potential worsening 
of GERD

>50%

(continued)
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 Challenges and Barriers of Obesity Treatment

Despite the advancements in understanding obesity as a disease, the development of 
more effective therapies, and more obesity medicine specialists trained to provide 
treatment, few patients receive appropriate care. Reasons for this include patients’ 
perspectives of obesity treatment and clinicians’ perspectives of obesity treatment, 
time, and cost. A recent survey of American adults found that the vast majority 
(80%) regard obesity to be the most serious health issue, ahead of diabetes and heart 
disease. Furthermore, over half of Americans name heart disease as the most severe 
consequence of obesity (Rosenthal et al. 2017).

However, many Americans with obesity lack awareness of weight status, view-
ing themselves as overweight instead of having obesity, or having mild obesity 
rather than severe obesity (Mello et al. 2006). This likely dampens any need or sense 
of urgency to seek medical attention or treatment. Furthermore, even when they do 
recognize the need for treatment, Americans often turn to the commercial weight 

Procedure Mechanism of action Benefits
Potential 
complications

Average 
EBWL

Roux-En-Y 
gastric bypass 
(RYGB)

The stomach is divided to 
create a small pouch, 
while the first portion of 
the small intestine is 
divided and reattached 
distally. This results in 
both restriction and 
malabsorption.

Early satiety
May increase 
energy 
expenditure
Favorable 
improvement in 
gut hormones
Improvement of 
GERD

Anastomotic leak or 
ulcer
Vitamin 
deficiencies 
(fat-soluble 
vitamins, B 
vitamins, iron, 
calcium, zinc, 
copper).
Dumping 
syndrome, 
post-bariatric 
surgery 
hypoglycemia

60%

Bilio-pancreatic 
diversion with 
duodenal switch 
(BPD-DS)

Involves the creation of a 
stomach pouch and 
bypassing the first ¾ of 
the small intestine via 
diversion. Results in 
restriction and > 70% 
reduction in fat 
absorption.

Results in the 
greatest weight 
loss of all 
bariatric 
procedures
Improved satiety
Significant 
improvement in 
type 2 diabetes 
and other 
metabolic 
diseases

Highest rate of 
complications and 
mortality of all 
bariatric surgeries
More severe 
vitamin deficiencies 
(fat-soluble 
vitamins, B 
vitamins, iron, 
calcium, folate, 
zinc, copper).
Steatorrhea

70% (or 
greater)

Data from the American Society for Metabolic and Bariatric Surgery (ASMBS)
EBWL excess body weight loss

Table 8.2 (continued)
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loss industry and self-directed attempts at dietary changes and exercise rather than 
seeking professional medical care. Unfortunately, despite appreciating the dire 
effects of obesity, many Americans consider obesity treatments beyond diet and 
exercise more risky and less safe (Rosenthal et al. 2017).

Surveys of physician practices, similarly, have found that less than half of 
patients with obesity are informed of their status and even fewer received formal 
counseling or active treatment (Rosenthal et  al. 2017; Mello et  al. 2006; Evans- 
Hoeker et al. 2014; Bleich et al. 2011). A recent prospective study among primary 
care providers found more encouraging rates of obesity diagnosis and discussion, 
but persistent gaps in the delivery of treatment, particularly beyond diet and exercise 
counseling (Galuska et al. 1999; Hite et al. 2019). Although time remains the most 
commonly cited barrier among primary care physicians, low comfort levels with 
more intensive obesity treatment, such as pharmacotherapy or bariatric surgery, sig-
nificantly impede appropriate care.

Underutilization of these therapies, therefore, remains high. Estimates suggest 
that only 2–3% of patients eligible for antiobesity pharmacotherapy receive it com-
pared to 85% of patients with diabetes receiving antidiabetes pharmacotherapy 
(Thomas et al. 2016; Saxon et al. 2019).

Despite the increased prevalence of obesity, weight bias and stigmatization 
remain another challenge to successful treatment. It is well established that patients 
with obesity experience more social isolation and discrimination in multiple set-
tings, including the workplace and health care (Rubin 2019; Giel et al. 2010). More 
concerning, both implicit and explicit weight bias infiltrate different types of health- 
care providers (doctors, nurses, dietitians) across a number of different medical 
fields, including primary care, endocrinology, cardiology, and even obesity medi-
cine (FitzGerald and Hurst 2017; Kaplan et al. 2018).

Fortunately, these challenges are surmountable (see Fig. 8.2). Ongoing efforts to 
better educate physicians earlier and more frequently about obesity diagnosis and 
treatment will improve comfort levels and diminish bias. The increased specialized 
education and training of physicians and surgeons in obesity medicine and bariatric 
surgery will allow both primary care providers and specialists to more easily refer 
patients for expert care, overcoming both time and comfort-level barriers.

Despite an estimated annual medical cost of about $149.4 billion, the coverage 
for obesity treatment remains significantly limited, particularly when compared to 
other chronic diseases (Cawley and Meyerhoefer 2012). Based on studies of state 
employee health insurance plans, from 2009 to 2017 there was an increase in cover-
age of both pharmacotherapy and bariatric surgery. Unfortunately, 27 states still do 
not cover pharmacotherapy and 7 states still do not cover bariatric surgery (Jannah 
et al. 2018). Reimbursement for obesity treatment, including nutritional counseling, 
varies widely among private insurers. The recent decision by Medicare to reimburse 
primary care physicians for intensive behavioral treatment of obesity offers some 
hope, but still ignores the need for coverage of evidence-based, specialized interdis-
ciplinary care and antiobesity medications (Batsis and Bynum 2016; Government 
Accountability Office 2019). Ongoing advocacy efforts aim to reduce this financial 
burden to both patients and providers.
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 Conclusion

Primary prevention of cardiovascular disease requires both successful identification 
of risk factors and intervention to reduce them. Obesity may arguably be the most 
common and powerful risk factor for cardiovascular disease. Not only does obesity 
contribute to other known risk factors such as hypertension and type 2 diabetes, it 
directly causes vascular inflammation and endothelial damage through adipokines 
and other hormonal alterations.

Fortunately, science has dramatically advanced the understanding of obesity 
pathophysiology and energy balance, leading to a greater number of treatments to 
better manage this chronic disease. Yet these treatments are only effective if actually 
delivered. Clinicians need to move beyond just “diet and exercise” and offer more 
comprehensive, targeted treatment strategies or refer patients to a specialist who can.

While no cure exists for obesity, more treatments for successful long-term man-
agement of this disease continue to emerge, such as devices and additional pharma-
cotherapy. Future directives that create a greater depth of treatment options and 
explore the heterogeneity of treatment responses will allow for said targeted 

Barriers:

1. Bias

2. Comfort level

3. Cost
In

Interventions:

1. Increased  obesity  medicine education and training across multiple disciplines of all
stages of learning; increased obesity medicine CME opportunities

2. Improved reimbursement for obesity treatment, improved access to obesity medicine
specialists

3. Improved insurance coverage of comprehensive, medically supervised obesity
treatment programs, anti-obesity pharmacotherapy, and bariatric surgery

Goals: 

Increased access and delivery of obesity treatment

Reduced obesity related comorbidities

Reduced stigmatization and bias

Fig. 8.2 Overcoming barriers to obesity treatment
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strategies. Increased attention to combination therapies and advancements in long-
term weight loss maintenance can be expected in the future as well.

The future looks bright for managing obesity and thus improving the primary 
prevention of cardiovascular disease.
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Chapter 9
Family History of Premature 
Atherosclerotic Cardiovascular Disease

Amit Khera and Ezimamaka Ajufo

 Introduction

Familial aggregation of atherosclerotic cardiovascular disease (ASCVD) has been 
recognized for at least a century. Some of its earliest descriptions come from pedi-
grees of familial hypercholesterolemia (FH). In these families, the high incidence of 
premature and non-premature coronary events was linked to markedly elevated cho-
lesterol levels, providing seminal evidence for the causal relationship between ele-
vated cholesterol and ASCVD (Boas et al. 1948). Early twin studies corroborated 
and quantified the familial predilection to ASCVD even in the absence of severe 
hypercholesterolemia (Marenberg et al. 1994). Families share known and unknown 
genetic and environmental factors that place them at increased risk of cardiovascu-
lar disease. Recognizing the breadth of information it captures, family history of 
ASCVD has become a key component of cardiovascular risk assessment.

A central question is what comprises a “positive” family history of premature 
ASCVD. There are several areas of ambiguity and inconsistency in family history 
definitions across studies and guidelines. The major ASCVD guidelines define pre-
mature ASCVD rather broadly, including coronary, cerebrovascular, and peripheral 
arterial events occurring before the age of 55 in men and 65 in women (Cardiovascular 
disease: risk assessment and reduction, including lipid modification 2020; Piepoli 
et al. 2016; Grundy et al. 2019; Arnett et al. 2019). However, the vast majority of 
epidemiological family history studies take coronary artery disease (CAD) into 
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account, fewer take cerebrovascular disease (CVD) into account, and very few con-
sider peripheral arterial disease (PAD). Moreover, prematurity is defined with a 
threshold that ranges from 50 to 65 in the family history literature. In most guideline 
recommendations, family history is considered a binary measure – either positive or 
negative. Relatedness is specified in some (usually only first-degree relatives), 
(Cardiovascular disease: risk assessment and reduction, including lipid modification 
2020) but is missing in many guidelines (Grundy et  al. 2019; Arnett et  al. 2019). 
Similarly, there is considerable variability in the categorization of family history mea-
sures in the literature. Many studies define family history of premature ASCVD as a 
dichotomous measure insensitive to family size, number, and relatedness of affected 
relatives and relative characteristics. However, some studies define family history as a 
continuous variable that takes into account the key characteristics ignored by dichoto-
mous family history measures (Li et al. 2000; Ciampi et al. 2001). It is useful to keep 
this variability in mind when reviewing the recommendations and evidence base for 
implementing family history of ASCVD in cardiovascular risk assessment.

In this chapter, we review the epidemiology of family history of premature 
ASCVD, the proposed mechanisms that underlie familial clustering of cardiovascu-
lar risk, and recommendations for implementing family history of ASCVD into clini-
cal practice. In addition, following the analytic framework laid out by the Centers for 
Disease Control and Prevention Office of Public Health Genomics for evaluating 
evidence about genetic and related tests (Yoon et al. 2003), we discuss the analytic 
and clinical validity, and clinical utility of collecting a family history of ASCVD in 
clinical practice, and touch on relevant ethical, legal, and social considerations.

 Epidemiology of Family History of Premature ASCVD

 Prevalence of Family History of Premature 
Cardiovascular Disease

The reported prevalence of family history of premature ASCVD ranges from 10% to 
40% in cohorts from the general population (Lloyd-Jones et al. 2004a; Philips et al. 
2007; Moonesinghe et al. 2019; Hunt et al. 1986) based on how family history of 
premature ASCVD is defined, and the geographic origin and prevalence of CAD in 
the population in question. Using the nationally representative National Health and 
Nutrition Examination Survey (NHANES) sample of US adults from 2007 to 2014, 
the prevalence of a family history of CAD in any first-degree relative before the age 
of 50 in the United States was estimated at 12–13% (Moonesinghe et al. 2019). In 
another population-based US sample of adult offspring free of ASCVD at baseline 
from the Framingham Heart Study, the prevalence of a parental history of ASCVD 
before the age of 55 in a father or 65 in a mother was ~40% (Lloyd-Jones et al. 2004a). 
There does not seem to be appreciable variation in the prevalence of family history of 
ASCVD by race/ethnicity and socioeconomic status, (Li et al. 2000; Williams et al. 
2001) but the impact of age and sex is somewhat unclear. In NHANES, the prevalence 
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of family history of CAD increased in a graded fashion with age from 9% in those 
aged 20–39 up to 15% in those aged ≥60 (Moonesinghe et al. 2019). However, in an 
independent sample of >15,000 adults free of ASCVD at baseline from Eastern 
Finland, the opposite trend was observed (26%, 23%, and 17% in age groups 30–39, 
40–49, and 50–59) (Jousilahti et al. 1996a). Similarly, in some reports, family history 
of ASCVD has been reported more frequently in women than men (Moonesinghe 
et al. 2019; Jousilahti et al. 1996a) but not in others (Williams et al. 2001).

Due to its prevalence and associated risk, family history of premature ASCVD 
contributes to a relevant proportion of ASCVD in the population. In the Health 
Family Tree Study, a positive or strongly positive family history of CAD was 
reported in 17% of families but accounted for 66% of CAD events in this popula-
tion. Similarly, in an international cohort, the CAD risk attributable to family his-
tory of premature ASCVD was estimated between 11% and 14% (Williams et al. 
2001). Although somewhat less prevalent than CAD, a family history of stroke also 
confers substantial population risk for stroke. In the Health Family Tree Study, a 
positive or strongly positive family history of stroke was reported in 12% of families 
and accounted for 84% of strokes at any age (Williams et al. 2001).

 Family History of Premature Cardiovascular Disease 
and Cardiovascular Risk

Familial aggregation of CAD, CVD, and PAD is well-documented. On average, a 
family history of premature ASCVD is associated with an ~1.5- to two-fold increased 
risk of cardiovascular events (Table 9.1) (Lloyd-Jones et  al. 2004a; Prushik et  al. 
2012a; Seshadri et al. 2010; Mvundura et al. 2009). Family history confers risk in the 
intermediate to long term (>10-year) more strongly than in the short term (<10-year) 
(Bachmann et al. 2012). A history of an event in one arterial bed confers risk for an 
event in that arterial bed but also increases the risk of an event in other arterial beds, 
though to a lesser extent (Lamina et al. 2014; Khaleghi et al. 2014a; Wannamethee 
et al. 1996a). Family history of ASCVD is associated with increased risk across the 
socioeconomic and race/ethnicity spectrum. In fact, it may be a stronger risk factor 
in individuals of African and Hispanic ancestry compared to those of European 
ancestry (Li et al. 2000; Chow et al. 2011a; Valerio et al. 2016). Conversely, despite 
some early reports, sex has not been shown to have a convincing influence on the 
cardiovascular risk conferred by family history  – maternal and paternal diseases 
appear to carry a similar risk (Lloyd-Jones et al. 2004a; Weijmans et al. 2015). The 
impact of a family history of premature ASCVD depends on certain characteristics 
of the individual in whom risk is being assessed and their affected family members. 
Specifically, the age of the individual at the time of risk assessment, the age of the 
affected family member at the time of the ASCVD event, and the number and relat-
edness of affected family members are of particular importance.

The age of disease onset in family members and the age of the individual at the 
time of risk assessment are key determinants of the risk conferred by family history 
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of ASCVD, and a strong inverse relationship between age of onset and risk conferred 
is described (Marenberg et al. 1994; Lloyd-Jones et al. 2004a; Jousilahti et al. 1996a; 
Chow et al. 2011a; Sesso et al. 2001). The Framingham Offspring study, a prospec-
tive longitudinal population-based study of the offspring of participants in the origi-
nal Framingham study, has been used extensively to study the familial aggregation 
of ASCVD given the unique availability of verified parental disease status rather than 
self-report. In this cohort, premature parental ASCVD was associated with an OR for 
ASCVD of 1.7–2.0 vs. 1.1–1.5 for non-premature parental ASCVD (Lloyd-Jones 
et  al. 2004a). In an analysis of cross-sectional data from a population-based US 
sample in the HealthStyles study, individuals at high familial risk of stroke (≥ 1 first- 
or second-degree family member with early-onset stroke) had a fourfold higher 
prevalence of stroke compared to those at low to moderate familial risk (Mvundura 
et al. 2009). In fact, parental age has been linearly and negatively correlated with the 
age of ASCVD onset in offspring (Allport et al. 2016); in other words, a family his-
tory of premature ASCVD predisposes to premature ASCVD.  Indeed, in the 
Framingham Offspring study, parental risk of premature stroke doubled the risk of 
stroke at any age but quadrupled the risk of premature stroke (Seshadri et al. 2010).

Conversely, a family history of premature ASCVD appears to be a relatively 
weak cardiovascular risk factor in older individuals (Philips et al. 2007; Rissanen 
1979). In NHANES, a family history of premature CAD in a first-degree relative 
increased the odds of ASCVD by six-, three-, and twofold in participants aged 
20–39, 40–59, and ≥ 60, respectively. In this study, the population risk attributable 
to family history of premature CAD was highest in the younger population (31% vs. 
22% vs. 9% in 20–39, 40–50, and ≥ 60) (Moonesinghe et al. 2019). Some studies 
show an even more pronounced attenuation of cardiovascular risk with a family his-
tory of premature disease in older populations. In the Health Family Tree Study, 
family history or premature CAD was associated with a 2–four-fold (men, 95% CI 
2.8–5.3; women, 1.0–3.8) relative increase in the risk of CAD among individuals 
aged 20–39, but by age 60, this risk was no longer significant (men, RR 1.2, 95% 
0.8–1.6; women, 1.1, 95% CI 0.8–1.5) (Hunt et  al. 1986). Similarly, in the 
Framingham Offspring Cohort, among individuals <60, ASCVD event rates were 
three times higher in those with a parental history of premature ASCVD compared 
vs. those without (8-year event rate, 65 vs. 22 per 1000, p < 0.05), but among indi-
viduals aged ≥60, ASCVD event rates were comparable in those with and without 
a parental history of ASCVD (8-year event rate, 192 vs. 98 per 1000, p  =  0.2) 
(Lloyd-Jones et al. 2004a). In an international case–control study of ~27,000 indi-
viduals including 12,000 with a first MI, premature ASCVD was associated with an 
OR for MI in younger individuals (men <55 and women <65) vs. older individuals 
of 2 vs. 1.5, respectively (p = 0.002 for heterogeneity), (Chow et al. 2011a) but this 
heterogeneity disappeared after adjustment for cardiovascular risk factors, suggest-
ing that family history of premature ASCVD might be a better predictor of cardio-
vascular risk in younger individuals due to a correlation and interaction with 
traditional risk factors in younger individuals (Philips et al. 2007).

Another important determinant of the risk conferred by a family history of 
ASCVD is the relatedness and number of affected family members. In fact, there 
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appears to be a dose–response relationship between the number and relatedness of 
individuals affected and risk conferred, with disease in first-degree relatives carry-
ing greater risk than disease in second- and third-degree family members (Hunt 
et al. 1986; Khaleghi et al. 2014a; Ambroziak et al. 2020). In a study of >four mil-
lion individuals and their relatives from the Danish national register with ascer-
tainment of disease status based on a national patient register, compared to 
individuals with no family history of myocardial infarction (MI), the incidence of 
MI in those with 1, 2, and ≥ 3 first-degree relatives with a history of MI was 1.5-, 
2.4-, and 3.6- fold higher, respectively, than the incidence of MI in those with no 
affected first- degree relatives. A similar but attenuated trend (incidence rate ratio 
1.2-, 1.9-, and 2.2-fold higher, respectively) was observed for second-degree rela-
tives (Ranthe et al. 2015a). Notably, the dose effect within each degree of related-
ness may only apply when family members belong to different categories 
(Lloyd-Jones et al. 2004a; Jousilahti et al. 1996a). For example, in the Framingham 
Offspring study, the risk associated with a history of premature ASCVD in one 
parent was comparable to the risk of having a history in both parents (Lloyd-Jones 
et al. 2004a). In contrast, a risk differential is seen for disease in siblings vs. dis-
ease in parents with greater risk conferred by disease in siblings, (Khaleghi et al. 
2014a; Nasir et al. 2004a) although this might be more applicable to CAD than to 
stroke (Yu et al. 2019).

Recognizing the significance of a more detailed family history inclusive of age, 
number, and relatedness of family members affected, there have been efforts to 
develop family history measures that capture these elements both within continuous 
and dichotomous variables (Ciampi et al. 2001; Silberberg et al. 1999) Continuous 
scores tend to discriminate risk better than categorical measures, but may not be 
superior to detailed categorical family history descriptions (Silberberg et al. 1999). 
Moreover, the value of continuous family history scores closely depends on family 
size, number of affected relatives in the pedigree, and completeness and accuracy of 
available disease status information, so these scores may not be appropriate for the 
real-world setting (Silberberg et al. 1999). In fact, the complexity of these scores 
both in their formulation and implementation has posed considerable barriers to 
widespread adoption.

In summary, a positive family history of premature ASCVD is highly prevalent 
in many populations and confers considerable cardiovascular risk at both the indi-
vidual and population levels. A family history of ASCVD, depending on several 
parameters, may confer no risk at all or increase risk by up to 12- to 15-fold 
(Marenberg et al. 1994; Hunt et al. 1986), so restricting the categorization of family 
history to a simple binary form limits the amount of information it can convey. The 
risk conferred by a family history depends on a number of key factors, including the 
age of the individual at the time of risk assessment, as well as the age, event type, 
number, and relatedness of affected family members. To be reasonably informative 
for cardiovascular risk assessment, a family history should include, at a minimum, 
the age at disease onset and/or death, event type, and relatedness from, ideally, at 
least three–four generations and expressed as either categorical or continuous fam-
ily history measure (Box 9.1).
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Box 9.1 Recommended components of an informative cardiovascular 
family history

3-4 generations
Define affected individuals
Define relatedness 
Define vital status (living or deceased)
Age (or age of death)
Age at cardiovascular event
Presence of risk factors (including 

subclinical atherosclerosis)
Presence of stigmata of monogenic disorders

 

 Pathophysiology of Familial Cardiovascular Risk

 Genetic Determinants of Familial Cardiovascular Risk

In studies of high-risk families and twin studies, CAD is estimated to have a heri-
tability of 40–60%, with the greatest heritable component in younger individuals 
that develop premature ASCVD (Marenberg et al. 1994; Zdravkovic et al. 2002; 
Wienke et al. 2005). Genetics plays a major role in familial cardiovascular risk. In 
the Swedish Twin study, the death of a twin from CAD aged <65 conferred a risk 
of death from CAD up to 15 times that of the general population in the living twin 
of a monozygotic pair (siblings share 100% of their genetic material), compared to 
only 4 times that of the general population in the living twin of a dizygotic pair 
(sibling share 50% of their genetic material), suggesting that greater genetic simi-
larity confers a higher risk (Marenberg et al. 1994). Familial clustering of cardio-
vascular disease has both monogenic and polygenic genetic determinants, which 
may coexist with additive effects. By far the most common monogenic etiology of 
familial ASCVD, with an estimated prevalence of ~1:250, is FH – a heritable auto-
somal co-dominant disorder of elevated LDL-C and premature cardiovascular dis-
ease. A representative FH pedigree is shown in Fig. 9.1. FH is typically caused by 
mutations in the LDLR gene, but in a minority of cases may be associated with 
mutations in either APOB, PCSK9, or LDLRAP1. However, a causative genetic 
variant is only found in around 40–50% of those meeting clinical criteria for FH in 
the United States, suggesting the possibility of other unknown or not assessed vari-
ants or polygenic causes of dyslipidemia (Ahmad et  al. 2012; Berberich and 
Hegele 2019). With effective lipid-lowering treatment, the life expectancy of indi-
viduals with FH is comparable to individuals in the general population; however, 
<10% of individuals are diagnosed and fewer are appropriately treated 
(Nordestgaard et al. 2013), such that FH accounts for 3–5% of premature CAD 
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cases (Nanchen et al. 2015; Genest et al. 1992). Given its prevalence, underdiag-
nosis, and treatability, FH is an important diagnosis to consider in individuals 
presenting with a family history of premature ASCVD, and screening these indi-
viduals for FH is widely recommended (Cardiovascular disease: risk assessment 
and reduction, including lipid modification 2020; Piepoli et al. 2016; Grundy et al. 
2019). There are rarer monogenic causes of familial cardiovascular risk that should 
also be kept in mind when evaluating individuals with a family history of prema-
ture CAD (Table 9.2).

In most at-risk families, the genetic determinants of cardiovascular risk are poly-
genic, arising from thousands of small- to -moderate-effect variants found through-
out the genome. These risk variants, weighted by their effect estimates, can be 
aggregated in polygenic risk scores (PRS) and used for cardiovascular risk predic-
tion (Aragam and Natarajan 2020). In one study, individuals in the top 8% of the 
distribution (~ 1 in 12 individuals) of a 6.6-million variant PRS were at a ≥ three- 
fold increased odds for CAD compared to the general population, which was com-
parable to the risk conferred by an FH-causing mutation (Khera et al. 2018). Within 
this high-risk group, family history of heart disease was more prevalent than in the 
general population (44 vs. 35%, p < 0.001) (Khera et al. 2018). Similarly, individu-
als in the highest quintile of an eight-variant PRS in another study had a signifi-
cantly higher burden of family history of heart attack/angina compared to those in 
the lowest quintile (33.4 vs. 28.4%, p < 0.0001) (Iribarren et al. 2016). In another 
study, a standard deviation increase in a 1.7-million variant PRS was associated 
with a 21% increase in the odds of having a family history of heart disease (Inouye 
et al. 2018). Despite some overlap, the cardiovascular risk mediated by family his-
tory and PRS is partly independent. In one study, adjustment for family history had 
no effect on the association between an eight-variant PRS and incident CAD.  In 
another study, the association between family history and MI was only modestly 
attenuated after adjusting for a nine-variant PRS (Chow et al. 2011a). Within the 
broader understanding that familial cardiovascular risk is only partly genetic, it 
seems reasonable that PRS do not fully explain the risk conferred by family history 
and vice versa. It should be noted, however, that some of the lack of overlap might 
arise from the incompleteness of our knowledge about the polygenic structure 
of ASCVD.

 Clustering of Cardiovascular Risk Factors and Familial 
Cardiovascular Risk

An important way genetic and environmental pathways influence familial cardio-
vascular risk is through the clustering of cardiovascular risk factors in families (Li 
et  al. 2000). In a population-based Atherosclerosis Risk in Communities Study 
(ARIC) sample of adults aged <65, a positive family history was associated with 
higher BMI, waist-to-hip ratio, LDL-C, Lp(a), TG, and lower HDL-C (Pereira et al. 
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2000). In one study, compared to men without a family history of premature CAD, 
those with a family history of premature CAD had higher systolic and diastolic 
blood pressures, total cholesterol levels, BMI, and a higher prevalence of diabetes 
(Jousilahti et al. 1996a). The contribution of cardiovascular risk factors to familial 
cardiovascular risk is further demonstrated by the attenuation of the association 
between parental history of ASCVD and cardiovascular risk after adjustment for 
cardiovascular risk factors (Lloyd-Jones et al. 2004a). Moreover, consistent with the 
higher risk conferred by a sibling vs. a parental history of ASCVD, (Nasir et al. 
2004b) a sibling history of premature ASCVD is associated with a higher preva-
lence of hypertension and dyslipidemia compared to a parental history of premature 
ASCVD (Nasir et al. 2004b).

Importantly, a family history of ASCVD is also associated with a higher fre-
quency of adverse lifestyle and behaviors such as smoking (Lloyd-Jones et  al. 
2004a; Seshadri et al. 2010; Pereira et al. 2000), physical inactivity, and poor diet 
(Kulshreshtha et  al. 2015). In fact, shared habits not only contribute to familial 
aggregation of ASCVD, but lifestyle interventions can help modify the increased 
risk that accompanies a family history (Khera et al. 2016). The relationship between 
cardiovascular risk factors and family history is somewhat complex. The degree of 
risk conferred by family history is modified by the risk factor burden background, 
such that a family history of ASCVD is a stronger risk factor in those at intermediate 
predicted cardiovascular risk compared to those at the extremes of predicted risk 
(Lloyd-Jones et al. 2004a; Michos et al. 2005).

Traditional cardiovascular risk factors only partly mediate the cardiovascular 
risk conferred by a family history of premature ASCVD (Jousilahti et al. 1996a; 
Chow et al. 2011a; Mehta et al. 2020). The importance of broader socioeconomic 
factors requires further attention but appears to be modest. It is also possible that 
family history may influence cardiovascular risk via non-atherosclerotic pathways. 
For example, in one study designed to examine the relationship between family his-
tory of MI, coronary artery calcification (CAC), and incident CAD in the population- 
based Dallas Heart Study (DHS), family history of MI and coronary artery 
calcification were independently associated with CAD and shown to be additive in 
effect (Paixao et al. 2014).

In summary, the mechanisms that underlie familial cardiovascular risk are 
multifactorial, encompassing genetic and environmental factors that influence 
cardiovascular risk in part through their effects on cardiovascular risk factors such 
as hypertension, diabetes, dyslipidemia, smoking, physical inactivity, and poor 
diet. The identification of familial cardiovascular disease should first prompt con-
sideration of screening for a Mendelian disorder with cardiovascular manifesta-
tions, particularly familial hypercholesterolemia (Fig.  9.2). If this screening is 
negative or not pursued, careful screening for cardiovascular risk factors and 
aggressive risk factor management should follow, particularly in younger indi-
viduals where this history carries the greatest risk and the impact of prevention 
might be greatest.
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 Family History of Premature ASCVD in Clinical Practice

 Accuracy of Family History of Premature 
Cardiovascular Disease

An important prerequisite for a diagnostic or screening tool to be implemented into 
clinical practice is an acceptable level of accuracy. The accuracy of family history 
reports has been examined by comparing proband reports to family member reports, 
medical records, or death certificates. Proband reported family history of premature 
ASCVD is highly specific (>90%) with variable sensitivity (60–80%) based on 
ascertainment method, age of the proband, and the definition of family history. 
Using family member report as the standard, the accuracy of proband report was 
examined in the NHLBI Family Heart Study using ~3000 middle-aged adults 
(Bensen et al. 1999). They found that the sensitivity of proband report of CAD in 
first-degree relatives was high (>80%) and specificity was very high (>95%). In this 
study, the sensitivity of the proband report varied based on proband characteristics 

Family History of
ASCVD*

Family History: detailed assessment outlined in Box
History and physical examination: key features relevant for
 Mendelian disorders

Risk factors: comprehensive assessment for traditional risk factors,
 estimation 10-year ASCVD risk
Lifestyle habits: assess dietary and exercise habits, tobacco use 

Evidence of Mendelian disorder based
on initial clinical assessment

Yes No

Complete evaluation for Mendelian
disorder with biochemical evaluation

and genetic testing if appropriate.

Additional testing as appropriate
(i.e.: CAC, Lipoprotein a, etc)

Lifestyle
Counseling

Risk Factor Management
(Family History as risk

enhancer for decision making)

Family
Screening

Fig. 9.2 Approach to the patient with a family history of premature ASCVD. * A history of ≥1 
first-, second-, or third-degree relative with a premature ASCVD
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such as age – for example, the sensitivity of sibling disease reports was lower in 
older probands (Bensen et  al. 1999). In the Framingham Offspring study where 
parental medical records were used as the standard, proband report was highly spe-
cific for parental disease status (≥ 95%), but was only moderately also affected the 
accuracy of reporting – probands with incorrect reports were on average 2–4 years 
older than their counterparts with correct reports. Broadening the definition of fam-
ily history to include coronary disease at any age improved the accuracy of the 
proband’s report (Murabito et al. 2004). In a study with a population-based cohort 
that used a death certificate as the standard, proband report of parental cardiovascu-
lar mortality was associated with a sensitivity and specificity of 89% and 86%, 
respectively. In this study, sensitivity trended toward being lower in older offspring 
(Watt et al. 2000; Silberberg et al. 1998). Of note, these findings are consistent in 
cardiovascular disease cohorts (Kee et al. 1993; Øygarden et al. 2016).

 Family History of Premature Cardiovascular Disease 
and Risk Prediction

The clinical contribution of family history of premature ASCVD can be examined 
by assessing whether it improves the prediction of cardiovascular events when com-
bined with traditional cardiovascular risk factors. Family history of CAD has con-
sistently been shown to provide a significant albeit modest improvement in risk 
prediction when added to models based on traditional risk factors (Hasanaj et al. 
2013a). In a sample of middle-aged population-based British individuals at interme-
diate cardiovascular risk, adding family history of CAD to the Framingham Risk 
Score led to marginal improvement in net reclassification (~2% reclassification) 
(Sivapalaratnam et  al. 2010). In the population-based Multiethnic Study of 
Atherosclerosis (MESA) US cohort, the Reynolds Risk Score, a derivative of the 
Framingham Risk Score that includes family history, only modestly improved risk 
prediction compared to the Framingham Risk Score (DeFilippis et al. 2015). The 
value of family history of premature ASCVD is of particular importance in indi-
viduals estimated to be at intermediate cardiovascular risk based on traditional car-
diovascular factors as guidelines recommend its use to stratify risk within this 
group. Using 1330 MESA participants at intermediate risk, adding family history to 
a base model that included FRS and race/ethnicity led to modest discriminatory 
improvement (0.675 vs. 0.623, p  <  0.01) without improving reclassification 
(p = 0.16) (Yeboah et al. 2012). In the DHS, the addition of family history of pre-
mature MI in a first-degree relative significantly albeit modestly improved the 
c- statistic (0.86 vs. 0.87, p = 0.04) and led to significantly improved net reclassifica-
tion (0.55, 95% CI 0.27–0.83, p < 0.001), a clinically more useful metric than the 
c-statistic (Paixao et al. 2014).

9 Family History of Premature Atherosclerotic Cardiovascular Disease



164

 Clinical Applications of Family History of Premature 
Cardiovascular Disease

The 2018 AHA/ACC guidelines on the management of blood cholesterol recom-
mended using the pooled cohort equation (PCE) to estimate the 10-year risk of fatal 
and nonfatal MI and stroke in adults aged 40–75. Family history of premature 
ASCVD was not included in the PCE but was listed as one of 12 risk-enhancing 
factors (Table 9.3) to be used in a clinician–patient risk discussion regarding statin 
therapy in individuals at borderline (5–7.4%; class IIb) and intermediate (7.5–19.9%; 
class I) estimated 10-year cardiovascular risk. The presence of risk enhancers, 
including family history of premature ASCVD, in the context of shared decision- 
making in these groups, favors initiation of statin therapy in these recommendations 
(Grundy et al. 2019). The presence of a family history of premature ASCVD is also 
provided as an indication for statin therapy in adults aged >20 if associated with 
moderate primary hypercholesterolemia (LDL-C 160–189  mg/dL) refractory to 

Table 9.3 Risk-enhancing/risk-modifying factors listed in ACC/AHA and ESC guidelines

Risk-enhancing factors – AHA/ACC guidelines
Risk modifiers – ESC 
guidelines

Family history of premature ASCVD (males, age < 55; 
females, age < 65)
Primary hypercholesterolemia (LDL-C, 160–180 mg/dL, 
non-HDL-C 190–2019 mg/dL)
Metabolic syndrome [≥ 3 of increased waist circumference, 
elevated TG (>150 mg/dL), elevated blood pressure, elevated 
blood glucose, low HDL-C (<40 mg/dL in men, <50 mg/dL in 
women)]
Chronic kidney disease (eGFR 15–59 mL/min/1.73 m2 with or 
without albuminuria; not treated with dialysis or kidney 
transplantation)
Chronic inflammatory conditions; e.g., psoriasis, RA, or HIV/
AIDs
History of premature menopause (before age 40) and history 
of pregnancy-associated conditions that increase lifetime 
ASCVD risk; e.g., pre-eclampsia
High-risk races/ethnicities (e.g., south Asian ancestry)
Biomarkers:
   Persistently elevated (≥3 separate measurements) primary 

hypertriglyceridemia (≥ 175 mg/dL)
   Elevated high-sensitivity c-reactive protein (≥ 2.0 mg/L)
   Elevated Lp(a) (≥ 50 mg/dL or ≥ 125 nmol/L) – Relative 

indication for measurement is a family history of premature 
ASCVD

   Elevated apoB (≥ 130 mg/dL)
   ABI <0.9

Social deprivation
Obesity and central obesity
Physical inactivity
Psychosocial stress including 
vital exhaustion
Family history of premature 
ASCVD (males, age < 55; 
females, age < 60)
Chronic immune-mediated 
inflammatory disorder
Major psychiatric disorders
Treatment for HIV/AIDS
Atrial fibrillation
Left ventricular hypertrophy
Chronic kidney disease
Obstructive sleep apnea 
syndrome
Nonalcoholic fatty liver disease
Arterial (carotid and/or 
femoral) plaque on arterial 
ultrasonography
CT coronary calcium score

ACC American College of Cardiology, AHA American Heart Association, AID acquired immuno-
deficiency syndrome, ABI ankle–brachial pressure index, ESC European Society of Cardiology, 
HIV human immunodeficiency virus, RA rheumatoid arthritis
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lifestyle measures. Finally, in these guidelines, a positive family history is used to 
identify children to screen for FH from as early as the age of 2, and statin initiation 
is recommended in children aged ≥10 with an LDL-C > 190 mg/dL or family his-
tory of premature ASCVD consistent with FH and LDL-C > 160 mg/dL, despite 
3–6 months of lifestyle therapy (class IIa).

The 2016 European Society of Cardiology (ESC) Guidelines on Cardiovascular 
Disease Prevention gave its strongest recommendation for systematic cardiovascu-
lar risk assessment to individuals at increased cardiovascular risk that includes those 
with a family history of premature ASCVD (Piepoli et al. 2016). Here, calculation 
of the 10-year risk of a fatal ASCVD event with the Systematic Coronary Risk 
Estimation (SCORE) system was recommended and family history of premature 
ASCVD in first-degree relatives listed as one of several risk modifiers (Table 9.3) to 
be used to adjust risk estimates at decisional thresholds (Piepoli et al. 2016). The 
ESC guidelines also recommended that all individuals with a family history of pre-
mature ASCVD in a first-degree relative below the age of 50 be screened for FH 
(Piepoli et al. 2016; Mach et al. 2020).

As it has been proposed as a risk enhancer, it is useful to consider how family 
history of premature ASCVD compares to other risk enhancers and nontraditional 
cardiovascular risk factors in improving cardiovascular risk prediction in the 
intermediate- risk group. In the Multiethnic Study of Atherosclerosis (MESA) study, 
adding family history of ASCVD to a base model that included only traditional 
cardiovascular risk factors improved risk prediction far more than adding all of the 
other risk enhancers examined (ankle–brachial index, high-sensitivity C-reactive 
protein, carotid intimamedia thickness) except CAC. CAC improved the discrimi-
nation and net reclassification of the base model considerably more than family 
history (Yeboah et al. 2012). As mentioned, several studies have demonstrated an 
increased prevalence of CAC in those with a family history of premature ASCVD 
(Philips et al. 2007; Nasir et al. 2004b), and thus CAC scanning may be considered 
in select lower-risk individuals (<5% 10-year risk of ASCVD) with such histories 
(Hecht et al. 2017). In individuals with both a premature family history of ASCVD 
and CAC, the increased risks from these two conditions are additive (Paixao et al. 
2014). Lp(a) has been shown to be a strong independent predictor of cardiovascular 
risk and is increasingly used in cardiovascular risk prediction. The 2018 ACC/AHA 
and the 2019 ESC Cholesterol Guidelines advocate for measuring Lp(a) in select 
patients with a family history of premature cardiovascular disease. These individu-
als more commonly have elevated Lp(a) levels, and the predictive effects for cardio-
vascular events of Lp(a) are also additive to those of family history of premature 
ASCVD (Mehta et al. 2020).

The guidelines described predominantly focus on cholesterol management. As 
mentioned, individuals with a family history of premature ASCVD also have a 
higher prevalence of several traditional risk factors, and a more vigilant and compre-
hensive assessment for all traditional risk factors is warranted when a family history 
is present (Fig.  9.2). Given that adverse lifestyle habits can accompany a family 
history of premature ASCVD, individuals with such histories should be counseled 
on healthy dietary habits, the importance of habitual exercise, and the imperative for 
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smoking cessation if they are active tobacco users. In one study, healthy lifestyle 
habits were associated with a nearly 50% lower risk of coronary events in those at 
high genetic risk for CAD (Khera et al. 2016). Similarly, the increased risk of MI in 
carriers of pathogenic variants of the 9p21 gene was significantly attenuated in those 
with a healthy dietary pattern (Do et al. 2011). Furthermore, the presence of a family 
history of premature ASCVD should also lead to at least a basic clinical assessment 
for a monogenic etiology (Stitziel and MacRae 2014). The evaluation of an indi-
vidual with a family history of premature cardiovascular disease should be system-
atic, encompassing appropriate assessment for Mendelian etiologies and broad risk 
stratification and management (Fig. 9.2). Further, once a family history is identified, 
including any biological or genetic correlates, additional family members should 
also undergo comprehensive screening, including children and siblings.

 Current Utilization of Family History of Premature 
Cardiovascular Disease

Despite its widespread adoption in the guidelines, family history of ASCVD remains 
grossly underutilized and incompletely recorded in clinical practice, raising ques-
tions about its clinical utility (Dhiman et al. 2014; Orlando et al. 2016; De Sutter 
et  al. 2003). An assessment of the clinical utility of including family history of 
premature ASCVD in cardiovascular risk assessment should take into account the 
availability of effective interventions based on the assessed risk, health risks and 
benefits of familial risk assessment and associated interventions, and the economic 
assessment of associated interventions if available (Yoon et al. 2003). There are a 
number of low-risk, highly efficacious pharmacological and nonpharmacological 
interventions available for primary prevention in individuals deemed to be at high 
cardiovascular risk based on the presence of a positive family history of premature 
CAD. In a post-hoc analysis of the St. Francis Heart Study, a trial that randomized 
adults 50–70 years of age to atorvastatin 20 mg /day or placebo, individuals with a 
positive family history of premature CAD and positive CAC experienced a 45% 
relative reduction in cardiovascular events but no effect was observed in those with 
positive CAC with no family history of premature CAD (Mulders et al. 2012).

Ultimately, the effectiveness of preventative measures depends on uptake 
(Orlando et al. 2016), which, in turn, depends on an understanding and acceptance 
of assessed risk by affected individuals and their providers, and a willingness to fol-
low relevant recommendations. Although somewhat sparse, the available data sug-
gests that individuals with a family history of premature CVD have a higher 
perceived risk of personal ASCVD, (Imes and Lewis 2014; Petr et al. 2014) but this 
does not consistently lead to a change in preventive health behaviors (Imes and 
Lewis 2014). Interestingly, women may not perceive the implications of a family 
history of premature ASCVD to the same degree as men (Patel et al. 2007). The 
importance of the provider in translating risk assessment to behavioral change must 
be emphasized. In a study designed to facilitate the uptake of risk-stratified 
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guidelines for hereditary cancers and thrombophilias in the primary care setting, 
only a third of patients that met the criteria for screening had relevant orders entered 
by their physician. When these orders were entered, only half of the patients fol-
lowed through with the order (Orlando et al. 2016). In a different study designed to 
determine the impact of automated family history assessment and tailored messages 
for six chronic diseases, including CAD, successful delivery of the intervention led 
to favorable dietary modifications and increased exercise but reduced cholesterol 
screening (Ruffin et al. 2011).

These findings suggest that the failure to adopt preventive behaviors is in part 
attributable to the failure of providers to collect and act on a positive family history 
(De Sutter et al. 2003). For providers, barriers to implementing family history-based 
patient care that have been recognized include time restrictions, lack of a framework 
for collecting family history, and difficulty interpreting family history data (Orlando 
et al. 2016). As such, innovative family history collection tools that address these 
barriers have been sought (Table 9.4) (Ginsburg et al. 2019).

Table 9.4 Selected US-based patient-facing web-based tools available for collecting cardiovascular 
family history

Tool Organization
Disease 
categories

Availability 
to patients

Decision 
support 
provided 
to

EHR 
integration Reference

AncestryHealth Ancestry Several Public – 
freea

Patient No –

Health Heritage Northshore 
University 
Health system

Several Patient 
portal

Patient 
and 
clinicians

Yes Cohn et al. 
(2010)

MyLegacy Cleveland 
Clinic

Several Patient 
portal

Patient 
and 
clinician

Yes –

Family 
Healthware

Sanitas Inc. Several Public – 
fee-based

Patient No Rubinstein 
et al. (2011)

Family 
HealthLink

Ohio State 
University 
Medical Center

Several Public – 
free

Patient No Sweet et al. 
(2015)

My Family 
Health Portrait

CDC Several Public – 
free

Patient No Facio et al. 
(2010)

MeTree Duke 
University 
Medical Center

Several Research 
only

Patient 
and 
clinician

Yes Wu et al. 
(2019)

Family History 
Questionnaire

Progeny 
Software

Several Patient 
Portal

Clinician Yes –

VICKY Boston Medical 
Center

Several Research 
only

None Yes Wang et al. 
(2015)

Adapted from (Welch et al. 2018)
CDC Centers for Disease Control and Prevention, EHR electronic health record, VICKY Virtual 
Counselor for Knowing Your Family History
aCurrently closed to new users
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 Ethical, Legal, and Social Implications of Collecting Family 
History of Premature Cardiovascular Disease

The key legal issues surrounding familial cardiovascular risk assessment involve 
informed consent, data ownership, obligation to disclose, and reporting requirement. 
In the United States, of the laws at the federal and state level that govern these issues, 
(Genetic Discrimination 2020) the Health Insurance Portability and Accountability 
Act (HIPAA) privacy rule and the Genetic information Nondiscrimination Act 
(GINA) are of particular importance. Under the HIPAA privacy rule, health-care 
providers are permitted to disclose protected health information about an individual 
to another provider, when this information is requested for the treatment of the 
individual’s family member (Frequently Asked Questions 2020). This disclosure 
is permitted without the individual’s written authorization or other agreement with 
a few exceptions. Physicians may decline to disclose protected health information 
especially if they agree to a patient’s request not to do so, although the HIPAA 
privacy act does not oblige physicians to comply with such requests. GINA pro-
tects individuals from genetic discrimination in health insurance and employment 
(Genetic Discrimination 2020; Genetic Information Nondiscrimination Act 2020). 
Under GINA, family health history is included in the definition of “genetic infor-
mation.” GINA prohibits health insurers or employers to require or use genetic 
information to make decisions about eligibility, pricing, or coverage for health-care 
insurance, employment, and pay. However, one important criticism of GINA is its 
limited scope – it does not protect against the use of genetic information by institu-
tions such as life, disability, and long-term care insurance companies, schools, and 
mortgage lenders, leaving loopholes for exploitation. It is unclear what impact the 
provisions and limitations of these laws have in clinical practice. These issues and 
the potential of family history of premature ASCVD to lead to stigmatization need 
to be further explored.

In summary, patient reports of family history of cardiovascular disease are accu-
rate and improve cardiovascular risk prediction when added to traditional cardiovas-
cular risk factors including CAC.  A family history of premature ASCVD is of 
particular importance in younger individuals where it carries the greatest risk and 
traditional cardiovascular risk factors are less common and less useful for risk dis-
crimination. Wherever possible, family history collection should begin outside the 
clinical encounter using the growing number of resources available to help patients 
collect family histories at home, where family members can participate in this pro-
cess. Given its relatively low cost and broad availability, the inclusion of family 
history of ASCVD in cardiovascular risk assessment is widely supported by major 
guidelines that recommend its use in screening and treatment decisions. Individuals 
with a positive family history of ASCVD should be screened for FH and should 
undergo thorough cardiovascular risk factor screening with aggressive risk manage-
ment through lifestyle and pharmacological measures. In some circumstances, addi-
tional testing such as CAC scanning or Lp(a) measurement.
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 Practical Considerations in Obtaining a Family History

An important practical consideration is how to collect a family history of ASCVD 
in a standardized and clinically useful format within the constraints of modern prac-
tice. Family history collection has two main purposes: to identify monogenic causes 
of premature cardiovascular disease and, more importantly, inform cardiovascular 
risk assessment. Regardless of the method used, a complete cardiovascular family 
history should include certain information to be useful (Box). Constructing a three–
four generation pedigree remains the gold standard for family history collection. 
This should be pursued when feasible, over several clinic visits if necessary. 
Admittedly, however, pedigree construction may take ≥20 minutes, not accounting 
for the time required for interpretation, and so is generally impractical. One alterna-
tive to drawing pedigrees is to record information using the family history module 
found in many electronic health record (EHR) systems that allow entry of both 
structured and free-text family information. An example of the fields available in a 
family history domain is shown in Fig. 9.3. Some EHR vendors provide the option 
of constructing pedigrees using the information recorded in the family history mod-
ule. One issue with EHR family history modules is that their structured fields do not 
allow for detailed information important for cardiovascular risk assessment such as 
risk factor profile, age, and cause of death, and much of this is left for free-text entry. 
Moreover, few EHRs are currently able to translate this information into risk-based 
individualized recommendations.

As such, perhaps the most important development in family history implementa-
tion has been the move to empower patients to do this outside the clinical setting. 
Leveraging the availability of EHRs and widespread internet availability and web 
literacy, a number of web-based patient-facing family health history tools have been 
developed (Ginsburg et al. 2019; Welch et al. 2018). Many of these have been devel-
oped exclusively for cancer, but a handful gather information on multiple chronic 
diseases, including cardiovascular diseases (Table 9.4). Validation of many of these 
tools is ongoing, but early evidence demonstrates acceptability to both patients and 

Fig. 9.3 EPIC family history module. Bro brother, Fa father, MGFa maternal grandfather, MGMo 
maternal grandmother, Mo mother, Sis sister, PGFa paternal grandfather, PGMo paternal 
grandmother
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clinicians and comparable accuracy to family history ascertainment with a genetic 
counselor (Ginsburg et al. 2019). In addition, many provide risk management rec-
ommendations to clinicians, patients, or both and improve risk stratification com-
pared to paper-based and ad hoc family history collection. Currently, none of the 
freely available tools are interoperable with the EHR, which is a major limitation, 
although all allow easy data sharing. As we look to the future and to improve the 
collection of meaningful family histories in routine practice, it is clear that data col-
lection will increasingly occur outside the clinical setting. With this shift, the clini-
cian’s role will become teaching patients what information needs to be recorded in 
the family history, updating and interpreting the history in the EHR.  For this to 
occur, EHR integration with web-facing family history tools will be crucial (de 
Hoog and Portegijs 2014; Feero et al. 2008).

 Conclusion

A family history of premature ASCVD captures valuable information about genetic 
and environmental exposure like no other tool available for cardiovascular risk 
assessment. This information is readily obtained, inexpensive, and widely accept-
able to patients. Moreover, family histories can be used to simultaneously assess 
predisposition to multiple diseases. For these reasons among others, despite 
genomic advances, family history collection is likely to remain an essential part of 
cardiovascular risk assessment. It should be carried out systematically and used to 
inform cardiovascular risk management from as early as childhood. Clinicians 
should be aware of how to obtain a complete and informative family history and of 
web-facing tools that patients can use to start this process before the clinical encoun-
ter. Guidelines have generally applied family history as a risk-enhancing factor 
when the decision for preventive therapies is uncertain. The presence of a family 
history of premature ASCVD should also prompt assessment for Mendelian disor-
ders such as FH, more rigorous surveillance for traditional risk factors and adverse 
lifestyle habits, and more aggressive intervention of these modifiable factors. 
Underutilization of family history in clinical practice undermines the individual and 
public health potential of this tool – addressing this problem should be a priority for 
all clinicians.
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Chapter 10
Primary Prevention and Cardiovascular 
Risk Assessment in Women

Lori-Ann Peterson, Priya M. Freaney, and Martha Gulati

The leading cause of death in women in the United States is cardiovascular disease 
(CVD), accounting for 418,665 deaths in women in 2016 (Virani et al. 2020). Over 
60 million women are living with some form of CVD, with a lifetime risk for a 
40-year-old woman of 1 in 2 for developing any CVD, 1 in 3 for developing coro-
nary heart disease (CHD), 1 in 5 for developing heart failure, and 1 in 5 for having a 
stroke (Virani et al. 2020). Since 2001, there had been a continuous decline in mor-
tality from heart disease in women until 2010, following which mortality for CVD 
has risen in both sexes (Virani et al. 2020). Notably, for younger women (under the 
age of 55 years), there has been no significant improvement in cardiovascular mor-
tality over the past two decades (Wilmot et al. 2015). Furthermore, this age group 
has the highest mortality rates after being diagnosed with CVD (Arora et al. 2019).

Both sex and gender impact CVD and outcomes, and it is important to understand 
the differences between them. Sex is determined at birth and is biologic, based on 
chromosome. Gender is based on sociocultural definitions and is nonbinary. Both 
affect CVD in women and men, given the differences in the impact of traditional risk 
factors, sex-specific CVD risk factors, differences in treatment and management strat-
egies for both primary and secondary prevention of CVD, response to medications, 
social determinants of health, in addition to pathophysiological differences in CVD.

Primary prevention of CVD in women is strongly influenced by awareness of 
CVD as a leading cause of morbidity and mortality. Even though cardiovascular 
mortality rates were higher in women than in men in the United States, it was not 
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until 1991 that the National Institute of Health (NIH) established a policy that all 
NIH-funded trials must include both women and men when studying conditions that 
affect both sexes. Only recently, in 2016, the NIH made it mandatory to include both 
sexes in cell and animal studies (Clayton and Collins 2014). While awareness of 
CVD as the leading cause of death in women has improved over time, it remains 
suboptimal, particularly in racial and ethnic minorities (Mosca et  al. 2013). A 
nationally representative survey done by the Women’s Health Alliance showed that 
even though 74% of women had one or more CVD risk factors, only 16% of women 
were informed that they were at risk for heart disease (Merz et al. 2016). Physician 
awareness, education, and assessment of women’s CVD risk are also far from 
expected. This same survey showed that primary care physicians prioritized weight 
and breast health over concerns for CVD. Additionally, only 22% of primary care 
physicians and 42% of cardiologists felt well-equipped to assess CVD in women, 
and very few implemented the guidelines for CVD risk assessment in their practice 
in their women patients (16% of primary care physicians, 22% of cardiologists; 
p  =  NS) (Bairey Merz et  al. 2017). A 2019 survey from the American Heart 
Association that has been performed every decade demonstrated a decline in aware-
ness of heart disease as the leading cause of death in all races and age groups, aside 
from women over the age of 65 years (Cushman et al. 2021).

 Sex, Gender, and Genetic Differences in CVD

Sex is defined as “the classification of living things, generally as male or female 
according to their reproductive organs and functions assigned by the chromosomal 
complement.” (Exploring the biological contributions 2001) Sex differences in 
CVD result from the biological differences in the structure and function of the car-
diovascular systems of men and women, in contrast to gender differences that stem 
from a person’s self-representation, resulting in psychosocial roles and behaviors 
imposed by society. Certainly, gender impacts outcomes differences seen in CVD, 
but these are very different from sex differences that arise from the genetic differ-
ences between men and women. Sex differences are a result of the chromosomal 
differences between those who are biologically men (XY) and those who are bio-
logically women (XX), regardless of gender.

Whether there is a specific genetic marker that can predict CVD in women 
remains unknown. In the Women’s Health Genome Study, 19,313 Caucasian women 
were followed prospectively for a median of 12.3 years to assess whether a genetic 
risk score could improve the predictive cardiac risk assessment of women beyond 
the assessment made with traditional risk factors (Paynter et al. 2010). There was no 
significant improvement of CVD risk prediction in women using the genetic risk 
score. To date, there is no known genetic marker that can be used to improve risk 
assessment in women, beyond traditional methods.
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 Cardiovascular Risk Factors in Women

 Traditional CVD Risk Factors and Their Impact on Women

 Age

Age is a powerful predictor of CVD, and more specifically, CHD. The prevalence of 
CVD across the life span increases in both women and men; however, CHD events 
are delayed at least 10 years in women compared to men (Virani et al. 2020). The 
prevalence of CHD increases to 1 in 3 women after the age of 65, in contrast to 1 in 
8  in women aged 45–64  years. The atherosclerotic CVD (ASCVD) risk score 
increases with increasing age (Virani et al. 2020; Grundy et al. 2019). Rates of CHD 
mortality have significantly improved over the last three decades in young and 
middle- aged men (25–54 years), while the same progress has not been realized in 
women – with CHD mortality rates in this same age group of women stagnating 
over the last three decades. In contrast, in both older age men and women (65+ 
years), CHD mortality rates have declined over time (Wilmot et al. 2015).

 Family History

Family history of premature CHD impacts an individual’s future ASCVD risk. A 
history of premature CHD in a first-degree relative doubles the risk for a future 
cardiovascular event. The ASCVD risk estimator defines a family history of prema-
ture CHD as any CHD in a female first-degree relative before the age of 65 years or 
any male first-degree relative before the age of 55  years (Grundy et  al. 2019). 
Premature CHD in a first-degree female relative is a more potent risk factor com-
pared to a male relative (Scheuner et al. 2008). Additionally, women classified as 
low risk for CHD (using the Framingham Risk Score) but with a female sibling with 
premature CHD are more likely to have evidence of subclinical CHD by coronary 
artery calcium than those with a male sibling with premature CHD, demonstrated in 
a study of 102 asymptomatic women (Michos et al. 2005). The 2018 ACC/AHA 
guidelines on the treatment of blood cholesterol to reduce ASCVD risk in adults 
recommend the consideration of any family history of premature CVD when assess-
ing risk in asymptomatic adults (Grundy et al. 2019).

 Hypertension

Hypertension diagnosis thresholds have been redefined and lowered from 
140/90 mmHg to 130/80 mmHg, and as a result, the prevalence of high blood pres-
sure and hypertension has increased (Whelton et al. 2018). Women have a lower 
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overall prevalence of hypertension compared to men. Based on the National Health 
and Nutrition Examination Survey (NHANES) 2017–2018, the overall prevalence 
of hypertension is higher among men (51.0%) compared with women (39.7%), with 
the lower overall rate in women largely driven by low rates of hypertension in pre-
menopausal women. After the age of 60, hypertension rates are not significantly 
different between women and men (73.9% vs. 75.2%, respectively) (Ostchega et al. 
2020). Women are more likely to be aware of their diagnosis of hypertension and 
are more likely to have their hypertension controlled when compared with men 
(53% vs. 46%) (Fryar et al. 2017). Oral contraception raises blood pressure on aver-
age 7–8 mmHg, yielding a two- to threefold rise in hypertension in women (Shufelt 
and Bairey Merz 2009).

Hypertension has a greater impact on CVD in women over the age of 60 when 
compared with men. Hypertension is associated with an increased risk of the devel-
opment of congestive heart failure in both sexes, but the risk appears to be greater in 
women (Drazner 2011). Women are more likely to have a history of hypertension 
when presenting with a stroke compared with men (Bushnell et al. 2014). The life-
time risk of a stroke is greater in women compared with men, related to a greater life 
expectancy in women, since the risk of a stroke increases with age. In one study of 
both conventional and ambulatory blood pressure assessments that included 4960 
men and 4397 women, women were found to have a larger increase in the risk of 
cardiovascular events with increases in blood pressure when compared with men 
(Boggia et al. 2011).

Although it is well established that blood pressure increases with age, the 
increase noted is not simply a result of menopause in women. Recent work has 
demonstrated significant sex differences in blood pressure trajectories with age, 
with evidence that in women systolic blood pressure increases more rapidly and 
begins early in life (Ji et al. 2020). Such biological differences may assist in explain-
ing the sex-specific pathophysiological effects of hypertension that are seen 
in women.

 Diabetes

Although the prevalence of diabetes is similar in women and men (32.4% vs. 32.7%, 
respectively), the presence of diabetes confers a greater risk for CHD in women 
compared with men, increasing a woman’s risk of CHD by three- to sevenfold with 
only a two- to threefold increase in diabetic men. In addition, the risk of fatal CHD 
in a diabetic woman is 3.5 times higher than in a nondiabetic woman, and higher 
than seen in diabetic men (relative risk of fatal CHD is twice that of a nondiabetic 
man) (Regensteiner et al. 2015). Similarly, type 1 diabetes poses a greater risk for 
cardiovascular events in women when compared with men. Women with type 1 
diabetes have double the risk of fatal and nonfatal cardiovascular events when 
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compared with men with type 1 diabetes, in addition to a 40% greater risk of all-
cause mortality (Huxley et al. 2015). In a very large meta-analysis that included 47 
cohort studies, it was demonstrated that diabetes was associated with a greater risk 
of heart failure in women when compared with men with diabetes, and the sex dif-
ference was greatest in those with type 1 diabetes (Ohkuma et al. 2019).

The American Diabetes Association (ADA) suggests screening for diabetes in 
women and men over the age of 45 years, and then every 3 years if the results are nor-
mal (Professional Practice Committee 2020). Nonetheless, in women with a history 
of gestational diabetes, diabetes screening should occur 6–12 weeks postpartum, 
and then should continue every 3 years, if the test results are normal. Additionally, 
the ADA recommends screening women with polycystic ovarian syndrome if they 
are overweight or obese due to the association of polycystic ovarian syndrome with 
insulin resistance and diabetes (Professional Practice Committee 2020).

 Dyslipidemia

The NHANES 2015–2018 data shows that although dyslipidemia is common in 
women, it is decreasing over time (Carroll and Fryar 2020). Elevated total choles-
terol (greater than 240 mg/dL) is present in 12.1% of adult women and 10.5% of 
men. The only age group where women have a lower total cholesterol than men is 
those under the age of 40 years. Elevated total cholesterol is affected by women 
having higher high-density lipoprotein cholesterol (HDL-C) levels compared with 
men, but this may also reflect undertreatment of dyslipidemia in women. Despite 
women being eligible for statin therapy, it has been shown that women are less 
likely to be treated with any statin, and once started on a statin, are less likely to be 
treated with the recommended intensity of statin based on risk (Nanna et al. 2019).

HDL-C levels remain higher in women throughout their lives, (Carroll et  al. 
2015-2016) and on average HDL-C levels in women are ~10 mg/dL higher than in 
men. HDL-C is inversely associated with ASCVD events, (Mora et al. 2011) but 
HDL-C as a target of therapy has never improved outcomes, and thus far, is not the 
target of ASCVD risk assessment.

Low-density lipoprotein cholesterol (LDL-C) remains the primary target of 
ASCVD risk assessment (Grundy et al. 2019). Nuclear magnetic resonance (NMR) 
spectroscopy lipoprofiles, apolipoproteins, and particle size and density have not 
demonstrated superiority over a standard fasting lipid profile for cardiovascular risk 
assessment in asymptomatic women (Mora et al. 2009).

Adverse lipid profile changes occur during menopause in women, including 
increased total cholesterol, LDL-C and triglyceride levels, and decreased HDL-C 
levels, although it remains unclear how much of these changes in lipids are due to 
aging alone, as opposed to being due to menopause-related hormonal changes 
(Polotsky and Polotsky 2010a).
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 Cigarette Smoking

Cigarette smoking remains the leading cause of preventable cardiovascular deaths. 
Although public health measures have effectively reduced the prevalence of ciga-
rette smoking in the United States, in 2018, 16% of men and 12% of women reported 
regular tobacco use, and the prevalence of newer tobacco products such as 
e- cigarettes has increased (Creamer et al. 2019). Although women smoke less than 
men, the effects of cigarettes may be more detrimental in women than men (Palmer 
et al. 2019). Female smokers die 14.5 years earlier than female nonsmokers, and 
male smokers die 13.2  years earlier than male nonsmokers (US UDoHaHS, 
Department of Health and Human Services PHS, Centers for Disease Control and 
Prevention NCfC, Disease Prevention and Health Promotion OoSa, Health 2004). 
Women aged 18–49 years who smoke cigarettes have a 13 times greater risk for 
myocardial infarction (MI) than nonsmoking women. Oral contraception use com-
bined with cigarette use produces pro-thrombotic effects that promote a higher risk 
for MI than cigarette smoking alone. The risk for MI in a woman smoking 25 or 
more cigarettes a day increases by 12-fold, while the risk of smoking 25 or more 
cigarettes a day and taking oral contraception increases a woman’s risk for MI by 
32-fold (Rosenberg et al. 2001). Third-generation hormonal contraceptives appear 
to pose less risk than prior generation formulations (Shufelt and Bairey Merz 2009). 
The current recommendations from the American College of Obstetricians and 
Gynecologists (ACOG) caution against prescribing oral contraceptives to women 
over the age of 35 who smoke cigarettes (Shufelt and Bairey Merz 2009).

Smoking cessation significantly reduces CVD risk in women. The risk of mortal-
ity of any cause in former smokers decreases to nearly that of never smokers after 
smoking cessation has been achieved for 15 years (Pirie et al. 2013). Smoking ces-
sation works differently in women compared with men as a result of biological dif-
ferences between the sexes. There are more nicotine receptors in the male brain, and 
as a result, nicotine replacement appears to be more effective in men when com-
pared with women. Varenicline, on the other hand, has been shown to be more effec-
tive as a smoking cessation aid in women (McKee et al. 2016).

 Physical Activity/Physical Fitness

The association of physical activity and cardiovascular health is well-defined, but 
physical inactivity is far too common and particularly prevalent in women of all 
ages when compared with men. Women are more likely to report not meeting the 
physical activity guidelines compared with men (47% vs. 38%), and this differ-
ence worsens with age (Control CfD 2017). Nonetheless, there is a gender bias in 
physical activity measurement instruments, which do not collect domestic activi-
ties such as cooking, cleaning, and childcare, and may account for these observed 
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differences. Based on the 2017 National Health Interview Survey, adult women 
reported performing less leisure-time physical activity than men in all age catego-
ries (Control CfD 2017). Physical inactivity is associated with higher blood pres-
sure, elevated cholesterol, poorer glucose metabolism, poorer mental health, and 
obesity. Physical inactivity, quantified by prolonged sitting time, has been shown 
to be an independent risk factor for CVD in women beyond leisure-time physical 
activity (Chomistek et al. 2013).

Exercise capacity, also known as physical fitness, strongly and independently 
predicts all-cause mortality in asymptomatic women and can be quantified. In the 
Women Take Heart Project, asymptomatic women who did not achieve 5 metabolic 
equivalents (METs) on the Bruce protocol had a threefold increased risk of death 
compared with women who achieved >8 METs (Gulati et al. 2003). Furthermore, 
the risk of death among asymptomatic and symptomatic women whose exercise 
capacity was less than 85% of the predicted value for age was at least twice that of 
women whose exercise capacity was at least 85% of their age-predicted value 
(Gulati et  al. 2005). Age-predicted fitness can be estimated using the validated 
nomogram (Fig. 10.1).
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Fig. 10.1 Nomogram of the percentage or predicted exercise capacity for age in asymptomatic 
women. A line drawn from the patient’s age on the left-hand scale to the MET value on the right- 
hand scale will cross the percentage line corresponding to the patient’s percentage of predicted 
exercise capacity for age. METS metabolic equivalents. (From Gulati et al. 2005)
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 Metabolic Syndrome

There is no difference in the prevalence of metabolic syndrome in women and men 
based on the NHANES data from 2011 to 2016 (35.1% of women vs 34.3% of men, 
p = 0.47) (Hirode and Wong 2020). Women with metabolic syndrome have a greater 
risk of developing CHD, with a relative risk of 2.63, compared to a relative risk of 
1.98 in men with metabolic syndrome, when compared to their same gender coun-
terparts without metabolic syndrome (Gami et al. 2007).

 Obesity

Obesity is defined as a body mass index (BMI) of >30 kg/m2 and, based on the 
2017–2018 NHANES data, affects 41.8% of women, similar to what is seen in men 
(Hales et  al. 2020). The obesity epidemic is tied closely to the rise in diabetes 
because the two are inextricably linked. In the Nurses’ Health Study, obesity was 
the most powerful predictor of diabetes in women, and those with a BMI ≥35 kg/m2 
had an almost 40-fold greater relative risk for diabetes when compared with women 
with a BMI under 23 kg/m2. The pattern of obesity appears to affect CVD risk – for 
example, an elevated waist circumference above 35 inches, indicative of visceral 
obesity, is associated with elevated CVD risk, whereas elevated with BMI alone is 
not (Olson et al. 2006).

Although obesity has also been associated with increased mortality from CVD 
and shortened life expectancy from CVD, (Flegal et al. 2007) obesity itself does not 
appear to be an independent risk factor for CVD given that obesity is strongly asso-
ciated with many of the traditional CHD risk factors (Flegal et al. 2013). The effect 
of obesity may be countered by physical fitness. Women who are obese and fit have 
been shown to not be at an elevated risk of CVD; in contrast, lean women who are 
not physically fit appear to have an elevated risk of CVD (Wessel et al. 2004).

 High-Sensitivity C-Reactive Protein

High-sensitivity C-reactive protein (hsCRP) is a marker of inflammation, with a 
noted elevation in hsCRP in premenopausal women, possibly due to the effect of 
estrogen on hsCRP (Lakoski et al. 2006). hsCRP has not been shown to be a causal 
risk factor for CVD, but it may improve risk detection in women (Cook et al. 2006). 
The Women’s Health Study demonstrated that CVD risk prediction in women 
improved in a model that included hsCRP (Cook et  al. 2006). For women with 
metabolic syndrome, hsCRP may add prognostic information regarding cardiac 
risk. In one study, women with metabolic syndrome and hsCRP levels greater than 
3.0 mg/L had almost twice the risk of future cardiovascular events than women with 
metabolic syndrome and an hsCRP less than 3.0 mg/L (5 s1) (Ridker et. al 2003). 
Measuring hsCRP is not recommended in routine risk assessment of women, but 
rather as an option in those persons in the intermediate-risk range based on the 
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ASCVD Risk Score (Pearson et al. 2003). An elevated hsCRP (>2.0 mg/L) is con-
sidered an ASCVD risk-enhancing factor (Grundy et al. 2019).

 Sleep Apnea

Obstructive sleep apnea is more prevalent in men compared with women, with a 
male-to-female ratio of about 2:1, but remains common in women and is particu-
larly associated with obesity (Franklin and Lindberg 2015). Sleep apnea is often 
underrecognized in terms of its impact on CVD. Sleep apnea is believed to induce 
severe intermittent hypoxemia and CO2 retention during sleep, with oxygen satura-
tion sometimes dropping to ≤60%, disrupting the normal autonomic and hemody-
namic responses to sleep. Untreated obstructive sleep apnea is associated with an 
increased risk of hypertension, coronary artery disease, stroke, and atrial fibrillation 
in women (Campos-Rodriguez et  al. 2012). Untreated sleep apnea in women is 
associated with at least a threefold greater risk of dying from CVD. However, this 
risk is reduced to the same as a woman without sleep apnea once the sleep apnea is 
treated (Campos-Rodriguez et al. 2012).

 Sex-Specific Risk Factors

 Age of Menarche

The age at onset of menarche is associated with the development of ASCVD. Both 
early (occurring at or before the age of 12 years) and late menarche (>15 years) are 
associated with an increased risk of MI, stroke, and heart failure hospitalizations. In 
the WISE (Women’s Ischemia Syndrome Evaluation) study, a history of menarche 
at age ≤ 10 years or ≥ 15 years was associated with an increased risk of cardiovas-
cular events, with a hazard ratio of 4.53 (95% CI 2.13–9.63) and 2.58 (95% CI, 
1.28–5.21), respectively, when compared with women with menarche at age 
12 years (Lee et al. 2019).

 Pregnancy-Associated Conditions

Eclampsia, Preeclampsia, and Gestational Hypertension

Pregnancy-induced hypertension, which includes gestational hypertension, pre-
eclampsia, and eclampsia, is associated with an increased risk of hypertension, 
chronic kidney disease, diabetes, and CVD (including heart failure, stroke, and 
myocardial infarction) (Savitz et al. 2014; Mannisto et al. 2013; Brown et al. 2006). 
The UK Biobank cohort, a prospective study of over 220,000 women followed for 
a median of 7 years, demonstrated that women with hypertension during pregnancy 
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were not just at greater risk of chronic hypertension, but also had a greater risk of 
developing coronary artery disease, heart failure, aortic stenosis, and mitral regurgi-
tation (Honigberg et al. 2019). From a causal standpoint, 64% of those with coro-
nary artery disease and 49% of those with heart failure were driven by chronic 
hypertension, meaning that treating hypertension in this group is of critical impor-
tance. In women with a history of preeclampsia, there is a twofold increased risk for 
subsequent ischemic heart disease, stroke, or venous thromboembolic events over 
the 5–10 years that follow the pregnancy (Bellamy et al. 2007). In those with prior 
preeclampsia, the median age of a stroke is ≤50 years, suggesting an acceleration of 
ASCVD, despite most women being premenopausal and lower risk using traditional 
risk scores (Ben-Ami et al. 2010). Despite this association with elevated ASCVD 
events, it is unclear whether future cardiac events are a result of the hypertension 
during pregnancy or a consequence of pre-pregnancy risk factors (Romundstad 
et al. 2010). Hypertension during pregnancy has been recognized as a risk- enhancing 
factor by the 2018 guidelines on the management of blood cholesterol (Grundy 
et al. 2019). Hypertensive disorders of pregnancy are noted in the 2014 guidelines 
for stroke prevention in women to be associated with an increased risk of stroke 
during pregnancy and also after the associated pregnancy, both immediately and 
years after (Bushnell et al. 2014).

Gestational Diabetes

Gestational diabetes is associated with an increased risk of future diabetes and 
CVD. A nationwide study from France followed all women who gave birth from 
2007 to 2008; those with gestational diabetes had a greater risk of myocardial 
infarction, angina, and hypertension over the 7 years that followed (Goueslard et al. 
2016). Another analysis of over five million women from a pooled analysis of nine 
studies demonstrated that women with gestational diabetes had a twofold greater 
risk of cardiovascular events in the first 10 years postpartum, compared with women 
without gestational diabetes, independent of those who developed type II diabetes 
(Kramer et al. 2019).

Preterm Delivery

Preterm delivery is defined as birth prior to 37 weeks’ gestation and complicates 
about 11% of deliveries. The underlying causes and mechanisms are not entirely 
clear, but there is a strong association with preterm delivery and maternal risk of 
CHD and stroke, with an even greater risk in preterm deliveries before 32 weeks’ 
gestation (Wu et al. 2018).
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Small-for-Gestational-Age Infant

Small-for-gestational-age (SGA) births are defined as newborns below the tenth 
percentile for the gestational age and are estimated to occur in 15 of every 1000 
births in the United States (Ewing et al. 2017). SGA can be a result of maternal fac-
tors, including height, weight, race, and ethnicity, but also a result of environmental 
factors. Delivery of an SGA infant has been shown to be associated with an increased 
maternal risk of ASCVD. The National Health and Nutrition Examination Survey 
has demonstrated an increased risk of ischemic heart disease in women with an 
SGA delivery, independent of risk factors for ischemic heart disease (Bukowski 
et al. 2012). Risk of maternal CVD after delivering an SGA infant has been shown 
to be dose dependent, according to both the severity of SGA and the number of SGA 
infants (Ngo et al. 2015).

Miscarriages/Stillbirths

There is some association between miscarriages and stillbirths and an increased risk 
of CVD. The risk seems more associated with the risk of CHD rather than stroke, as 
demonstrated by the Women’s Health Initiative, where the postmenopausal women 
who reported one or more miscarriages or stillbirths had a greater risk of CHD 
(Parker et al. 2014). This relationship appears to persist even after controlling for 
the increase in ASCVD risk factors (Hall et al. 2019). The risk of CHD appears to 
be greatest in those women with multiple miscarriages or stillbirths (Asgharvahedi 
et al. 2019). As part of a complete ASCVD risk assessment, a complete pregnancy 
history, including miscarriages and stillbirths, should be documented.

Assisted Reproductive Therapies

Hormonal therapies used for infertility have increased and are estimated to be used 
in approximately 1% of all births. To date, the available data does not suggest an 
increased risk of ASCVD in women who undergo assisted reproductive therapy 
(ART). The largest data available comes from Canada from the General Reproductive 
Assistance and Vascular Illness (GRAVID) study, which is a population-based study 
used to assess long-term risk of CVD following fertility therapy. In those women 
who gave birth and received fertility therapy, their risk of CVD or death in the next 
decade was approximately half that compared with women who gave birth without 
ART (HR 0.55, p < 0.0001) (Udell et al. 2013). Nonetheless, in women who require 
reproductive therapies, there has been a noted increase in pregnancy-induced hyper-
tension (Thomopoulos et al. 2013). The use of fertility therapy in pregnancy is not 
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considered an independent risk factor for ASCVD. However, for women who fail to 
get pregnant with fertility therapy, there appears to be an early signal toward an 
increased risk for future ASCVD events (Udell et al. 2017). Failed fertility therapy 
may be an indicator for future ASCVD risk and may itself pose as a unique cardio-
metabolic stress test. This hypothesis warrants further investigation.

 Polycystic Ovary Syndrome

Polycystic ovarian syndrome (PCOS) is unique to women and affects about 18% of 
reproductive-age women (Teede et al. 2010). The diagnosis of PCOS requires two 
or more of the following to be present: (Virani et al. 2020) menstrual irregularities, 
(Wilmot et al. 2015) hyperandrogenism, and (Arora et al. 2019) polycystic ovaries. 
Although the symptoms of PCOS are seen in premenopausal women, the associa-
tion with CVD risk factors persists into the postmenopausal years. PCOS has been 
shown to be associated with an increase in the development of many CVD risk fac-
tors, including features of metabolic syndrome, insulin resistance, and diabetes, 
when compared with women without PCOS (Moran et al. 2010). Nonetheless, it 
remains unclear if PCOS is an independent risk factor for premature CVD in 
women. In the NHLBI-sponsored WISE study of postmenopausal women with 
PCOS and suspected myocardial ischemia, there was no greater risk of CVD or 
mortality over 10 years of follow-up when compared with women without PCOS 
(Shaw et al. 2008). Similarly, a case–control study of age-matched women with and 
without PCOS was followed for 21 years, and despite an increase in hypertension 
and higher triglycerides in women with PCOS, there was no increase in cardiovas-
cular events (Schmidt et  al. 2011). In contrast, a large Danish fertility registry 
showed that women with PCOS were at a 19% greater risk of developing CVD 
when under the age of 50, but after the age of 50 years there was no difference in the 
risk of CVD in those with or without PCOS (Oliver-Williams et al. 2020).

 Functional Hypothalamic Amenorrhea

Functional hypothalamic amenorrhea (FHA) is a cause of premenopausal ovarian 
dysfunction and occurs when gonadotropin-releasing hormone increases, thereby 
increasing luteinizing hormone and reducing estrogen, ultimately causing amenor-
rhea. Psychological stressors or metabolic insults such as caloric restriction or 
excessive exercise can induce FHA. FHA may be associated with an increased risk 
of CVD. In a large cohort study, women with menstrual irregularities had a 50% 
increased risk of nonfatal and fatal coronary heart disease compared to women with 
regular menstrual cycling. The association of FHA with premature coronary athero-
sclerosis has been demonstrated in women who underwent coronary angiography, 
but the use of oral contraceptive therapy may offer some protection (Merz et al. 
2006). Further work to delineate this risk needs to be done.
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 Premature Menopause and Premature Ovarian Insufficiency

The concept that circulating estrogen is cardioprotective has been the explanation 
for the delayed onset of CVD in women when compared with men. Premature 
menopause has been shown to be associated with an increased risk of CVD. A meta- 
analysis demonstrated that women who experienced menopause at an age younger 
than 45 years were more likely to have an incident of coronary heart disease event 
(RR 1.50 [1.28–1.76]) compared with women undergoing menopause at 
age ≥ 45 years (Muka et al. 2016). The UK Biobank data demonstrated an inverse 
relationship between age of menopause and risk of CHD and stroke (Peters and 
Woodward 2018).

Premature ovarian insufficiency (POI) differs from premature menopause, but is 
also associated with an increased risk of CVD (Christ et al. 2017; Daan et al. 2016). 
POI is defined as ovarian failure before the age of 40 years, resulting in a prolonged 
exposure of estrogen insufficiency in women. A meta-analysis from 10 observa-
tional studies, including more than 190,000 women, demonstrated that POI was 
modestly associated with an increased incidence of CHD (HR 1.69; p = 0.0001) but 
not with stroke (Roeters van Lennep et al. 2016).

The ACC/AHA guidelines recognized premature menopause (before age 
40 years) as a risk-enhancing factor (Grundy et al. 2019). Noting the age of meno-
pause or a history of premature ovarian insufficiency should be part of a woman’s 
ASCVD risk assessment.

 Reproductive Hormones

Oral Contraceptive Therapy

The use of combination estrogen–progestin oral contraceptives is associated with a 
low risk of CVD in most women who are healthy and free of CVD and cardiovas-
cular risk factors. On the other hand, women who smoke over the age of 35, have 
uncontrolled hypertension, a history of thromboembolic disease, or a history of 
ischemic heart disease have an unacceptable elevated risk of CVD if using oral 
contraceptives, and these women must be counseled regarding their risk and con-
sider other forms of contraceptive therapies (Shufelt and Bairey Merz 2009; 
Bushnell et al. 2014; Curtis et al. 2016).

Postmenopausal Hormone Therapy

The majority of women develop CVD when they are postmenopausal, and often 
concomitantly have an increase in CVD risk factors, including older age (Polotsky 
and Polotsky 2010b). The hypothesis that postmenopausal hormone therapy could 
reduce CVD risk was supported by observational data but not by randomized 
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controlled trials. The Heart and Estrogen/Progestin Replacement Study (HERS) I, 
HERS II, Women’s Health Initiative (WHI), and Raloxifene Use for The Heart 
(RUTH) did not find that hormone therapy or selective estrogen receptor modulators 
(SERMs) prevent either primary or secondary CVD events. Hormone replacement 
therapy and SERMS should not be used for the primary or secondary preven-
tion of CVD.

 Sex-Predominant CVD Risk Factors

 Autoimmune Disorders

Systemic inflammation is the basis of cardiovascular disease and also of autoim-
mune disorders. Women have greater levels of inflammation when compared with 
men and also have a greater prevalence of autoimmune diseases. Such disorders 
include rheumatoid arthritis (RA) and systemic lupus erythematosus (SLE), and 
both are associated with accelerated atherosclerosis, ischemic heart disease, and 
CVD mortality (Mason and Libby 2015; del Rincon et al. 2015; Faccini et al. 2016; 
Prasad et al. 2015). Individuals with RA have a two- to threefold higher risk of MI 
and a 50% higher risk of stroke (del Rincon et al. 2015). Cardiovascular events often 
occur in younger women with SLE, with a risk for acute MI 9- to 50-fold greater 
than the general population (Sinicato et al. 2013). Traditional risk factors such as 
smoking, family history of premature CHD, hypertension, and elevated cholesterol 
do not completely account for the increased risk of CHD in patients with 
SLE.  Autoimmune disorders (diseases of chronic inflammation) are included as 
ASCVD risk enhancers in the 2018 ACC/AHA cholesterol guidelines (Grundy 
et al. 2019).

 Breast Arterial Calcification

Breast arterial calcification can be identified on traditional mammography. Given its 
routine use in screening breast cancer in women, it is being evaluated as a potential 
ASCVD risk stratification tool and surrogate marker of ASCVD. This information 
comes with no additional radiation or costs, and is done routinely in women over the 
age of 40 years, with approximately 65% of women undergoing mammography in 
this age group (National Center for Health Statistics (US) 2017). Mammography 
detects patterns of calcifications in breast tissue, with the goal to identify precancer-
ous or malignant cells, but similar calcifications can deposit along the arteries in the 
breast in a linear fashion. Multiple observational studies have demonstrated an asso-
ciation between breast arterial calcification and ASCVD, (Maas et al. 2007; Yoon 
et  al. 2019; Newallo et  al. 2015; Margolies et  al. 2016) although one study has 
demonstrated no association between such calcifications and ASCVD (Moradi et al. 
2014). To date, there are no prospective studies to validate these findings and 
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provide a clinical application. There are some technological challenges for repro-
ducible assessment, some of which may be operator dependent. Nonetheless, there 
is a need to push for mammography reports to include breast arterial calcification, 
which can then be incorporated into the risk-stratification assessment for ASCVD.

 Breast Cancer Therapy

Although breast cancer can occur in men, it occurs with a much greater incidence in 
women. Recent advances in breast cancer treatment have led to improved survival 
for women but an elevated risk for CVD (Bradshaw et al. 2016). Breast cancer and 
CVD share a number of common risk factors, and in addition, the therapies used to 
treat breast cancer have the potential for direct cardiovascular injury that can accel-
erate both atherosclerosis and heart failure (Gulati and Mulvagh 2018). Commonly 
used chemotherapeutic agents, such as anthracyclines and trastuzumab, increase the 
risk of heart failure. In a large retrospective analysis of Medicare data of more than 
45,000 older women who had early-stage breast cancer, the risk of developing heart 
failure was increased in women who received either trastuzumab (32.1/100 patients) 
or anthracycline plus trastuzumab (41.9/100 patients) compared with no adjuvant 
therapy (18.1/100 patients, p < 0.001). The addition of trastuzumab to anthracycline 
therapy added 12.1, 17.9, and 21.7 heart failure/cardiomyopathy events per 100 
patients over 1, 2, and 3  years of follow-up, respectively (Chen et  al. 2012). 
Radiation therapy for breast cancer is associated with an increased risk of athero-
sclerosis and the development of ischemic heart disease. The risk is directly propor-
tional to the mean radiation dose, with an increase in CVD events of 7.4% for every 
Gray (Gy) of radiation (95% CI, 2.9–14.5; p  <  0.001). The risk of IHD begins 
within a few years after exposure and appears to continue for at least 20 years fol-
lowing the radiation exposure. The risk is greater in those with more CVD risk fac-
tors present at the time of radiation initiation (Darby et al. 2013).

Providing ASCVD risk assessment at the time of the breast cancer diagnosis and 
treatment is vital and should be a combined effort of oncologists and cardiologists 
to emphasize to women that a history of breast cancer is considered an ASCVD 
risk-enhancing factor (Grundy et al. 2019). Further, a long-term post-treatment sur-
veillance strategy for CVD needs to be implemented in women with a history of 
breast cancer therapies.

 Cardiovascular Disease Risk Assessment

ASCVD risk assessment helps identify those at the highest risk of developing 
ASCVD. This allows the appropriate intensity of screening and allocation of pre-
ventive therapies, including therapeutic lifestyle changes to reduce ASCVD risk. 
Although there are a number of risk assessment tools available, the tool chosen 
should be validated on the population to which it is being applied to. The risk 
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estimator of choice in the United States is the pooled cohort equations (PCEs), 
despite its acknowledged limitations in certain populations (Goff et al. 2014). The 
2018 ACC/AHA guidelines on the treatment of blood cholesterol to reduce ASCVD 
in adults rely on the PCE as the initial step in ASCVD risk estimation, but now 
incorporate risk enhancers to refine the risk assessment, and as described above, 
many of the risk enhancers are sex-specific for women (Grundy et al. 2019). Risk-
enhancing factors allow women to be reclassified, and this includes the sex-specific 
and sex- predominant risk enhancers that impact women specifically (Fig. 10.2).

Disclosures None.
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Chapter 11
Ethnic Factors in the Assessment 
of Cardiovascular Risk for Primary 
Prevention

Harpreet S. Bhatia, Irvin Xu, Pam R. Taub, and Michael J. Wilkinson

 Introduction

The United States is becoming more ethnically diverse, and care of patients should 
take ethnic factors into account when providing recommendations for primary pre-
vention of cardiovascular disease (CVD). However, there is a lack of clinical trial 
data for primary prevention of CVD in diverse populations. Large multiethnic 
cohorts have developed over time and have shown that the prevalence of disease and 
risk factors, association of risk factors with disease, and amount of risk accounted 
for by risk factors are all affected by ethnicity. A comprehensive understanding of 
the interaction between ethnicity and cardiovascular risk is needed to care for a 
diverse patient population. This chapter will review the differences in cardiovascu-
lar disease, traditional risk factors, and novel risk factors by ethnicity.

In the United States, the percentage of non-Hispanic White  individuals in the 
population is steadily decreasing, while the proportion of Hispanic/Latino, African 
American/Black, Asian, and Native American/Alaska Native individuals is increas-
ing (Fig.  11.1) (Humes et  al. 2010; U.S.  Census Bureau U.S.  Census Bureau 
QuickFacts: United States 2020). From 2000 to 2019, non-Hispanic White individ-
uals decreased from 69.1% to 60.1%, Hispanic/Latino individuals increased from 
12.5% to 18.5%, African American/Black  individuals  increased from 12.3% to 
13.4%, Asian  individuals increased from 3.6% to 5.9%, and Native  American/
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Alaska Native  individuals increased from 0.9% to 1.3% (Humes et  al. 2010; 
U.S.  Census Bureau U.S.  Census Bureau QuickFacts: United States 2020) 
(Fig.  11.1). European countries are also becoming more ethnically diverse with 
minorities being disproportionately affected by CVD risk factors (Dal Canto et al. 
2018). Given this increasing diversity, there is a greater need for scientific literature 
that reflects the changing demographics.

The prevalence of CVD (coronary heart disease (CHD), heart failure, stroke, and 
hypertension) in adults at least 20 years of age, based on data from 2013 to 2016, is 
48% in the overall US population, with increasing prevalence with age, and highest 
in African American/Black individuals and lowest in Asian individuals, with limited 
data available on Native Americans (Virani et al. 2020). Death due to CVD progres-
sively rose from the 1900s to the 1980s, subsequently declined until 2010, and now 
has started to rise again. Coronary heart disease is the leading cause of cardiovascu-
lar death, followed by stroke, hypertension, and heart failure. A significant portion 
of cardiovascular disease mortality can be prevented through optimization of known 
risk factors, and there is significant variation in risk factors based on race/ethnicity 
and socioeconomic factors. There remains a disparity in life expectancy between 
White and African American/Black males, although it is decreasing (Virani 
et al. 2020).

Despite the growing diversity in the United States, clinical trials, including pri-
mary prevention trials, which guide care and risk assessment of patients, have not 
consistently reflected that diversity. In a study of pivotal clinical trials for novel 
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cardiometabolic drugs studied from 2008 to 2017, White individuals represented 
81%, African American/Black individuals represented 4%, and Asian  individuals 
represented 12% of the study population. Hispanic/Latino ethnicity was available in 
only a subset of studies and represented 11% of that population (Khan et al. 2020). 
Modern primary prevention trials have also underrepresented minorities (Table 11.1). 
In assessing statins for primary prevention, the JUPITER trial had representation of 
African American/Black participants similar to the overall US population but under-
represented Hispanic/Latino and Asian participants (Ridker et  al. 2008a). The 
HOPE-3 trial had excellent representation of Chinese, South Asians, and Hispanic/
Latinos but poor representation of African American/Black participants (Yusuf 
et al. 2016). All three modern trials of aspirin (ARRIVE, ASCEND, ASPREE) for 
primary prevention had poor representation of ethnic minorities with more than 
90% White participants (Gaziano et al. 2018; McNeil et al. 2018; Effects of aspirin 
for primary prevention in persons with diabetes mellitus 2018). In one study of 
modern trials of antidiabetic drugs for cardiovascular outcomes, representation of 
African American/Black individuals was <5% in five of seven trials assessed (Hoppe 
and Kerr 2017). Efforts are being made to improve representation of women and 
minorities in clinical research. For example, the National Institutes of Health (NIH) 
has a mandate for the inclusion of women and minority groups in NIH-funded 

Table 11.1 Ethnic representation in primary cardiovascular disease prevention clinical trials

Year Trial Topic Representation

2008 JUPITER (Ridker et al. 2008a) Statins for primary 
prevention

71.2% White
12.7% Hispanic/Latino
12.5% African American/
Black
3.6% Other

2016 HOPE-3 [7] Statins for primary 
prevention

29.0% Chinese
27.5% Hispanic/Latino
20.0% White
14.6% South Asian
5.5% Other Asian
1.8% African American/
Black
1.6% Other

2018 ASCEND (Effects of aspirin for 
primary prevention in persons with 
diabetes mellitus 2018)

Aspirin for 
primary prevention

96.5% White

2018 ARRIVE (Gaziano et al. 2018) Aspirin for 
primary prevention

97.9% White

2018 ASPREE (McNeil et al. 2018) Aspirin for 
primary prevention

91% White
5% African American/
Black
3% Hispanic/Latino
1% Asian
1% Other
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research (Inclusion of Women and Minorities as Participants in Research Involving 
Human Subjects 2021).

There is a need for more studies of ethnicity and cardiovascular risk factors. In a 
systematic review of North American studies, risk factor differences in African 
American/Black and White populations are the most commonly studied (79.1%), 
followed by those in Hispanic/Latinos and White (44.5%), Indigenous and White 
(23.6%), Chinese and White (20.0%), Filipino and White (15.5%), and Arab and 
White populations (3.6%). The authors note that much of the evidence within popu-
lations is conflicting, making it difficult to draw conclusions (Gasevic et al. 2015). 
Ethnicity is difficult to study due to variation in methods of identification and study 
types, and given that ethnicity is often self-identified (Dal Canto et al. 2018). In 
addition, ethnicities are not uniform. For example, among Hispanic/Latino individ-
uals, there are varying levels of markers for cardiovascular disease as well as differ-
ences in the magnitude of association between traditional risk factors and coronary 
artery calcification (Gasevic et al. 2015).

Longitudinal cohort studies, particularly modern multiethnic cohort studies, 
have sought to fill these knowledge gaps (Table 11.2). Much of our current under-
standing of cardiovascular disease and risk factors comes from the Framingham 
Heart Study (FHS). Through the FHS, risk factors such as hypertension, hypercho-
lesterolemia, smoking, obesity, diabetes, age, and sex were identified (Tsao and 
Vasan 2015). Although these findings have been shown to apply to ethnic minori-
ties, the first three cohort generations only included White individuals and may have 
underappreciated specific ethnic factors (Tsao and Vasan 2015). More diverse 
cohorts, OMNI-1 and OMNI-2, were subsequently created to better reflect 

Table 11.2 Ethnic representation in cardiovascular disease longitudinal cohort studies

Year started Study name Population Area of interest

1948 (original)
1994
(OMNI-1)
2003
(OMNI-2)

Framingham Heart Study 
(FHS) (Tsao and Vasan 2015)

Original: 100% 
European 
ancestry
OMNI-1:
  42% Hispanic/

Latino
  28% African 

American/
Black

  24% Asian
  6% Other
OMNI-2:
  42% Hispanic/

Latino
  28% African 

American/
Black

  24% Asian
  6% Other

Identification of risk 
factors for 
cardiovascular disease to 
guide prevention
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Table 11.2 (continued)

Year started Study name Population Area of interest

1986 Atherosclerosis Risk in 
Communities (ARIC) (The 
atherosclerosis risk in 
communit (aric) stui)y: design 
and objectwes 1989; Cohort 
Description|Atherosclerosis 
Risk in Communities 2020)

73% White
27% Non-White 
(predominantly 
African 
American/Black)

Variation in 
cardiovascular risk 
factors, medical care, 
and disease by 
demographics and 
identification of the 
etiology of 
atherosclerosis and its 
clinical consequences

1988 Strong Heart Study (Lee et al. 
1990)

100% Native 
American

Cardiovascular disease 
burden, mortality, and 
risk factors in Native 
Americans

1993 Northern Manhattan Stroke 
Study (NOMAS) (Sacco et al. 
1998)

64% Hispanic/
Latino
22% White
13% African 
American/Black

Stroke incidence for 
White individuals, 
African American/Black 
individuals, and 
Hispanic/Latino 
individuals in an urban 
community

1998 The Jackson Heart Study of 
Cardiovascular Disease 
Among African Americans 
(Fuqua et al. 2005)

100% African 
American/Black

Long-term observation 
of CVD risk factors in 
African American/Black 
individuals as an 
outgrowth of ARIC

2000 Multi-Ethnic Study of 
Atherosclerosis (MESA) (Bild 
et al. 2002)

38% White
28% African 
American/Black
23% Hispanic/
Latino
11% Chinese

Subclinical CVD 
prevalence, measures, 
and progression

2003 REasons for Geographic and 
Racial Differences in Stroke 
(REGARDS) (Howard et al. 
2005; Shikany et al. 2015)

58% White
42% African 
American/Black

Assess causes for excess 
stroke mortality in 
southeastern United 
States and in the African 
American/Black 
population

2008 Hispanic Community Health 
Study/Study of Latinos 
(HCHS/SOL) (LaVange et al. 
2010)

100% Hispanic/
Latino

Risk factors for disease 
and association between 
risk factors and disease 
outcomes in Hispanics/
Latinos

2010 Mediators of Atherosclerosis 
in South Asians Living in 
America (MASALA) (Kanaya 
et al. 2013)

100% South 
Asian

Subclinical CVD 
prevalence, measures, 
and outcomes in South 
Asians in the United 
States
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increasing racial and ethnic diversity with significant proportions of African 
American/Black individuals, Hispanic/Latino Americans, and Asian Americans and 
to understand how race and ethnicity interact with traditional and nontraditional risk 
factors (Tsao and Vasan 2015). Other multiethnic cohorts have also been developed 
to better understand cardiovascular disease in minority groups, such as the Multi- 
Ethnic Study of Atherosclerosis (MESA) (Bild et al. 2002), Atherosclerosis Risk in 
Communities (ARIC) (The atherosclerosis risk in communit (aric) stui)y: design 
and objectwes 1989), REasons for Geographic and Racial Differences in Stroke 
(REGARDS) (Howard et  al. 2005), the Northern Manhattan Study (NOMAS) 
(Sacco et al. 1998), Hispanic Community Health Study/Study of Latinos (HCHS/
SOL) (LaVange et al. 2010), Mediators of Atherosclerosis in South Asians Living in 
America (MASALA) (Kanaya et al. 2013), the Jackson Heart Study of Cardiovascular 
Disease Among African Americans (Fuqua et al. 2005), and the Strong Heart Study 
(Lee et al. 1990). These studies included ethnically diverse populations to bridge 
gaps in understanding cardiovascular risk in ethnic groups (Table 11.2).

Additionally, many risk assessment tools used in modern practices are not based 
on ethnically diverse samples (Table 11.3). The Framingham Risk Score for CHD 

Table 11.3 Ethnic representation in development of cardiovascular disease risk assessment tools

Year Tool Topic Representation

1991–
1998

Framingham risk score (Tsao 
and Vasan 2015; Wilson et al. 
1998)

Coronary heart disease 100% European ancestry

2006 Strong Heart Study (Lee et al. 
2006)

Coronary heart disease 100% Native American

2007–
2008

Reynolds risk score (Ridker 
et al. 2007; Ridker et al. 
2008b)

Cardiovascular disease 
risk

95% White women, 5% 
primarily White men

2010 CHA2DS2VASc Score (Lip 
et al. 2010)

Thromboembolism with 
atrial fibrillation

European Cohort, race/
ethnicity data not 
available

2014 ACC/AHA Pooled Cohorts 
Equation (Goff et al. 2014)

Cardiovascular disease 
risk

83% White
17% African American/
Black

2015 MESA Risk Score (McClelland 
et al. 2015)

Coronary heart disease 39% white
28% African American/
Black
22% Hispanic/Latino
12% Chinese

2017 QRISK3 Calculator 
(Hippisley-Cox et al. 2017)

Cardiovascular disease 
risk

89% White
2% Black African
1% Black Caribbean
2% Indian
1% Pakistani
1% Bangladeshi
1% Chinese
1% Other Asian
2% Other
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was developed through the Framingham Heart Study, which was initiated in a single 
geographic area and contained only participants of European ancestry (Tsao and 
Vasan 2015; Wilson et al. 1998). The Reynolds Risk Score for cardiovascular risk 
was developed and validated in cohorts that had poor representation of minority 
groups. Specifically, the Reynolds Risk Score developed initially for women 
included over 95% White female participants (Ridker et  al. 2007; Ridker et  al. 
2008b). Due to these limitations, the ACC/AHA Pooled Cohorts Equation for CVD 
risk was developed using multiple diverse cohorts and included White and African 
American/Black participants but did not have representative samples of other 
minority groups (Goff et  al. 2014). The CHA2DS2VASc score for assessment of 
thromboembolic risk in atrial fibrillation was developed from a subset of a European 
cohort of patients without available data on race/ethnicity and did not account for 
race/ethnicity (Lip et al. 2010). It has subsequently been shown that the addition of 
ethnicity to the score would improve risk prediction (Kabra et  al. 2016). There 
remains a need for tools for risk assessment in more ethnically diverse populations. 
For example, none of the major risk assessment tools are derived from or prospec-
tively validated in South Asians in the United States (Volgman et al. 2018). More 
recently, newer scores have been developed as part of more ethnically diverse cohort 
studies. The MESA 10-year coronary heart disease (CHD) risk score was developed 
using the previously described MESA cohort and takes into account White, Chinese, 
African American/Black, and Hispanic/Latino ethnicities (McClelland et al. 2015). 
QRISK calculators were developed using a diverse patient cohort including South 
Asian, East Asian, and African American/Black participants (Hippisley-Cox et al. 
2017). As part of the Strong Heart Study, a risk calculator for CHD in Native 
Americans was developed (Lee et  al. 2006). The 2019 ACC/AHA Guideline on 
the Primary Prevention of Cardiovascular Disease lists high-risk ethnicity (such as 
South Asian) as a risk-enhancing factor as well as considering waist circumfer-
ences, using ethnically specific cutpoints, as a risk factor given ethnic differences in 
body mass index (BMI) for risk assessment (Arnett et al. 2019).

In general, traditional cardiovascular risk factors, especially modifiable risk fac-
tors, are extremely important in all ethnic groups. The majority of excess risk in 
minority groups is explained by traditional risk factors and socioeconomic factors 
(Volgman et  al. 2018; Henderson et  al. 2007; Thomas et  al. 2005; Safford et  al. 
2012; Tajeu et al. 2020; Matthews et al. 2005; Bravata et al. 2005). When risk fac-
tors are addressed in clinical trial settings, for example, mortality is similar in 
minorities and White participants (Beohar et al. 2013). Immigrants experience dif-
ferent patterns of disease than in their countries of origin, likely related to modifi-
able risk factors such as higher degrees of obesity (Dal Canto et  al. 2018). The 
INTERHEART study demonstrated that, in general, lipids, smoking, and psychoso-
cial factors were the most important global risk factors; however, regional differ-
ences in risk factors were noted. In INTERHEART, apoB/apoA1 ratio, hypertension, 
diabetes mellitus, abdominal obesity, psychosocial factors, lack of fruit and vegeta-
ble intake, regular alcohol use, and lack of regular physical activity accounted for 
more than 90% of the risk associated with acute myocardial infarction in the general 
population and in most racial/regional subgroups (Yusuf et  al. 2004). However, 
excess risk for CVD persists in ethnic minorities after accounting for traditional risk 
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factors in many studies (Dal Canto et  al. 2018; Henderson et  al. 2007; Hurley 
et al. 2010).

Significant opportunities exist for optimization of risk factors in ethnic groups. 
Ethnic and regional differences are associated with differences in risk factor burden, 
knowledge of risk factors, and the strength of the association between risk factors 
and cardiovascular disease. Minorities, in general, are more likely to have CVD risk 
factors compared with White individuals (Mensah et al. 2005). Minorities are often 
less likely to be aware of their risk factors and associated cardiovascular risk (Kim 
et al. 2017; Fussman et al. 2009; Hertz et al. 2007). They are less likely to have their 
diabetes, blood pressure, and lipids well-controlled (Parrinello et al. 2015; Wang 
et al. 2014; Holland et al. 2013; Chatterji et al. 2012; Egede et al. 2011; Winston 
et al. 2009; Chowdhury et al. 2006). African American/Black individuals, in par-
ticular, are more likely to have multiple risk factors as compared to White individu-
als (Frierson et al. 2013; Leifheit-Limson et al. 2013; Hayes et al. 2006; Sharma 
et  al. 2004) and other ethnic groups (Hayes et  al. 2006; Sharma et  al. 2004). 
Minorities are also less likely to be offered preventive measures including antihy-
pertensive and lipid-lowering medications, aspirin, and smoking cessation therapies 
(Winston et al. 2009; Leifheit-Limson et al. 2013).

Table 11.4 Most significant cardiovascular disease risk factors and targets for intervention by 
ethnic group

Ethnic group
Most significant cardiovascular disease risk 
factors

Hispanic/Latino Diabetes
Dyslipidemia (low HDL, high TG)
Obesity

African American/black Hypertension
Diabetes
Central obesity/metabolic syndrome

South Asian Diabetes
Central obesity/metabolic syndrome
Dyslipidemia (low HDL, high total cholesterol: 
HDL)

Native American (American Indian/Alaska 
native)

Diabetes
Obesity
Hypertension
Smoking/toxic chemical exposure
Low physical activity

Risk factors are listed in descending order based on the risk factors making the greatest contribu-
tion to CVD risk, which, therefore, may also be the most critical targets for cardiovascular disease 
prevention
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 Ethnic Groups at High Risk for Cardiovascular Disease

As discussed above, traditional risk factors explain the majority of disparity in risk 
in ethnic groups and significant disparities in risk factor control remain. However, 
in high-risk groups, the significance of individual risk factors varies (Table 11.4). 
This section will address high-risk ethnic groups individually in terms of relative 
importance of risk factors, further options for risk stratification and patient manage-
ment, and needs for further study. In addition, attention is paid to East Asians, who 
are at a lower CVD risk overall. In general, the studies cited use White individuals 
as the reference group for comparison unless otherwise specified.

 Hispanic/Latino Americans

Hispanic/Latino Americans are the largest and fastest growing ethnic group in the 
United States. They also represent the largest immigrant population in the United 
States. Despite this, there is inadequate literature on Hispanic/Latinos, and barriers 
to studying them remain, including language and the difficulty studying undocu-
mented immigrants. In addition, most studies in the United States focus on Mexicans. 
Although Hispanic/Latino Americans are often treated as one group, they are made 
up of diverse populations from various regions and Spanish-speaking countries and 
education and socioeconomic status can vary by country of origin (Rodriguez et al. 
2014). Different subgroups within Hispanic/Latinos (including Mexican-Americans, 
Dominican-Americans, Puerto Rican-Americans, and other Hispanic-Americans) 
have been shown, for example, to have varying strengths of association between 
traditional risk factors and coronary artery calcification (Allison et al. 2008).

Hispanic/Latino individuals exhibit higher rates of CVD and evidence of more 
severe CVD than do White individuals in several areas. In general, Hispanic/Latino 
individuals demonstrate lower rates of coronary artery calcification, independent of 
other risk factors (Budoff et al. 2006), and lower rates of premature coronary artery 
disease but higher rates of hospitalization for myocardial infarction than do White 
individuals (Rodriguez et al. 2014). The risk for ischemic stroke (Patel et al. 2017) 
as well as overall stroke (Rodriguez et al. 2014) is higher in Hispanic/Latino indi-
viduals than in White individuals. Among those with stroke, Hispanic/Latino indi-
viduals are more likely to have diabetes and be overweight and less likely to have 
coronary disease; the association with hypertension has been inconsistent depend-
ing on the population studied (McGruder et al. 2004; Sacco et al. 2001). Among 
those with atrial fibrillation, Hispanic/Latino individuals are more likely to sustain 
a stroke (Shih et al. 2020). Hispanic/Latino individuals have a higher risk of heart 
failure per number of heart failure risk factors (Breathett et al. 2018) and a higher 
overall incidence of heart failure compared with White individuals (Rodriguez et al. 
2014). Among those hospitalized with heart failure, Hispanic/Latino individuals are 
younger with lower ejection fraction and more likely to have diabetes and 
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hypertension than White individuals (Thomas et  al. 2011). Hispanic/Latino indi-
viduals demonstrate a lower risk of peripheral arterial disease (PAD) (Rodriguez 
et al. 2014; Allison et al. 2006). However, in those with PAD, Hispanic/Latino indi-
viduals are more likely to have diabetes and hypertension, less likely to use aspirin 
and statins, and more likely to need peripheral artery bypass surgery (Meadows 
et al. 2009).

In general, Hispanic/Latino individuals exhibit worse overall cardiovascular 
health based on risk factor control than do White individuals (Pool et  al. 2017). 
Among Hispanic/Latino individuals, diabetes is a particularly important CVD risk 
factor. Several studies have shown that diabetes is more prevalent among Hispanic/
Latino individuals compared with White individuals (Gasevic et al. 2015; Rodriguez 
et al. 2014; Kulick et al. 2016; Romero et al. 2012; Sundquist et al. 2001). Hispanic/
Latino individuals are more likely to die from diabetes, have poorly controlled glu-
cose levels, and go undiagnosed. Those with diabetes are more likely to have 
nephropathy and retinopathy and less likely to have cardiovascular complications 
compared with White individuals (Rodriguez et al. 2014). Additionally, family his-
tory is a stronger risk factor in Hispanic/Latino than in White individuals, particu-
larly among lean Hispanic/Latino individuals (Sundquist et al. 2001).

Hispanic/Latino individuals have a higher prevalence of dyslipidemia, typically 
with lower high-density lipoprotein cholesterol (HDL-C), higher triglycerides, and 
comparable low-density lipoprotein cholesterol (LDL-C) to White individuals. 
Importantly, they have lower rates of screening for dyslipidemia than do White and 
African American/Black individuals (Rodriguez et al. 2014). Hispanic/Latino indi-
viduals have a lower prevalence of hypertension than the general American popula-
tion, but rates are increasing (Rodriguez et al. 2014). Additionally, Hispanic/Latino 
individuals with hypertension are more likely to have uncontrolled blood pressure, 
elevated hemoglobin A1c, and albuminuria (Liu et al. 2011). Obesity is significantly 
more common in Hispanic/Latino individuals, particularly in Mexican-Americans, 
than in White individuals, and the prevalence is increasing (Rodriguez et al. 2014; 
Wang et al. 2017). Risk factors for obesity in Hispanic/Latino individuals include 
age, history of arthritis, and diabetic medication use (Wang et al. 2017).

In terms of lifestyle factors, Hispanic/Latino individuals have a lower prevalence 
of smoking overall (Gasevic et al. 2015; Rodriguez et al. 2014; Romero et al. 2012). 
However, some individual subgroups (especially Mexican and Cuban men) exceed 
the national average. Hispanic/Latino individuals are less likely to be offered smok-
ing cessation and are more likely to be light or nondaily smokers, which may make 
screening for smoking more difficult (Rodriguez et al. 2014). Hispanic/Latino indi-
viduals have lower rates of leisurely physical activity than White individuals. 
However, when occupation is taken into account, overall physical activity levels are 
comparable (Rodriguez et al. 2014). A significant portion of the differences in risk 
between Hispanic/Latino individuals and White individuals is explained by socio-
economic status and geographic location (Matthews et al. 2005). There also appears 
to be an association between race/ethnicity and socioeconomic status, which 
impacts risk factors among Hispanic/Latino individuals (Rodriguez et  al. 2014; 
Winkleby et al. 1998), covered in greater detail elsewhere in this textbook.
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Interventions for primary prevention in Hispanic/Latinos should be, as with all 
groups, directed toward optimal risk factor control. In particular, screening for dys-
lipidemia, diabetes (especially with a family history of diabetes), and smoking 
should be emphasized. Control of hypertension, diabetes, and interventions directed 
toward weight loss, given high rates of obesity are particularly important. 
Interventions that integrate cultural values, social support, and adaptation to literacy 
levels have been shown to be effective (Rodriguez et al. 2014). Among those who 
smoke, offering smoking cessation should be a point of emphasis. Physical activity 
outside of occupational activity should be emphasized. The diversity of backgrounds 
that are included within the category of Hispanic/Latinos should be recognized. 
Barriers to access to health care including language, health literacy, and patient–
provider relationships need to be addressed. Additionally, more studies are needed 
in areas such as cultural values and behaviors and their impact on risk factors, the 
impact of socioeconomic status, and disparities in cardiovascular disease and stroke; 
in particular, future studies should address individual Hispanic/Latino groups rather 
than treating them as a monolith (Rodriguez et al. 2014).

 African American/Black Individuals

African American/Black individuals make up the second largest ethnic group in the 
United States. They suffer from a significant disparity in life expectancy, largely due 
to the higher burden of cardiovascular disease. In the United States, life expectancy 
for African American/Black individuals is over 3 years shorter compared with that 
for White individuals, with worse overall cardiovascular health characterized by a 
high burden of risk factors and less effective disease management (Carnethon et al. 
2017). While coronary disease has declined overall, the decrease in African 
American/Black men is half that in White men (Carnethon et  al. 2017). African 
American/Black men are less likely to have coronary artery calcification than are 
White men, while African American/Black women are more likely compared with 
White women (Budoff et  al. 2006). The incidence, prevalence, and prognosis of 
heart failure among African American/Black individuals are worse, likely due to 
increased risk factor burden (Carnethon et al. 2017). African American/Black indi-
viduals with heart failure are more likely to have hypertension and diabetes and 
more likely to have more risk factors (Breathett et al. 2018; Thomas et al. 2011; 
Lawson et al. 2020; Kubicki et al. 2020) than White individuals. Among those hos-
pitalized with heart failure, African American/Black individuals are younger, with 
lower ejection fraction than White individuals (Thomas et  al. 2011). African 
American/Black individuals have a significant risk for stroke with higher overall 
risk, higher mortality, and higher risk of recurrence with intracranial stenosis 
(Carnethon et al. 2017; Jiménez et al. 2019; Waddy et al. 2009). Stroke in African 
American/Black individuals is more likely to be associated with hypertension, dia-
betes, and obesity and less likely to be associated with coronary disease, atrial fibril-
lation, smoking, or excess alcohol use (McGruder et al. 2004; Sacco et al. 2001; 
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Hajat et al. 2004; Dundas et al. 2001; Hajat et al. 2001). The risk for stroke is attenu-
ated when income level is adjusted for (Bravata et al. 2005). The risk for peripheral 
arterial disease is higher in African American/Black individuals, even after adjust-
ment for traditional and novel risk factors. PAD is more often associated with dia-
betes and hypertension in African American/Black individuals, and they are more 
likely to have higher blood pressure and total cholesterol, less likely to use aspirin 
and statins, and less likely to receive peripheral artery bypass surgery (Allison et al. 
2006; Meadows et al. 2009; Carnethon et al. 2017). Although African American/
Black individuals have a higher burden of risk factors for atrial fibrillation, they 
have a lower prevalence of atrial fibrillation, known as the atrial fibrillation paradox 
(Carnethon et al. 2017; Gbadebo et al. 2011; O’Neal et al. 2017; Jensen et al. 2013; 
Lipworth et al. 2012). This may be related to poor access to care and lower disease 
ascertainment (however, similar findings have been seen during hospitalizations 
(Rodriguez et al. 2015)), less genetic predisposition, or different responses to hyper-
tension, such as smaller left atrial size, than in White individuals (Gbadebo et al. 
2011). However, traditional risk factors for atrial fibrillation confer higher attribut-
able risk on African American/Black individuals, and African American/Black indi-
viduals with atrial fibrillation are more likely to experience a stroke (Shih et  al. 
2020; O’Neal et  al. 2017; Jensen et  al. 2013; Lipworth et  al. 2012; Rodriguez 
et al. 2016).

African American/Black individuals have a higher risk of hypertension, diabetes 
mellitus, and dyslipidemia across the age spectrum compared with White individu-
als (Howard et al. 2017). Important risk factors for premature coronary disease in 
this population include dyslipidemia, diabetes, and smoking (Amin et  al. 2009). 
Hypertension is the most important risk factor for African American/Black indi-
viduals, given its high prevalence and contribution to disparities in CVD, and pres-
ents the greatest opportunity for prevention (Carnethon et al. 2017). Hypertension 
has been consistently shown to be more common in African American/Black indi-
viduals than in White individuals (Romero et al. 2012; Sundquist et al. 2001; Dundas 
et al. 2001; Bell et al. 2018; Cappuccio et al. 1997). Prehypertension is also more 
common and more strongly associated with alcohol consumption in African 
American/Black individuals than in White individuals (Glasser et  al. 2011). 
Additionally, higher blood pressure levels start in childhood (Carnethon et al. 2017). 
While African American/Black individuals may actually be more aware of a diag-
nosis of hypertension and more likely to be treated, they are less likely to have 
adequate blood pressure control and more likely to have poorly controlled diabetes 
as well (Hertz et al. 2007; Liu et al. 2011; Carnethon et al. 2017). Additionally, the 
association between systolic blood pressure and stroke is much stronger in African 
American/Black individuals than in White individuals (Carnethon et al. 2017).

African American/Black individuals are at a higher risk of type 2 diabetes mel-
litus than White individuals (Kulick et al. 2016; Carnethon et al. 2017; Bell et al. 
2018; Cappuccio et al. 1997; Bancks et al. 2017). African American/Black adoles-
cents are more likely to develop diabetes, and those who have diabetes are less 
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likely to be aware of it and achieve control and more likely to have complications 
and die from them (Carnethon et al. 2017). Additionally, use of hemoglobin A1c 
may underestimate the prevalence of diabetes in this population due to the preva-
lence of sickle cell trait and anemia, though this remains unclear (Carnethon et al. 
2017). The differences in risk of type 2 diabetes seem to be related to biological, 
socioeconomic, and behavioral factors (Bancks et al. 2017).

African American/Black individuals, in general, have lower total cholesterol, 
lower triglycerides, and HDL-C than do White individuals (Dal Canto et al. 2018; 
Lemic-Stojcevic et  al. 2001). However, they have higher rates of atherosclerotic 
cardiovascular disease and mortality from coronary heart disease (Dal Canto et al. 
2018; Carnethon et al. 2017). African American/Black individuals have higher lev-
els of lipoprotein(a) and oxidized phospholipids, which may explain some of the 
increased risks (Tsimikas et al. 2009; Palaniappan et al. 2002). They are also less 
likely to be aware of dyslipidemia and to have it under control, likely due to lower 
rates of prescription of lipid-lowering therapies (Carnethon et al. 2017).

African American/Black individuals have a higher prevalence of obesity than do 
White and Hispanic/Latino individuals (Romero et  al. 2012; Wang et  al. 2017; 
Carnethon et al. 2017; Bell et al. 2018). Risk factors for obesity in African American/
Black individuals include female gender, low physical activity, smoking, binge 
drinking, and use of antidiabetic medications (Wang et al. 2017). Body mass index, 
however, is less predictive of risk for diabetes, hypertension, and dyslipidemia as 
well as events in this population, possibly due to variation in weight distribution 
with larger waist circumference and more visceral fat (Carnethon et al. 2017; Taylor 
et al. 2010). African American/Black individuals have a higher prevalence of risk 
factors at nearly all BMIs compared with White individuals (Taylor et al. 2010). 
Abdominal fat is associated with hypertension in African American/Black individu-
als and White individuals (Harris et al. 2000), and ethnicity-specific weight circum-
ference may be a better measure than BMI (Zhu et al. 2005). Fat distribution appears 
to vary by gender; there is an increased prevalence of abdominal obesity in African 
American/Black women with a lower prevalence in African American/Black men 
(Sundquist et al. 2001; Després et al. 2000), and the lower prevalence in men has 
been proposed to explain generally more favorable lipid profiles (Després et  al. 
2000). Weight loss in African American/Black individuals is associated with 
improvement in hypertension in both men and women (Juhaeri et al. 2003). Genetic 
factors may play a role in the increased risk of CVD in African American/Black 
individuals, including genetic variants for C-reactive protein (CRP), and the notion 
of increased family prevalence of hypertension, but further study is needed 
(Carnethon et al. 2017).

General cardiovascular health, as assessed by modifiable risk factor control, is 
worse in African American/Black individuals than in White individuals (Pool et al. 
2017). African American/Black individuals, regardless of geographic location, are 
more likely to consume a southern diet (characterized by added fats, fried food, 
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organ meats, processed meats, eggs and egg dishes, and sugar-sweetened bever-
ages), which is associated with elevated risks for coronary disease and stroke 
(Carnethon et  al. 2017; Shikany et  al. 2015). They are more likely to have low 
physical activity, leading to CVD (Sundquist et  al. 2001; Carnethon et  al. 2017; 
Palaniappan et al. 2002; Zaninotto et al. 2007). They have similar rates of smoking 
and the magnitude of associated risk but are more at risk for environmental smoke 
exposure and are less likely to quit smoking (Carnethon et al. 2017). They are more 
likely to have obstructive sleep apnea associated with higher rates of coronary dis-
ease and stroke mortality (Carnethon et al. 2017).

Overall, African American/Black individuals have lower socioeconomic status 
than White individuals by several measures including income, wealth, poverty 
rate, level of education, and occupation (Rodriguez et al. 2014). However, higher 
BMI, waist circumference, and lower HDL-C are associated with higher socioeco-
nomic status in this group overall (Waldstein et  al. 2016), but this relationship 
appears to be modified by gender as African American/Black women appear to 
have a lower burden of cardiovascular risk factors with higher socioeconomic sta-
tus (Boykin et  al. 2011). Socioeconomic status explains some of the increased 
risks of hypertension, diabetes, and dyslipidemia (Whitty et  al. 1999). When 
socioeconomic status and risk factors are combined, much of the higher cardiovas-
cular mortality in African American/Black individuals is explained (Tajeu et al. 
2020). Risk of stroke is also attenuated after adjustment for income (Bravata et al. 
2005). African American/Black individuals are more likely to have a high school 
education than Hispanic/Latino individuals, but less likely than White individuals, 
and more education is associated with a lower risk (Sharma et al. 2004; Rodriguez 
et al. 2014).

Cardiovascular disease prevention in African American/Black individuals should 
focus on guideline-driven optimization of modifiable risk factors. Hypertension 
appears to be the most important risk factor and opportunity for risk prevention. 
Diabetes and obesity are also important risk factors, leading to disparities in health-
care outcomes. When assessing risks, calcium scoring may underestimate the risk 
in African American/Black individuals due to the lower degree of coronary artery 
calcification in this population (Carnethon et  al. 2017). The ACC/AHA Pooled 
Cohorts Equation was developed with a large number of African America/Black 
individuals and is the best available risk score for these patients (Carnethon et al. 
2017). Medical management is generally similar compared with other ethnic groups 
with notable exceptions. For the management of hypertension, calcium channel 
blockers and thiazide diuretics are specifically recommended; for heart failure with 
reduced ejection fraction, hydralazine and nitrates in addition to angiotensin- 
converting enzyme inhibitors/angiotensin receptor blockers are beneficial 
(Carnethon et al. 2017). Public health interventions on a larger scale are needed, 
given the disparities in income level and lack of available preventive services. The 
social and cultural environment may be used as an opportunity for targeted inter-
ventions (Carnethon et al. 2017). For example, in an interventional randomized trial 
of African American/Black individuals with hypertension recruited from African 
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American-owned barbershops, there was a significant reduction in systolic blood 
pressure with a pharmacist-led intervention focused around barbershops (Victor 
et al. 2018).

Future studies should focus on studying cardiovascular risks and interventions in 
diverse populations, including a representative sample of African American/Black 
individuals. More studies are needed to better understand the potential contribution 
of inherited/genetic risks for CVD in African American/Black individuals. Further 
studies regarding targeted interventions, which address barriers to care and take into 
account social and cultural factors, such as the barbershop study, are needed. 
Broader reform in the United States to reduce health disparities among African 
American/Black individuals, including cardiovascular disease risk, is also needed.

 South Asians

South Asians make up one-quarter of the world’s population and are one of the fast-
est growing ethnic groups in the United States. The group comprises people from 
Bangladesh, Bhutan, India, Maldives, Nepal, Pakistan, and Sri Lanka with diverse 
cultural and religious practices and languages. In the United States in 2010, there 
were 3.4 million South Asians, and 80% were of Indian origin. National surveys, 
however, have only recently started classifying Asian Americans into separate sub-
groups (Volgman et al. 2018).

In general, South Asians have increased frequency and severity of cardiovascular 
disease compared with other groups. South Asians have increased risk of premature 
cardiovascular disease with increased risk of poorer outcomes from revasculariza-
tion and higher mortality compared with Whites and other Asian groups (Volgman 
et al. 2018; Gupta and Brister 2006). South Asians are more likely to have more 
severe coronary artery disease, with greater degree of stenosis and involvement of 
multiple vessels as well as smaller luminal diameter of coronary arteries (Vasudev 
et al. 2020; Hasan et al. 2011). Bangladeshis appear to be at a particularly high risk 
(Vasudev et al. 2020). South Asians are also more likely to have elevated coronary 
artery calcium scores compared with African American/Blacks and Hispanic/
Latinos and similar to White individuals (Volgman et al. 2018). Those who suffer 
strokes are younger, with higher rates of diabetes mellitus and higher blood pressure 
and glucose compared with other ethnic groups, despite comparable socioeconomic 
status to White individuals and higher antidiabetic and antiplatelet medication use 
(Gezmu et  al. 2014). They also have higher rates of peripheral arterial disease 
(Volgman et al. 2018). Despite higher rates of associated risk factors, South Asians 
appear to have less risk of atrial fibrillation than White individuals (Gillott et al. 
2017). Among those who develop heart failure, South Asians are more likely to have 
ischemic heart disease, hypertension, and diabetes compared with Whites (Lawson 
et al. 2020).
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Among South Asians, traditional risk factors account for a large portion of the 
increased cardiovascular risk but do not fully explain it (Volgman et al. 2018; Yusuf 
et al. 2004; Gupta and Brister 2006). Genetic risk factors for CVD may play a role, 
but there is a need for further study (Volgman et al. 2018). In particular, diabetes and 
fat distribution appear to be the most important risk factors in South Asians. South 
Asians have increased prevalence of type 2 diabetes compared with other ethnic 
groups (Volgman et  al. 2018; Cappuccio et  al. 1997; Gupta and Brister 2006; 
Rabanal et al. 2013) even at lower BMI levels and younger ages (Virani et al. 2020). 
Additionally, there appears to be an increased risk of gestational diabetes in Indians 
(Seshiah et al. 2004), which is associated with an increased risk of developing overt 
diabetes mellitus (Feig et al. 2008) and cardiovascular disease later in life (Tobias 
et al. 2017). Diabetes in South Asians has been associated with lower income and 
education, psychological comorbidities, and low physical activity (Shah et al. 2015). 
However, there also appears to be increased genetic susceptibility (Kooner et  al. 
2011) and South Asians have been observed to have increased insulin resistance and 
reduced fat oxidation (Hall et  al. 2010), especially among those with metabolic 
syndrome (Ajjan et al. 2007), which may explain some of the increased risk for 
diabetes. Importantly, Indians and Bangladeshis with diabetes are more likely to 
have cardiovascular disease, an association not seen in Black Caribbean, Pakistani, 
or Chinese participants in a study in the UK (Zaninotto et al. 2007), and Indians 
with diabetes, compared with nondiabetics, have a stronger association with severe 
coronary artery disease than White individuals (Gijsberts et al. 2015).

Obesity, in general, is less prevalent in South Asians (Gupta and Brister 2006). 
However, distribution of fat appears to be a more significant risk factor in this popu-
lation. South Asians have lower BMI, body weight, and waist circumference than 
most other groups. However, they have increased abdominal obesity at any degree 
of BMI, which is associated with increased insulin resistance (Volgman et al. 2018; 
Gupta and Brister 2006). South Asians have a higher waist/hip ratio than other eth-
nic groups (Rabanal et al. 2013), and this appears to be a better predictor of cardio-
vascular risk than BMI (Volgman et al. 2018; Zaninotto et al. 2007). Given these 
data, the ADA  (American Diabetes Association),  AHA,  ACC and World Health 
Organization (WHO) recommended reducing BMI cutoffs for South Asians to bet-
ter identify risks (Volgman et al. 2018; Grundy et al. 2005) and the ACC/AHA pri-
mary prevention guidelines recommend considering waist circumference as a risk 
factor for minority groups (Arnett et al. 2019).

In South Asians, dyslipidemia occurs at lower levels of BMI and body fat than in 
White individuals (Dal Canto et  al. 2018). In general, South Asians have lower 
HDL-C, higher triglycerides, and a higher cholesterol to HDL-C ratio with similar 
LDL-C and total cholesterol compared with other groups, though LDL particles 
have been observed to be smaller, which is an artherosclerotic CVD (ASCVD) risk 
factor (Volgman et al. 2018; Gupta and Brister 2006; Rabanal et al. 2013). Lower 
HDL-C and higher cholesterol: HDL-C ratio appear to be important risk factors in 
this population (Game and Jones 2000). Additionally, several studies have observed 
higher levels of lipoprotein(a) in South Asians (Palaniappan et al. 2002; Anand et al. 
2000; Kamath et al. 1999; Anand and Yusuf 1997). Although there are no reasons to 
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suspect that statins would be less effective in South Asians, data on statin efficacy in 
this population are extremely limited (Volgman et al. 2018). Hypertension is also 
common in South Asians and appears to be an important risk factor, but it is less 
well studied (Volgman et al. 2018). South Asians have also been observed to have 
higher high-sensitivity C-reactive protein levels than do White individuals (Gupta 
and Brister 2006).

In terms of lifestyle factors, some South Asian groups have lower levels of physi-
cal activity, which may be related to diabetes risk, but data are limited (Volgman 
et al. 2018; Palaniappan et al. 2002; Zaninotto et al. 2007). Pakistanis who are mod-
erate drinkers and Indians who are heavy drinkers are more likely to have cardiovas-
cular disease than other ethnic groups (Zaninotto et al. 2007). South Asians in the 
United States have similar or lower rates of smoking than those in the general popu-
lation (Volgman et al. 2018). However, those with a history of smoking are also 
more likely to have cardiovascular disease than other ethnic groups (Zaninotto et al. 
2007). Diet is likely an important risk factor; truncal obesity may be related to diets 
high in carbohydrates and saturated fats (Volgman et al. 2018). However, diet varies 
based on region, while cardiovascular risk remains consistent (Gupta and 
Brister 2006).

Patient management should center around management of diabetes and central 
obesity. Tailored interventions in the context of cultural customs appear to be the 
most effective and should focus on the use of whole grains and carbohydrate substi-
tutes such as couscous and quinoa, as well as addressing barriers to physical activity 
(Volgman et al. 2018). The AHA statement on South Asians recommends focusing 
on insulin resistance and using race-specific cutoffs for metabolic syndromes, 
closely monitoring those with a history of gestational diabetes, implementing edu-
cational efforts centered around community gatherings such as temples and cultural 
events, and improving cultural competency regarding medications, diet, and life-
style modifications (Volgman et  al. 2018). Additionally, the Pooled Cohorts 
Equation is recommended for risk stratification, but the UK QRISK calculator is 
another tool for cardiovascular risk assessment, which specifically includes South 
Asians (Volgman et al. 2018; Hippisley-Cox et al. 2017).

There are many needs to further understand CVD risk in South Asians, including 
inclusion in primary prevention studies and understanding the use of statins in this 
population. South Asians should be studied separately rather than included with 
East Asians as a larger group of Asians. Certain South Asian groups may be at more 
risk than others, and further study is needed to target interventions. Further under-
standing of disease risk includes identifying environmental, biological, and psycho-
social risk factors as well as underlying potential genetic risk factors for CVD. Of 
particular importance is identifying specific cutpoints for waist circumference and 
BMI in South Asians, as well as understanding risks associated with low HDL-C 
and high triglycerides. Additional CVD risk calculators should be studied and vali-
dated in South Asians. Research on barriers to improved physical activity is 
also needed.
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 Native Americans (American Indians/Alaska Natives)

The Native American population in the United States is growing, increasing by 39% 
from 2000 to 2010 to make up 1.7% of the total population. Cardiovascular disease 
is the leading cause of death among Native Americans (Breathett et al. 2020). Native 
Americans have higher rates of CVD in younger people and risk for developing 
CVD at an earlier age than White individuals. Importantly, there is significant 
regional and tribal variability in CVD.  Native Americans also have the highest 
reported rate of stroke among ethnic groups (Breathett et al. 2020). There are impor-
tant barriers to care and study of this population, and rates of disease are believed to 
be underreported (Breathett et al. 2020).

Diabetes appears to be the most significant CVD risk factor in this population. 
Native Americans have higher rates of diabetes compared to other major ethnic 
groups, and, among adults with diabetes, they have the highest prevalence of hyper-
cholesterolemia (Gasevic et  al. 2015; Harjo et  al. 2011). On average, they have 
lower LDL-C and HDL-C than White individuals. Lipoprotein(a) is generally low 
and not independently predictive (Breathett et al. 2020). Hypertension is common, 
and Native Americans may have a higher prevalence of hypertension overall 
(Gasevic et al. 2015; Breathett et al. 2020). They also have a higher prevalence of 
obesity and abdominal obesity (Gasevic et  al. 2015; Breathett et  al. 2020). 
Additionally, renal disease is common (Breathett et al. 2020). They have a higher 
prevalence of smoking and exposure to toxic chemicals such as arsenic and cad-
mium, and the rates have not significantly improved over the last 20 years (Gasevic 
et al. 2015; Breathett et al. 2020). They also have a high prevalence of low physical 
activity (Breathett et  al. 2020). The interplay of genetic risks and environmental 
factors leading to obesity, dyslipidemia, hypertension, and diabetes may put this 
population at particularly high risk (Breathett et al. 2020). Socioeconomic status is 
an important contributor to health as a quarter of Native Americans live below the 
federal poverty line and there is a high prevalence of uninsured status (Breathett 
et  al. 2020). Access to medical care can also be challenging, given that Native 
Americans may live in relatively remote regions in the United States where travel-
ing long distances is required to obtain medical care.

In addition to the established guidelines for management and risk stratification of 
these patients, complementary risk scores derived from the Strong Heart Study 
(which included data from 13 Native American tribes and communities in Arizona, 
North and South Dakota, and Oklahoma) are available (Lee et al. 2006). Diabetes 
and obesity are the most important risk factors to address. Hypertension, smoking, 
and low physical activity are also important factors. Community-based programs 
are needed with tribal and organizational support to address barriers to care, develop 
relationships with communities, and improve access and education. The CDC 
developed the REACH program to improve disease management, which has dem-
onstrated improved adherence to antihypertensive medications. Cultural compe-
tency and implicit bias training among providers are essential (Breathett et al. 2020).
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 East Asians

In contrast to the racial and ethnic groups previously covered, East Asians represent 
a lower risk group overall (Volgman et al. 2018). Asian individuals have lower rates 
of hypertension and stroke mortality than other ethnic groups (Virani et al. 2020). 
East Asians are less likely to develop coronary calcification (Budoff et al. 2006), 
carotid atherosclerosis (Anand et al. 2000), and peripheral arterial disease (Allison 
et al. 2006) than White individuals. East Asians have similar lipid profiles as White 
individuals (Anand et al. 2000), lower rates of smoking (Gasevic et al. 2015), and 
lower prevalence of obesity (Gasevic et al. 2015; Wang et al. 2017). Chinese people, 
however, have a higher percentage of total body fat and central fat in studies in 
Canada and China (Lesser et al. 2013; Wang et al. 2011) and the waist–hip ratio is 
predictive of cardiovascular disease risk in this population (Zaninotto et al. 2007). 
There is a need for further study in East Asians, and guidance on management, but 
this population appears to be at lower CVD risk overall compared with other ethnic 
groups in the United States.

Table 11.5 Recommendations for an approach to patient management, which considers racial/
ethnic factors in cardiovascular disease risk

Recommendations for patient management

Risk assessment
Screen for risk factors in all patients
Use ACC/AHA pooled cohorts equation for CVD risk assessment
Consider MESA risk score, especially for Hispanic/Latino and Chinese patients
Consider UK QRISK calculator for south Asian patients
Consider strong heart study risk score for native American patients
Traditional cardiovascular disease risk factors
Ethnicity may inform the priority of risk factors
Recommend lifestyle modifications, offer culturally sensitive dietary counseling and smoking 
cessation to all patients, and recommend physical activity
Control of traditional risk factors, including hypertension, diabetes, dyslipidemia, and obesity
Primary prevention with statins and aspirin as recommended by primary prevention of CVD 
guidelines
Address barriers to care
Language barriers
Cost of medical therapy
Access to regular physician follow-up
Community-based interventions (if available)
Focus on cultural competency and addressing barriers unique to each ethnic group

ACC American College of Cardiology, AHA American Heart Association, CVD cardiovascular 
disease, MESA Multi-Ethnic Study of Atherosclerosis

11 Ethnic Factors in the Assessment of Cardiovascular Risk for Primary Prevention



218

 Overview of Patient Management (Table 11.5)

In general, screening for risk factors should be offered to all patients. The ACC/
AHA Pooled Cohorts Equation is recommended for risk stratification for all ethnici-
ties, but adjunctive calculators (such as the MESA risk score, UK QRISK calcula-
tor, and Strong Heart Study Risk Score) with more race-specific information can 
also be considered based on the ethnic group. Patient management should focus on 
guideline-driven optimization of traditional risk factors, as these address most of the 
disparities in risks. However, ethnicity may inform the priority of risk factors and 
help tailor management. All patients should be counseled on lifestyle modifications, 
including heart-healthy diet patterns, smoking cessation, and increased physical 
activity. Traditional risk factors should be controlled as much as possible, and pri-
mary prevention should be offered as recommended by the guidelines. Individual 
barriers to care should be addressed when possible. Racial and ethnic minorities are 
less likely to report having a physician and medical follow-up (Edelman et al. 2008). 
As such, there should be a focus on ensuring regular follow-up with a health care 
provider and it is also imperative to increase diversity among healthcare profession-
als in the United States. Finally, community-based interventions, where available, 
have shown benefits for treatment of risk factors.

 Future Directions (Table 11.6)

Further study is needed to understand risk factors in all ethnic groups and to tailor 
medical therapy for diverse populations. In future research, individual ethnic groups 

should be evaluated rather than using large aggregate designations such as Asians or 

Table 11.6 Future directions and needs to improve prevention of cardiovascular disease among 
diverse racial/ethnic groups

Future directions and research needs

Areas of research
Studies of more specific ethnic groups rather than considering combined groups (e.g., avoid 
treating all Hispanic/Latinos or Asians as monolithic groups)
Risk factors in all ethnic groups
Cultural values and behaviors that impact risk factors
Genetic risk factors
Race-specific cutpoints for risk factors
Risk assessment tools accounting for diverse populations
Diverse representation in primary CVD prevention clinical trials
Other future directions
Community-based interventions for individual ethnic groups
Increase representation of people from diverse ethnic backgrounds among healthcare providers
Public policy to address inequity and barriers to health
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Hispanic/Latinos. Further understanding of genetic risk factors, race-specific cut-
points for risk factors, and cultural values and behaviors that impact risk factors is 
needed. Risk assessment tools should be developed with diverse populations or, at 
least, validated in diverse populations. Future clinical studies should include sam-
ples representative of the diverse populations in the United States. Public policy is 
needed to address health disparities and overarching barriers to care of minor-
ity groups.

 Conclusions

The United States is becoming a progressively more ethnically diverse nation, and 
ethnic groups often disparately suffer from CVD. Current knowledge of CVD risk 
factors, tools for risk assessment, and interventions are not based on representative 
sample populations. However, multiethnic cohort studies have been developed to 
address these gaps. Traditional risk factors explain the majority of cardiovascular 
risk, but the importance of various risk factors varies by ethnic group, and ethnicity 
can be used to tailor risk assessment as well as prioritize risk factor management. 
Future large CVD prevention trials should include diverse populations.
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OMEMI Omega-3 Fatty Acids in Elderly Patients with Myocardial 
Infarction

PPARα Peroxisome Proliferator-Activated Receptor Alpha
PROMINENT Pemafibrate to Reduce Cardiovascular Outcomes by Reducing 

Triglycerides in Patients with Diabetes
REDUCE-IT Reduction of Cardiovascular Events with Icosapent Ethyl  – 

Intervention Trial
RRR Relative Risk Reduction
STRENGTH STatin Residual Risk Reduction with EpaNova in HiGh CV Risk 

PatienTs with Hypertriglyceridemia
T2DM Type 2 Diabetes Mellitus
TG Triglyceride
TRL Triglyceride-Rich Lipoprotein
VLDL Very-Low-Density Lipoprotein

 Introduction

 Epidemiology of Hypertriglyceridemia

Elevated plasma triglycerides (TGs) are among the most common lipid abnormali-
ties encountered in clinical practice. As elaborated upon in the National Cholesterol 
Education Program Adult Treatment Panel III (NCEP ATP III) and the American 
College of Cardiology (ACC)/American Heart Association (AHA) guidelines, 
hypertriglyceridemia (HTG) is classified as borderline high at TG levels of 
150–199 mg/dL, mild to moderately high at TG levels of 200–499 mg/dL, and very/
severely high at TG levels greater than 500 mg/dL (Grundy et al. 2004, 2019). The 
prevalence of HTG is approximately 10% of the adult population in Europe (Laufs 
et  al. 2020; Hegele et  al. 2014). However, a study of the National Health and 
Nutrition Examination Survey (NHANES) conducted between 2007 and 2014 esti-
mated an overall prevalence of HTG in the United States to be considerably higher 
(25.9%); this includes 12.3 million statin-treated patients with TGs ≥ 150 mg/dL 
(Fan et al. 2020). Of these, 6.4 million had concomitant type 2 diabetes mellitus 
(T2DM) or atherosclerotic cardiovascular disease (ASCVD). Whilst mild to moder-
ately high TG levels are common, very high HTG (TGs ≥ 500 mg/dL) is rare, rep-
resenting only 1.6% of the US population (Christian et al. 2011).

 Hypertriglyceridemia as a Risk Enhancer

It is well established that HTG is associated with an increased risk of developing 
ASCVD (Miller et al. 2011; Hulley et al. 1980). For many years, the extent to which 
HTG promoted coronary atherosclerosis was difficult to reconcile because TGs per 
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se are not taken up by vascular wall macrophages (Peng et al. 2017; Thomsen et al. 
2014; Jorgensen et  al. 2013). Rather, the lipoprotein complex containing TGs, or 
triglyceride-rich lipoproteins (TRLs), become atherogenic following hydrolysis by 
lipoprotein lipase (LPL), due to formation of cholesterol-enriched by-products; these 
smaller particles, referred to as remnants (Do et  al. 2013), are easily transported 
across the endothelium (Fogelstrand and Boren 2012). TRL remnants are highly ath-
erogenic because they carry more cholesterol per molecule than LDL and thus do not 
need to be modified for uptake by macrophages (in contrast to LDL) (Nordestgaard 
and Varbo 2014), thereby facilitating foam cell formation and atherosclerotic plaque 
deposition (Zilversmit 1979). In addition, TG hydrolysis facilitates free fatty acid 
(FFA) release; in the vascular endothelium, this may result in local inflammation and 
injury (Saraswathi and Hasty 2006). Taken together, HTG is a marker for elevated 
concentrations of atherogenic cholesterol-enriched remnant particles that perpetuate 
low-grade inflammation, foam cell formation, and atherosclerotic plaques that con-
tribute to elevated risk of CVD (Nordestgaard and Varbo 2014).

Observational studies have examined HTG as an independent risk factor for cor-
onary atherosclerosis (Miller et al. 2002). A meta-analysis of 21 studies involving 
57,077 patients across multiple countries demonstrated the consistency of an asso-
ciation between elevated TG levels and risk of CVD (Austin et al. 1998). In univari-
ate analysis, each 1-mmol increase in TGs was associated with a relative risk (RR) 
of 1.32 (95% confidence interval (CI), 1.26–1.39) and 1.76 (95% CI, 1.50–2.02) in 
men and women, respectively, after adjustment for high-density lipoprotein choles-
terol (HDL-C) (Austin et al. 1998). A subsequent meta-analysis of 68 studies from 
the Emerging Risk Factors Collaboration evaluated 302,430 individuals without 
known vascular disease at baseline. Their observation noted a gradual association 
between elevated TGs and ischemic stroke and CVD; however, following adjust-
ment for HDL-C and non-HDL-C, the association was no longer statistically signifi-
cant (Emerging Risk Factors C et  al. 2009). Furthermore, Tirosh et  al. followed 
13,953 healthy, untreated, young men (aged 25–34 years) with TG levels <300 mg/
dL for 10.5 years to assess the association between changes over time in fasting TG 
and CVD risk (Tirosh et al. 2007). At baseline, TG levels in the top quintile were 
associated with a fourfold increase of CVD compared to those in the lowest TG 
quintile, even after adjustment for HDL-C and other CVD risk factors (Tirosh et al. 
2007). These findings support HTG as a biomarker of elevated CVD risk.

 Metabolism and Atherogenic Potential 
of Triglyceride-Rich Lipoproteins

 Biochemical/Regulatory Pathways of TGs and Lipoproteins

Triglyceride-rich lipoproteins are macromolecular complexes consisting of core lip-
ids, most commonly cholesteryl esters and triglycerides, enveloped by a single layer 
of phospholipids, apolipoproteins, and variable amounts of free cholesterol (Ginsberg 
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2002). Circulating TRLs consist of very-low-density lipoproteins (VLDLs), VLDL 
remnants, chylomicrons, and intermediate-density lipoproteins (IDLs). The lipo-
protein core is composed of hydrophobic TGs and cholesterol esters (CEs), whereas 
the hydrophilic surface consists of phospholipids, free cholesterol, and apolipopro-
teins (apos) that play a key role in plasma lipid regulation (Miller et  al. 2011). 
Chylomicrons are the largest TRLs obtained from dietary fat and consist of numer-
ous apos (A-I, A-II, A-IV, A-V, B-48, C-II, E) (Feingold and Grunfeld 2000a) with 
apolipoprotein B48 (ApoB-48) viewed as an essential protein vital for secretion 
into the lymphatic system prior to release into the systemic circulation (Feingold 
and Grunfeld 2000a).

VLDLs are composed of apolipoprotein B100 (ApoB-100) and triglycerides. 
They are synthesized by hepatocytes and secreted into the systemic circulation 
whereupon LPL-mediated hydrolysis results in the release of FFAs that are utilized 
as an energy source by the peripheral muscle or stored in adipose tissue reserves for 
subsequent utilization (Miller et al. 2011; Feingold and Grunfeld 2000a; Dallinga- 
Thie et al. 2010).

 Metabolic Consequences and Impact of TRLs on ASCVD

Hypertriglyceridemia ensues from increased production or decreased catabolism of 
TRLs. This, in turn, impacts the metabolism of LDL and HDL (Miller et al. 2011). 
Hepatic overproduction of VLDL activates cholesterol ester transfer protein (CETP) 
to facilitate the transfer of TG from VLDL to LDL (and HDL) in exchange for cho-
lesteryl ester. The resulting by-products, TG-enriched LDL particles, are avidly 
hydrolyzed by hepatic triglyceride lipase (HTGL) (Fig. 12.1).

These small, dense LDL particles traverse the endothelium where they do not 
bind as well to high-affinity LDL receptors compared to normal-sized LDL parti-
cles, are more susceptible to oxidation, and exhibit preferential and unregulated 
uptake by macrophages (Fig. 12.2) (Laufs et al. 2020; Miller et al. 2011; Chait and 
Eckel 2019; Mudd et al. 2007).

Increased VLDL production as a result of excess insulin and fatty acid secretion 
is also observed in HTG states where increased concentration of ApoC-III, an inhib-
itor of LPL, may upregulate proinflammatory signaling pathways that also contrib-
ute to atherosclerosis (Stahel et al. 2018; Xiao et al. 2016).

In clinical studies, TRLs are consistently associated with elevated ASCVD risk, 
independent of coexisting metabolic derangements (Nordestgaard and Varbo 2014; 
Ganda et al. 2018; Jepsen et al. 2016; Varbo et al. 2013, 2015). For example, The 
Copenhagen General Population Study examined 58,547 individuals initially free 
of ASCVD, diabetes, and statin use. They found that statin-noneligible individuals 
with TGs > 264 mg/dL demonstrated similar risk of ASCVD compared with statin- 
eligible patients with lower TGs (Madsen et al. 2018). Fasting TG levels were also 
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found to predict long- and short-term cardiovascular risks after acute coronary syn-
drome (ACS) in the dal-OUTCOMES study. Specifically, subjects with the lowest 
TG levels (~100 mg/dL) at baseline also experienced the lowest likelihood of CVD 
events (Schwartz et al. 2015, 2012), consistent with previous observations made in 
the PROVEIT-TIMI 22 trial (Miller et al. 2008).

Metabolic implications resulting
from high triglycerides levels
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Fig. 12.1 Metabolic implications resulting from high triglycerides. Apo A-1 apolipoprotein A-1, 
Apo B-100 apolipoprotein B-100, CE cholesteryl ester, CETP cholesteryl ester transfer protein, 
DGAT diacylglycerol acyltransferase, FFA free fatty acid, HDL high-density lipoprotein, HTGL 
hepatic triglyceride lipase, LDL low-density lipoprotein, TG triglyceride, VLDL very low density 
lipoprotein. (Adapted from Miller et al. 2011)
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 Landmark Clinical Trials of TRLs and ASCVD

Based on accumulating data in support of HTG as a biomarker of CVD risk, studies 
have been conducted in recent years to evaluate TG-lowering therapies with respect 
to (1) efficacy in reducing TGs without raising LDL and (2) extent of ASCVD 
reduction. In part, this reflects data from prior studies that demonstrated TG-lowering 
therapies to raise LDL-C levels in patients with very high TGs (greater than 500 mg/
dL) or not to have evaluated CVD risk in an exclusive HTG cohort (Skulas-Ray 
et  al. 2019). To address these issues, three clinical trials were designed. The 
TG-lowering therapies tested were (1) omega-3 fatty acids containing eicosapentae-
noic acid (EPA) with or without docosahexaenoic acid (DHA) and (2) fibrates.

Prior to launching the Reduction of Cardiovascular Events with Icosapent 
Ethyl – Intervention Trial (REDUCE-IT), icosapent ethyl (IPE), a highly purified 
formulation of eicosapentaenoic acid (EPA), patients with moderate HTG (baseline 
levels, 200–499 mg/dL) and severe HTG (baseline levels, 500–2000 mg/dL) were 
evaluated. Not only was there a significant reduction in median TGs (22% and 33%, 
respectively) but there was also no rise in LDL-C in either study (Bays et al. 2011; 
Ballantyne et al. 2012). Previously, the Japan EPA Lipid Intervention Study (JELIS) 
assessed the role of purified EPA (1.8 g) administered daily to patients with hyper-
cholesterolemia (total cholesterol >6.5 mmol/L or 250 mg/dL) but without HTG 
(median baseline TGs ~150 mg/dL), who were also receiving low-dose pravastatin 

Mechanism of  enchanced
atherogensis of small dense LDL

2. Decreased affinity
for LDL-R

PLASMA

3. Longer residence
time in plasma

4. Easier entry into
arterial wall

5. More binding to
glycosaminoglycans
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to oxidation

7. Increased endothelial
cell dysfunction

1. Increased small dense
LDL production
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PAI-1

Fig. 12.2 Mechanisms of enhanced atherogenesis of small, dense LDL. LDL-R low-density lipo-
protein receptor, TXA2 thromboxane A2, PAI-1 plasminogen activator inhibitor-1. (Reproduced 
from Elsevier as Open Access Content from Mudd et al. 2007)
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or simvastatin (Yokoyama et al. 2007). Overall, there was an 18% reduction in CVD 
events in the group who received purified EPA. However, a post hoc analysis of the 
subgroup with baseline TGs ≥150 mg/dL demonstrated a more robust reduction by 
53% in CVD events in subjects assigned to EPA (Saito et al. 2008). This observation 
builds upon prior data from fibrate studies (Sacks et al. 2010) that found that patients 
with dyslipidemia, defined by HTG (≥204 mg/dL) and low HDL-C (≤34 mg/dL), 
exhibited benefits compared to subjects without dyslipidemia.

Thus, these trials paved the way for testing the hypothesis as to whether patients 
with HTG would benefit from these therapies with respect to CVD outcomes.

 REDUCE-IT

REDUCE-IT was a phase III double-blind, randomized, placebo-controlled trial to 
evaluate CVD outcomes in 8179 patients with established CVD or in high-risk pri-
mary prevention patients aged 50 years and older with T2DM and at least 1 addi-
tional risk factor, fasting TGs (135–499  mg/dL) and LDL-C (41–100  mg/dL on 
statin therapy) (Bhatt et al. 2019a). Enrolled patients were randomized to either IPE 
4 g/day or mineral oil placebo and were followed up for a median of 4.9 years. At 
the end of 1 year of IPE treatment, serum TGs and LDL-C were reduced by 19.7% 
and 6.6%, respectively, compared to placebo treatment (p  <  0.001 for both). 
Additionally, patients receiving IPE experienced a significant reduction of 39.9% in 
baseline high-sensitivity C-reactive protein (hsCRP) (p  <  0.0001) (Bhatt et  al. 
2019a; Bazarbashi and Miller 2020a). Primary endpoints such as CVD death, non-
fatal myocardial infarction (MI), nonfatal stroke, unstable angina, and coronary 
revascularization occurred in 23% of patients receiving IPE versus 28.3% in the 
placebo arm (hazard ratio (HR) 0.75 (0.68–0.83), p < 0.001), with a number needed 
to treat (NNT) of 21 patients over the study duration to prevent 1 event (95% CI, 
15–33) (Bhatt et al. 2019a) (Fig. 12.3).

In addition to the primary endpoint, prespecified hierarchical testing revealed 
significant improvement in the key secondary composite endpoint (CVD death, 
nonfatal MI, stroke), with individual endpoints including CVD death and the com-
posite of total mortality, nonfatal MI, or nonfatal stroke. Finally, there was a 13% 
reduction in all-cause mortality that trended toward, but did not attain, statistical 
significance (Fig. 12.4).

Subgroup analysis of the trial (REDUCE-IT REVASC) examined total on-trial 
coronary revascularization procedures as well as recurrent revascularization proce-
dures and subtypes. Patients allocated to IPE experienced a 34% reduction in initial 
coronary revascularization compared to that of placebo (p < 0.0001; NNT, 24), with 
similar results observed for recurrent revascularization intervention (Peterson et al. 
2021). Overall, initial as well as repeat (second, third, and fourth) CVD events were 
reduced, yielding a 31% reduction in total events (Fig. 12.5) (Bhatt et al. 2019b).

Notably, while on treatment, TGs accounted for only a small proportion of the 
benefits observed (Miller 2019) and EPA levels were a robust predictor of multiple 
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REDUCE-IT : Primary endpoint

Composite: CV death, nonfatal MI, nonfatal stroke, coronary
revascularization, unstable angina
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Fig. 12.3 The REDUCE-IT trial primary endpoint. HR hazard ratio, RRR relative risk reduction, 
ARR absolute risk reduction, NNT number needed to treat. (From Bhatt et al. 2019a. Copyright © 
(2019) Massachusetts Medical Society. Reprinted with permission)

REDUCE-IT : Prespecified hierarchical
endpoint testing
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Fig. 12.4 The REDUCE-IT trial prespecified hierarchical endpoint. RRR relative risk reduction, 
CI confidence interval. (From Bhatt et  al. 2019a. Copyright © (2019) Massachusetts Medical 
Society. Reprinted with permission)
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CVD endpoints in the REDUCE-IT trial (Bhatt et al. 2020). Taken together, a high 
daily intake of purified EPA improved CVD risk in patients with HTG at an increased 
risk of CVD.

 STRENGTH

The STRENGTH (Statin Residual Risk Reduction with Epanova in High 
Cardiovascular Risk Patients with Hypertriglyceridemia) trial was a double-blinded, 
randomized, multicenter trial of 13,078 participants designed to examine omega-3 
carboxylic acids (CAs), EPA, and DHA, in statin-treated patients at high CVD risk 
(defined as 1) the presence of established ASCVD in coronary, peripheral, carotid, 
or aortic regions, (2) T1DM or T2DM aged 40 or older for men or aged 50 and older 
for woman with at least one risk factor, including smoking, hypertension, hsCRP 
2 mg/dL or higher, or high albuminuria, with HTG (200–500 mg/dL) and low HDL- 
C. Enrolled patients were randomized to receive 4 g/d of omega-3 CAs or corn oil 
and followed up for a median period of 42 months. The study was terminated on 
January 8, 2020 after a prespecified interim analysis reported study futility, despite 
favorable reductions in TGs, non-HDL, and hsCRP (−19%, −6.1%, and −20%, 
respectively, p < 0.001 compared to placebo) (Nicholls et al. 2020). Additionally, 
the levels of apolipoprotein C-III were decreased in the omega-3 CA arm but not in 
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placebo (−7% vs +5.9%, p < 0.001). Unfortunately, no differences were observed in 
the primary endpoint of CV death, MI, stroke, coronary revascularization, or unsta-
ble angina requiring hospitalization (12% on omega-3 CAs vs 12.2% on placebo 
(HR 0.99 (95% CI, 0.90–1.09, p  =  0.84))). Similarly, there were no statistically 
significant differences in the secondary endpoint (CV death, stroke, or MI) or in 
all- cause mortality (Nicholls et al. 2020).

 Why Were Results of REDUCE-IT 
and STRENGTH Discrepant?

Despite similar reductions in triglyceride levels in the two studies, REDUCE-IT 
exhibited higher circulating levels of EPA compared to STRENGTH (89.6 vs 144 
micrograms/mL), and this finding may have contributed to the benefits observed in 
REDUCE-IT but not in STRENGTH. Alternatively, DHA may have blunted the 
CVD benefits in STRENGTH. Another study, the Omega-3 Fatty Acids in Elderly 
Patients with Myocardial Infarction (OMEMI) trial, did not show clinical benefits 
on CVD outcomes (nonfatal MI, unscheduled revascularization, stroke, hospitaliza-
tion for HF, or all-cause mortality) in post-MI seniors (70 years and older) assigned 
to 1.8 g/day of EPA/DHA vs placebo over a 2-year period (Kalstad et al. 2020).

In addition to the favorable results obtained in two clinical trials (JELIS and 
REDUCE-IT), experimental evidence has also demonstrated a beneficial role for 
EPA in endothelial function, cellular inflammation, oxidative stress, and platelet 
aggregation (Borow et al. 2015). Moreover, EPA improves HDL functionality by 
upregulating cholesterol efflux and inhibiting cytokine-mediated adhesion molecule 
expression (Tanaka et al. 2018). Finally, EPA reduces the expressions of proinflam-
matory genes and microRNAs that influence atherogenic metabolic signaling path-
ways (Mason et al. 2020; Bazarbashi and Miller 2020b). In contrast, DHA increases 
membrane fluidity and promotes lipid domain changes and disordering effects 
(Mason et al. 2020) that may partially temper the benefits of EPA.

 PROMINENT

The PROMINENT (Pemafibrate to Reduce Cardiovascular Outcomes by Reducing 
Triglycerides in Patients with Diabetes) is an ongoing randomized, double-blind, 
placebo-controlled multicenter trial evaluating the selective peroxisome proliferator- 
activated receptor alpha (PPARα) modulator, pemafibrate (K-877), in high-risk 
patients (i.e., T2DM with or without preexisting CVD) with mild to moderate HTG 
(200–499 mg/dL) and low HDL-C (≤40 mg/dL) receiving statins and other standard- 
of- care therapies (NCT03071692) (Pradhan et al. 2018). The study is fully enrolled 
(n = 10,391) with patients randomized to either pemafibrate 0.2 mg twice a day or 
placebo. The mean follow-up duration is 4 years with an estimated completion date 
in 2022. The primary outcome measure is time to first occurrence of a composite of 
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the following endpoints: MI, ischemic stroke, unstable angina requiring unplanned 
coronary revascularization, and cardiovascular death. Secondary outcomes include 
all-cause mortality, hospitalization for heart failure, any coronary revascularization, 
and new or worsening peripheral arterial disease (PAD) (Pradhan et al. 2018).

 Current Treatments for HTG

 Lifestyle Modifications

Because HTG may result from unhealthy dietary habits associated with visceral 
obesity and metabolic syndrome, the primary strategy with mild to moderate HTG 
(200–499 mg/dL) is lifestyle intervention. In patients with very high TGs (fasting 
levels equal to or greater than 500 mg/dL), pharmacological therapy is combined 
with lifestyle intervention (Miller et al. 2011).

The ACC/AHA and the European Society of Cardiology (ESC)/European 
Atherosclerosis Society (EAS) guidelines address the management of lifestyle fac-
tors that promote physical activity and weight loss as critical components for the 
management of HTG (Grundy et al. 2019; Mach et al. 2020). Physical activity as 
recommended by the ACC/AHA (COR 1, LOE B) consists of 150 mins per week or 
more of moderate intensity (e.g., brisk walking at a rate of 3–4 miles per hour) or 
75  mins per week of more vigorous intensity. For each kilogram of weight loss 
achieved, there is an approximate 8 mg/dL decrease in TGs (Arnett et al. 2019). 
Dietary recommendations include vegetables, fruits, legumes, nuts, whole grains, 
and fish as is the custom of the Mediterranean diet that is associated with 10–15% 
reduction in TGs and decreased ASCVD risk (COR 1, LOE B) (Miller et al. 2011; 
Arnett et al. 2019). Replacing saturated fats with dietary monounsaturated and poly-
unsaturated fats may also contribute to TG and ASCVD reduction (COR IIa, LOE 
B) (Arnett et al. 2019).

 Traditional TG-Lowering Therapies

Statins remain a treatment of choice in high-risk patients (e.g., CVD, T2DM) with 
mild to moderate HTG. On average, statins reduce TG levels by 10–30%, depending 
upon the statin used and the associated baseline TGs (Miller et al. 2011; Stein et al. 
1998). Niacin inhibits hepatic diacylglycerol acetyltransferase 2 (DGAT2) and 
VLDL synthesis, resulting in 20% or more decreases in plasma TG levels (Feingold 
and Grunfeld 2000b; Kamanna et al. 2013; Birjmohun et al. 2005). However, niacin 
is rarely used due to its unfavorable side effect profile and failure to reduce CVD 
events in clinical trials (Group HTC 2013). Fibrates are the most potent TG-lowering 
therapies currently available with ~20–50% reductions via PPARα-mediated activa-
tion of LPL (Group AS et al. 2010). Results from the Action to Control Cardiovascular 
Risk in Diabetes (ACCORD), a large randomized controlled trial (RCT) comparing 
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fenofibrate and statin therapy to statin monotherapy, did not demonstrate clinical 
benefits in patients with T2DM (Group AS et al. 2010). However, a prespecified 
analysis in patients with TGs >200 mg/dL and HDL <35 mg/dL did show a trend 
toward statistical significance (p  =  0.06) (Elam et  al. 2011). As illustrated in 
Fig. 12.3, other fibrate trials have suggested clinical benefits of fibrates in patients 
with HTG and low HDL-C. Consequently, the results of PROMINENT are expected 
to provide more conclusive data as to whether fibrate therapy may play an important 
role in CVD risk reduction for high-risk patients with HTG. Fibrate therapy is gen-
erally well tolerated, although the combination of gemfibrozil and statins is not 
recommended due to the increased risk of myopathy and caution should be exer-
cised when combining fenofibrate with statins (Kamanna et  al. 2013; Zhao 
et al. 2016).

 Omega-3 Fatty Acids

Both EPA and DHA reduce TG levels to a similar extent (~5–10% per gram), 
although differential effects have been observed on other lipoprotein lipids and met-
abolic biomarkers (Borow et al. 2015; Mori et al. 2000; Sahebkar et al. 2018). As 
noted above, IPE is an ultra-purified prescription form of EPA (>96% purity) and 
was initially approved as an add-on therapy in patients with very high TGs 
(≥500 mg/dL). Other prescription OM3s (e.g., omega-3 acid ethyl esters) that con-
tain EPA and DHA have also been approved for very high TGs.

Based upon the results of the REDUCE-IT trial, the Food and Drug Administration 
(FDA) has recently approved IPE as an adjunctive therapy for the management of 
patients with TGs (150–499 mg/dL) and CVD or DM and at least one additional 
CVD risk factor (Bazarbashi and Miller 2020a; FDA approves use of drug to reduce 
risk of cardiovascular events in certain adult patient groups 2019; Orringer et al. 
2019; VASCEPA 2019). Concurrently, the National Lipid Association, the European 
Society of Cardiology, the American Association of Clinical Endocrinologists/
American College of Endocrinology, and the American Diabetes Association also 
released updates to their standard-of-medical-care guidelines and now recommend 
IPE to prevent CVD in high-risk patients with elevated TGs (135–500  mg/dL) 
(Mach et al. 2020; Orringer et al. 2019; American Diabetes A 2019).

 Novel and Future Therapies

 Apo-CIII Inhibition

While apolipoprotein C-III is known to inhibit LPL and function as a regulator of 
TG metabolism, several therapies aimed at regulating ApoC-III concentrations have 
emerged. Small antisense oligonucleotides (ASOs), small interfering RNAs 
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(siRNAs), and monoclonal antibodies are among the therapies developed to specifi-
cally inhibit ApoC-III (Taskinen et al. 2019). Volanesorsen is an anti-ApoC-III anti-
sense oligonucleotide administered subcutaneously every 2  weeks. In the 
APPROACH (A Study of Volanesorsen in Patients with Familial Chylomicronemia 
Syndrome) trial, volanesorsen reduced TGs by 77% in patients with familial chylo-
micronemia syndrome (FCS) (Witztum et al. 2019). However, a major and unantici-
pated adverse event, thrombocytopenia, halted its approval by the FDA for FCS. By 
contrast, the European Medicine Agency granted volanesorsen an indication within 
the orphan drug designation. A second-generation ASO directed against ApoC-III 
may be more promising as thrombocytopenia has not occurred in early-phase stud-
ies. Further testing of AKCEA-APOCIII-LR, an N-acetylgalactosamine (GalNac)-
conjugated anti-ApoC-III ASO, is anticipated in high-risk patients with HTG.

 Angiopoietin-Like Protein 3 (ANGPTL3) Inhibition

Angiopoietin-like protein 3 (ANGPTL3) is a circulating protein synthesized and 
secreted by the liver (Koishi et al. 2002). ANGPTL3 has been shown to play an 
integral role in the regulation of lipid and glucose metabolism, in part via inhibition 
of lipoprotein lipase (Mattijssen and Kersten 2012). Inhibition of ANGPTL3 has 
been demonstrated pharmacologically using the monoclonal antibody evinacumab. 
In healthy volunteers with mild to moderate elevation in TGs (150–450 mg/dL) or 
LDL-C (100 mg/dL or greater), evinacumab (administered subcutaneously or intra-
venously) reduced TGs and LDL-C by 76% and 23%, respectively (Dewey et al. 
2017). ANGPTL3 can also be inhibited by gene-targeted inactivation of messenger 
RNA (mRNA) via antisense oligonucleotides (ASOs). In a study of 43 participants 
randomized to multiple doses of the IONIS-ANGPTL3-LRx ASO, decreases in 
TGs (33.2%–63.1%), LDL-C (1.3%–32.9%), VLDL-C (27.9%– 60%), non-HDL-C 
(10%–35.6%), and apoB (3.4%–25.7%) were observed compared to placebo 
(Graham et al. 2017). Both medications were well tolerated without any major seri-
ous adverse events reported during early testing.

 Gemcabene

Gemcabene is a dialkyl ether dicarboxylic acid lipid-regulating compound that 
enhances the clearance of VLDLs via reduction of hepatic ApoC-III messenger 
RNA (mRNA), thereby playing a potential therapeutic role in reducing TGs at lev-
els of 200 mg/dL or higher (Bays et al. 2003; Stein et al. 2016). Gemcabene was 
licensed from Pfizer Inc. by Gemphire Therapeutics Inc. in 2011 for the treatment 
of patients with hypercholesterolemia or HTG who were otherwise unable to effec-
tively lower LDL or TGs or were intolerant to standard therapies. In 2015, a new 
IND (Investigational New Drug) application for gemcabene was filed. In 2016, 
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gemcabene was studied in COBALT-1, an open-label trial of patients with homozy-
gous familial hypercholesterolemia (HoFH), and demonstrated a dose-dependent 
change in the mean percentage and absolute changes in LDL (Gaudet et al. 2019). 
Most recently, results of a 12-week study to assess the efficacy, safety, and tolerabil-
ity of gemcabene in subjects with severe hypertriglyceridemia (INDIGO-1) 
(NCT02944383) have demonstrated a 47% reduction in TGs for patients taking 
gemcabene 600 mg daily when compared with placebo (27%). This compound has 
not yet received FDA approval.

 Fibroblast Growth Factor 21 (FGF21)

Fibroblast growth factor 21 is a cytokine with biological pleiotropic properties 
including, but not limited to, regulating cell growth, differentiation, and metabo-
lism. FGF21 is mainly regulated by PPARα in the liver and PPARζ in adipocytes. 
Therapy with FGF21 analogues alleviate dyslipidemia and increase adiponectin lev-
els. Four different FGF21 therapies have emerged (LY2405319, PF-05231023, 
AMG876/AKR-001, pegbelfermin) with demonstrated reductions in serum TG lev-
els in humans (Geng et al. 2020). To date, none of the FGF21 analogues have been 
approved by the FDA and the majority are currently in preclinical animal models. 
However, pegbelfermin, an FGF21 analogue, was recently studied in a 16-week 
randomized, double-blinded, phase 2a clinical trial in human patients with nonalco-
holic steatohepatitis. The results showed a significant decrease in absolute hepatic 
fat fraction in the group receiving 10 mg pegbelfermin daily (−6.8% vs −1.3%; 
p = 0.0004) compared with placebo (Sanyal et al. 2019). Most recently, AKR-001, 
a long-acting human immunoglobulin 1 (IgG1) Fc–FGF21 fusion protein, was stud-
ied in patients with type 2 diabetes over 4 weeks of treatment. Markers of lipid 
metabolism were analyzed and demonstrated a trend toward improvement in the 
lipoprotein profile. A maximal reduction in fasting TGs of 69% and 55% in 1- and 
2-week dosing, respectively, was observed (Kaufman et  al. 2020). Other FGF21 
candidates (e.g., BIO89-100) are currently under evaluation for patients with severe 
HTG (equal to or greater than 500 mg/dL) (NCT04541186).

 Current Recommendations

The 2018 ACC/AHA guideline on the management of blood cholesterol places very 
little emphasis on HTG (Grundy et al. 2019). They define HTG as fasting or non-
fasting levels between 175 and 499 mg/dL and recommend lifestyle therapy as the 
cornerstone of management, similar to recommendations based on the 2011 AHA 
Statement (Miller et al. 2011). In patients with HTG and a high estimated 10-year 
risk of ASCVD (7.5% likelihood of an ASCVD event over 10 years), the recom-
mendation is to initiate or intensify statin therapy (Fig. 12.6) (Grundy et al. 2019). 
It remains to be determined whether IPE therapy will be prioritized for treatment of 
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mild to moderate HTG in future guidelines, though as noted earlier, multiple profes-
sional guidelines endorse the use of high-dose IPE for high-risk patients with ele-
vated TG (135–500 mg/dL).

 Summary

While TRLs contribute to elevated CVD risk in patients with HTG, only recently 
has evidence emerged that lowering TGs may translate into reduced CVD risk. 
While we await the results of the soon-to-be completed clinical trials (e.g., 
PROMINENT) and continue to investigate novel therapies, it is clear that the persis-
tently elevated risk in this group despite statin therapy may be amenable to effective 
therapies (e.g., IPE) that help mitigate this risk.
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Chapter 13
Inflammatory Diseases and Risk 
of Atherosclerotic Cardiovascular Disease: 
A New Focus on Prevention

Renato Quispe, Bibin Varghese, and Erin D. Michos

 Introduction

Atherosclerosis continues to be one of the main contributors to the development of 
the spectrum of cardiovascular disease (CVD) that includes myocardial infarction 
(MI), stroke, and peripheral arterial disease. During much of the twentieth century, 
research focused on the causal role of lipids and cholesterol, mainly low-density 
lipoprotein cholesterol (LDL-C), in the formation of atherosclerosis (Goldstein and 
Brown 2015). Later, other risk factors were identified, such as other lipoproteins, 
hypertension, insulin resistance, smoking, and lifestyle-related factors (Khera et al. 
2016). Despite significant reduction in cardiovascular events with LDL-C lowering 
with mainly statin therapy, there remains a significant residual risk for incident and 
recurrent atherosclerotic cardiovascular disease (ASCVD) events (Fernandez-Friera 
et  al. 2017), even among patients with well-controlled levels of LDL-C (Ridker 
et al. 2008a; Quispe et al. 2020). Consequently, it is now acknowledged that ele-
vated LDL-C alone does not fully explain the entire burden of atherosclerosis, for 
which current research efforts are aiming to explore novel potential contributors to 
residual risk.
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Compelling evidence has highlighted the potential role of inflammation as a 
causal risk factor for atherosclerosis (Alfaddagh et al. 2020; Ridker et al. 2017). The 
pathobiology of inflammation that contributes to the burden of atherosclerosis, as 
well as its interactions with other known risk factors, is rather complex and not fully 
elucidated. However, promising results from recent clinical trials of anti- 
inflammatory agents have opened multiple new directions for therapeutic targeting 
as well as a clinical dialogue about personalized medicine to further reduce the risk 
of ASCVD (Ridker 2018; Sweeney et al. 2021).

In this book chapter, we will provide further insights into the pathophysiological 
role of inflammation in the development of atherosclerosis, the atherogenic risk con-
ferred by specific inflammatory conditions, the clinical utility of markers and imaging 
techniques to assess inflammation, and the relevance of inflammation in decision-
making for primary prevention. We will also present some current evidence evaluat-
ing the utility of anti-inflammatory agents in secondary prevention. Although this 
book chapter is focused on primary prevention, discussion of these secondary preven-
tion trials offers proof of concept of the causal role of inflammation in atherothrom-
bosis, which may eventually be translated into primary prevention strategies as well.

 Inflammation in the Initiation and Propagation 
of Atherosclerosis

Atherosclerosis is a dynamic process, and inflammation is implicated in all stages 
of the formation and evolution of atherosclerotic lesions (Fig.  13.1) (Alfaddagh 
et  al. 2020). From a pathophysiological standpoint, atherosclerosis begins with 
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Fig. 13.1 Mechanisms of inflammation and atherosclerotic cardiovascular disease. Reproduced 
with permission from Alfaddagh et al. (2020) [open access])
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endothelial injury and dysfunction and subsequent accumulation of atherogenic 
lipoproteins in the subintimal space. Additionally, platelets in the arterial wall 
release protein platelet-derived growth factor (PDGF) that stimulates the migration 
and proliferation of smooth muscle cells (SMCs) into the intima. The extracellular 
matrix formed by interstitial collagens produced by SMCs entraps plasma-derived 
atherogenic lipoproteins, which ultimately give rise to atheroma when engulfed by 
arterial wall macrophages to become foam cells.

Upregulation of adhesion molecules (i.e., intercellular adhesion molecule-1 
(ICAM-1), vascular cell adhesion molecule-1 (VCAM-1)), in addition to a variety 
of selectins, promotes binding, rolling, and transmigration of inflammatory cells to 
early plaque initiation sites. Probing of human atherosclerotic plaques with mono-
clonal antibody reagents helps to better characterize and identify the different cell 
types that accumulate in human atherosclerotic plaques, depicting a significant 
inflammatory infiltrate. Different immune cells, mainly monocytes and macro-
phages, but also CD4+ T cells, were identified in human atherosclerotic plaques 
(Libby et al. 2018).

The formation of the NOD-, LRR-, and pyrin domain-containing protein 3 
(NLRP3) inflammasome within macrophages constitutes a key step in propagating 
inflammation. The NLRP3 inflammasome is a complex cytosolic multiprotein that 
is critical for host immune defenses against infections. It is formed when macro-
phages receive a second hit from either cellular hypoxia or deposition of cholesterol 
crystals and activates caspase-1, which cleaves pro-interleukin-1β (pro-IL-1β) into 
its mature and biologically active form, IL-1β. This process ultimately produces 
interleukin-6 (IL-6), which stimulates liver production of C-reactive protein (CRP) 
and further amplifies the inflammatory cascade (Libby et al. 2018).

These immune cells activate and communicate with arterial wall cells through 
several cytokines and cell-surface receptors. For instance, endothelial–leukocyte 
adhesion as well as entry of bound cells into the intima are regulated by multiple 
inflammatory mediators, such as cytokines and chemokines (a subset of cytokines 
that mediate the migration of cells in a plaque). Intrinsic arterial wall cells them-
selves express and respond to chemokines and cytokines, suggesting that they are 
also activated by inflammatory mediators. In summary, cytokines mediate the 
exchange of signals between immune cells (i.e., leukocytes) and intrinsic arterial 
wall cells. Although both leukocytes and arterial wall cells in a plaque could be 
considered as the protagonists in the role of inflammation during atherogenesis, 
cytokines and chemokines provide the dialogue through which these actors com-
municate (Libby et al. 2018).

Inflammation also plays a role in other features of the atherosclerotic plaque. 
Proinflammatory cytokines released by macrophages contribute to vascular SMC 
apoptosis and release of calcium-rich matrix vesicles that form the nucleation site 
for calcium deposition. In particular, tumor necrosis factor-α (TNF-α) has been 
shown to induce osteogenic differentiation of vascular SMCs into osteoblast-like 
cells that further accelerate intimal calcification within the plaque (Hulin et  al. 
2018). Interestingly, this mechanism has been postulated to also contribute to aortic 
valve calcification (Sverdlov et al. 2011).
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As explained above, the inflammatory cascade is complex and involves multiple 
cytokines as well as immune cells, which additionally contribute to amplifying 
cytokine production. All of these steps together contribute to signaling, modulating 
plaque formation, and growth.

 Source of Chronic Inflammation in Normal Aging: Aging 
as an Inflammatory “Disease”

Pathophysiologically speaking, aging in humans may be more than a simple proxy 
for historical exposure to cardiovascular risk factors. Aging is associated with a 
state of chronic, low-grade inflammation characterized by increases in the circulat-
ing levels of IL-6 and CRP (Ferrucci et al. 2005) or IL-1β (Furman et al. 2017). This 
link between aging and inflammation has only recently been fully elucidated and 
has introduced a novel concept that may explain this phenomenon.

Clonal hematopoiesis of indeterminate potential (CHIP) is an expansion of blood 
cell clones due to advantageous somatic mutations that can be found in up to 10% 
individuals 70  years or older (Jaiswal et  al. 2014). Humans have an estimated 
10,000–200,000 hematopoietic stem cells, and each cell acquires approximately 
170 mutations in the whole genome per decade of life. Rarely can one of these 
mutations provide a selective advantage to a given stem cell, which leads to an 
expanded blood cell clone derived from a single mutated ancestor.

Recent evidence has shown that individuals who harbor these cell clones are at a 
higher risk of not only hematological cancers but also ASCVD (Jaiswal et al. 2014), 
likely because many of the genetic mutations that cause CHIP (such as TET2 or 
DNMT3A) (Jaiswal and Libby 2020) also lead to increased expression of inflam-
matory genes in innate immune cells (Zhang et al. 2015; Fuster et al. 2017). The 
magnitude of risk conferred by CHIP has been shown to be similar or greater than 
known cardiovascular risk factors. Among older individuals free of coronary artery 
disease (CAD), the risk of incident CAD was 1.9-fold higher in those with 
CHIP. Similarly, CHIP was fourfold higher in individuals with early MI (Jaiswal 
et  al. 2017). Other studies have shown association between CHIP and ischemic 
heart failure (Dorsheimer et al. 2019). More details about CHIP and its link to CVD 
can be found in another chapter of this book.

 Atherosclerosis in Specific Inflammatory Conditions

 Incorporation of Inflammatory Conditions into Risk Assessment

Recent guidelines have now recognized the increased ASCVD risk among individu-
als with inflammatory conditions. In the 2019 guideline put forth by the American 
College of Cardiology (ACC) and the American Heart Association (AHA) for the 
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primary prevention of CVD, inflammatory conditions such as metabolic syndrome, 
rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), psoriatic arthritis, 
and human immunodeficiency virus (HIV) infection were highlighted as “risk- 
enhancing” factors (Fig.  13.2). For those aged 40–75  years without established 
ASCVD, the 2019 ACC/AHA Primary Prevention Guideline recommends starting 
with an estimation of a 10-year risk using the pooled cohort equations (PCEs) and 
then characterizing individuals into low- (<5%), borderline- (5–7.4%), intermedi-
ate- (7.5–19.9%), or high-risk (≥20%) groups. Most low-risk patients can be suffi-
ciently managed with lifestyle measures alone, whereas high-risk patients should be 
treated with high-intensity statins with the goal of reducing LDL-C by 50% or more, 
in addition to lifestyle recommendations. A shared decision-making process should 
be initiated for those at borderline or intermediate risk regarding the net benefits of 
statin therapy.

The presence of a risk-enhancing factor, such as these aforementioned inflamma-
tory conditions, would place an individual into a higher risk category that might 
favor the initiation or intensification of statin therapy for prevention, particularly for 
those at borderline or intermediate 10-year risk (Arnett et al. 2019). If there is still 
uncertainty regarding the risk and net benefits of statin therapy after considering 
these risk-enhancing factors, a coronary artery calcium (CAC) score can be mea-
sured as a risk-decision aid to guide the clinician–patient risk discussion (Fig. 13.3). 
CAC, measured by noncontrast computed tomography (CT), is a surrogate marker 
of the total subclinical coronary atherosclerosis burden and a potent prognostic 
marker of future ASCVD events (Michos et al. 2017). More details about CAC can 
be found in another (Chap. 22) of this book. These “risk-enhancing” inflammatory 
conditions highlighted in the guidelines are further discussed below.

Risk 
enhancing 
factors for 

ASCVD

SLE

Psoriasis

HIVRA

hsCRP 
≥2 mg/L

Fig. 13.2 “Risk-
enhancing” factors for 
atherosclerotic 
cardiovascular disease. 
Abbreviations: ASCVD 
atherosclerotic 
cardiovascular disease, RA 
rheumatoid arthritis, SLE 
systemic lupus 
erythematosus, HIV human 
immunodeficiency virus, 
hsCRP high-sensitivity 
C-reactive protein

13 Inflammatory Diseases and Risk of Atherosclerotic Cardiovascular Disease…



252

 Obesity and Metabolic Syndrome

Research over the past two decades has revealed a close relationship between nutri-
ent excess and activation of the innate immune system in most organs involved in 
energy homeostasis. Obesity and metabolic disorders are both accompanied by 
chronic low-grade inflammation (Ebron et al. 2015). Furthermore, inflammation is 
thought to occur as a consequence of obesity, possibly playing a role in generating 
insulin resistance in addition to defective insulin secretion.

Adipose depots contain multiple immune cells that maintain the integrity and 
hormonal sensitivity of adipocytes. However, during obesity, there is a dramatic 
increase in the number of macrophages, which leads to a more proinflammatory 
phenotype with subsequent enhanced secretion of cytokines such as TNF-α. 
Moreover, progressive fat deposition results in visceral obesity, causing a state of 
hypoxia that triggers necrosis and macrophage infiltration into the adipose tissue, 
leading to overproduction of adipocytokines. It has also been postulated that the 
initial trigger of metabolic inflammation is the disturbance of energy homeostasis 
and that the initial response is adaptive to relieve the anabolic pressure produced by 
obesity, which over time becomes maladaptive with consequent failure to resolve 
the initial response to the insult (Saltiel and Olefsky 2017).

Metabolic syndrome is defined as having three or more of the following five fac-
tors: increased waist circumference, elevated triglycerides, elevated blood pressure, 
elevated glucose, and low high-density lipoprotein cholesterol (HDL-C) (Grundy 
et  al. 2004). The 2019 ACC/AHA Primary Prevention Guideline considers 
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Fig. 13.3 Approach to incorporate inflammation into risk assessment. Abbreviations: ASCVD 
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metabolic syndrome to be a “risk-enhancing” factor that would favor initiation of 
statin therapy for ASCVD prevention (Arnett et al. 2019).

 Rheumatoid Arthritis

Rheumatoid arthritis (RA) is a highly prevalent autoimmune inflammatory disease, 
more common among women, which leads to progressive destruction of the joints. 
RA is associated with a 1.5- to two-fold increased risk of ASCVD, including 
increased risk of MI and ischemic stroke (Hansildaar et al. 2020). Patients with RA 
have a lower survival rate compared to the general population, and this decrease in 
survival rate is attributed to ASCVD (Hansildaar et al. 2020). One meta-analysis 
including 24 studies and more than 111,000 patients found a 50% increased risk of 
cardiovascular mortality among patients with RA, including increased risks for both 
ischemic heart disease and stroke (Avina-Zubieta et al. 2008).

Although traditional cardiovascular risk factors are prevalent in RA and do play 
a role in the overall CVD risk, adjustments for these risk factors do not fully account 
for the cardiovascular risk associated with the disease (del Rincon et al. 2001). The 
chronic inflammation associated with the disease is thought to play a significant role 
in the heightened risk of ASCVD associated with RA, as patients with frequent 
flares and uncontrolled disease have a higher burden of ASCVD than those who stay 
in remission for longer.

As described previously, the pathophysiology of atherosclerosis involves endo-
thelial dysfunction, plaque formation, and plaque destabilization and rupture. In 
patients with RA, evidence of endothelial dysfunction and atherosclerotic plaque is 
present early in the disease course (Sandoo et al. 2011). A proposed mechanism to 
link the exaggerated inflammatory response in RA to the development of athero-
sclerosis is extensive neutrophil activation via neutrophil extracellular traps (NETs) 
(Hansildaar et  al. 2020). NETosis is a process involving neutrophil cell death in 
which DNA and cytoplasmic granules are released to eliminate extracellular patho-
gens and neutralize cytokines. NETs have been noted in atherosclerotic lesions and 
arterial thrombi in humans and are thought to cause endothelial dysfunction and 
plaque destabilization and promote thrombotic complications of CAD in many 
patient populations, including patients with RA (Doring et al. 2020).

Part of the challenge of identifying RA patients at risk for adverse cardiovascular 
outcomes is that patients with active RA have lower total cholesterol (TC) and 
LDL-C levels (the “lipid paradox”). The paradoxical lowering of cholesterol levels 
makes it difficult to estimate the ASCVD risk associated with RA, which utilizes 
cholesterol levels as part of the algorithm (Skeoch et al. 2017). As such, traditional 
risk estimation tools including the PCEs that use cholesterol levels underestimate 
the ASCVD risk in patients with RA.  Therefore, the European League Against 
Rheumatism (EULAR) recommends that the risk approximated by traditional risk 
scores should be multiplied by 1.5 if a patient meets two out of three criteria 
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including seropositivity, extra-articular features, and disease duration >10  years 
(Peters et al. 2010). However, the accuracy of the correction factor remains to be 
validated.

Recent guidelines have now recognized the increased ASCVD risk among indi-
viduals with inflammatory conditions. As mentioned, in the 2019 ACC/AHA guide-
line for the primary prevention of CVD, RA is considered a “risk-enhancing” factor 
that would favor the initiation or intensification of statin therapy for ASCVD pre-
vention (Arnett et al. 2019). Patients with RA have a greater prevalence of CAC 
than controls (Chung et al. 2005). Measurement of CAC in these patients to refine 
risk estimation can be considered if there is uncertainty regarding initiation of pre-
ventive pharmacotherapies such as aspirin and statins.

 Systemic Lupus Erythematosus

Systemic lupus erythematosus (SLE) is an autoimmune disorder, also more com-
mon in women, characterized by the production of antibodies and multisystem 
inflammation that damages tissue and organs throughout the body including the 
joints, kidneys, heart, brain, and skin. Cardiovascular disease is the most common 
cause of death in patients with SLE (Nossent et al. 2007). SLE patients have a two- 
to threefold higher risk of MI when compared to the general population (Avina- 
Zubieta et  al. 2017) and an earlier onset of CAD (Asanuma et  al. 2003). The 
pathogenesis of atherosclerosis likely involves an interplay of traditional risk fac-
tors and disease-specific inflammatory pathways. Part of the cardiovascular risk 
associated with SLE is attributable to traditional risk factors (Giannelou and 
Mavragani 2017). In addition to traditional dyslipidemia, HDL function is compro-
mised with reduced cholesterol efflux capacity and formation of proinflammatory 
HDL. Furthermore, immunological mechanisms may play a significant role in the 
development of ASCVD. The initial step in the pathogenesis of atherosclerosis in 
SLE is thought to involve elevated type 1 interferon levels as part of the disease 
process, which results in endothelial injury (Liu and Kaplan 2018). In addition, 
autoantibodies such as anti-oxidized LDL (anti-oxLDL) and anti-β2-glycoprotein I 
antibodies, NETs, and other innate and adaptive cell signaling pathways may medi-
ate accelerated vascular disease in SLE (Liu and Kaplan 2018). The mechanism and 
pathogenesis of atherosclerosis in SLE remains to be fully elucidated.

Similar to RA, traditional risk scores also do not account for the increased CVD 
risk associated with SLE and, as such, SLE is also considered a risk-enhancing fac-
tor in the most recent ACC/AHA guidelines (Arnett et al. 2019). Individuals with 
SLE also have higher CAC scores than individuals without SLE, even after account-
ing for ASCVD risk factors (Kiani et al. 2015). Thus, a CAC score could be consid-
ered to refine ASCVD risk estimation in patients with SLE if risk-based decisions 
to implement statin therapy were otherwise uncertain, such as those patients with 
SLE but without LDL-C elevation (Arnett et al. 2019).
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 Psoriasis

Psoriasis is an inflammatory disease of the skin that affects 2–3% of the world’s 
population (Armstrong et al. 2013). Patients with psoriasis have increased preva-
lence of endothelial dysfunction and subclinical atherosclerosis (Shaharyar et  al. 
2014). They also have increased risk of clinical CVD with a higher risk of MI, 
stroke, and increased overall mortality (Armstrong et al. 2014). One meta-analysis 
included observational data from 201,239 patients with mild psoriasis and 17,415 
with severe psoriasis (Armstrong et al. 2013). The authors reported that severe pso-
riasis was associated with a 39% increased risk of cardiovascular mortality, a 70% 
increased risk of MI, and a 56% increased risk of stroke, but even mild psoriasis was 
associated with a 29% increased risk of MI and a 12% increased risk of stroke 
(Armstrong et al. 2013).

Similar to RA and SLE, although traditional risk factors play a role, they do not 
fully account for the CVD risk associated with psoriasis (Takeshita et al. 2017). The 
overall inflammatory burden of the disease plays a significant role as more severe 
disease correlated with higher cardiovascular mortality than mild disease (Armstrong 
et al. 2014). The mechanism of accelerated atherosclerosis in patients with psoriasis 
is thought to include elevated Th1 and Th17 cytokine pathways (Hu and Lan 2017) 
and formation of oxidized lipoproteins such as oxidized LDL (oxLDL) and dys-
functional HDL with limited cholesterol efflux capability (Siddiqi and Ridker 
2018). In a recent study by Sorokin et al., patients with psoriasis have been noted to 
have higher oxidized lipoproteins and the level of oxidized lipoproteins correlated 
with the burden of high-risk plaques (Sorokin et al. 2018). Treatment of psoriasis 
resulted in improvement of coronary plaque burden as evaluated by imaging modal-
ities (Sorokin et al. 2018). Similar to RA and SLE, psoriasis is also considered a 
risk-enhancing factor in the 2019 ACC/AHA Primary Prevention Guideline (Arnett 
et al. 2019).

 Human Immunodeficiency Virus (HIV)

With the advent of antiretroviral therapy, CVD has edged forward as the second 
leading cause of morbidity and mortality among the 35 million people living with 
HIV today (Shah et al. 2018). In a meta-analysis, patients living with HIV have a 
twofold greater relative risk of CVD when compared to uninfected individuals, even 
after accounting for traditional risk factors, lifestyle risk factors, and comorbidities 
(Kearns et al. 2017). Even in persons with HIV with undetectable viral loads, there 
is increased coronary atherosclerosis and carotid intima-media thickness with ele-
vated inflammatory markers including high-sensitivity CRP (hsCRP), IL-6, and 
GlycA, which signify the importance of inflammation as the key mediation of HIV- 
related cardiovascular disease (Kearns et al. 2017; Tibuakuu et al. 2019). In addi-
tion, persons with HIV are noted to have a more vulnerable plaque that is more 
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prone to rupture, which is thought to be correlated with inflammation as opposed to 
other traditional risk factors (D'Ascenzo et al. 2015; Post et al. 2014). The patho-
genesis of HIV-mediated atherosclerosis, although incompletely understood, likely 
involves CD8 T-cell activation, leading to endothelial injury, inhibition of monocyte 
and macrophage cholesterol efflux capacity which leads to accelerated foam cell 
formation, and generally increased oxidative stress, and inflammasome activation 
(Kearns et al. 2017).

In the Strategies for Management of Antiretroviral Therapy (SMART) trial, con-
tinuous suppression of HIV replication was associated with reduced CVD risk as 
opposed to intermittent therapy, suggesting a role of viral replication in HIV-related 
atherogenesis (Titanji et al. 2020). Several medications have been evaluated in small 
observational studies and randomized clinical trials (RCTs) to determine its effect 
on reducing inflammatory burden in persons living with HIV. Of these, statins (spe-
cifically rosuvastatin, atorvastatin, and pitavastatin), IL-1β inhibitors, and IL-6 
inhibitors have suggested effects of reductions of inflammation (Titanji et al. 2020). 
However, the translation of the reduction in inflammation and its effects on cardio-
vascular outcomes remain to be elucidated in large blinded RCTs. The Randomized 
Trial to Prevent Vascular Events in HIV (REPRIEVE) trial is currently underway 
and is evaluating whether pitavastatin will reduce the risk of CVD in HIV-infected 
individuals receiving combination antiretroviral therapy when compared to placebo 
(Grinspoon et al. 2019). Another RCT evaluating the benefits of canakinumab (an 
IL-1β inhibitor) in HIV-infected individuals (ClinicalTrials.gov Identifier: 
NCT02272946) is also ongoing.

Similar to inflammatory autoimmune conditions, traditional risk estimation tools 
like the PCE also do not adequately capture the increased CVD risk associated with 
HIV infection, and as such, HIV infection is also considered a “risk-enhancing” 
factor in the most recent ACC/AHA prevention guideline that would revise ASCVD 
risk estimation upward (Arnett et al. 2019).

 Assessment of Inflammation: Role of Markers and Imaging

Beyond clinical diagnoses of inflammatory conditions, inflammation can be mea-
sured in various ways, including the use of plasma markers of inflammation, nuclear 
imaging, coronary CT angiography (CCTA), and magnetic resonance imaging 
(MRI) (Table 13.1). These measures are summarized below.

 Inflammatory Markers

Part of the challenge of evaluating the overall cardiovascular risk for a patient is 
that many risk stratification tools do not account for variables, such as inflam-
mation, which are known to play a significant role in atherogenesis. As such, the 
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inflammatory biomarkers of CVD can be an additional tool in predicting cardiovas-
cular risk (Sweeney et al. 2021).

 hsCRP

The most well studied of these inflammatory biomarkers is the acute-phase reactant, 
hsCRP, which has been shown to add to traditional risk factors in predicting cardio-
vascular risk (Ridker et al. 2000; Emerging Risk Factors Collaboration et al. 2012). 
Indeed, hsCRP predicts ASCVD risk even when LDL-C is not very elevated (Ridker 
et al. 2008a, 2010; Quispe et al. 2020). The Reynolds Risk Score is a cardiovascular 
risk calculator that includes hsCRP (Ridker et al. 2007, 2008b). Although the PCE 
risk estimator does not include hsCRP, in the 2019 ACC/AHA Primary Prevention 
Guideline, an elevated hsCRP (≥2 mg/L) is considered a “risk-enhancing” factor 
(Arnett et  al. 2019). The Justification for the Use of Statins in Prevention: An 
Intervention Trial Evaluating Rosuvastatin (JUPITER) trial demonstrated the ben-
efits of statin therapy for primary prevention of ASCVD among adults with elevated 
hsCRP ≥2  mg/L but without significant hyperlipidemia (LDL-C  <  130  mg/dL) 
(Ridker et al. 2008a). Further evidence linking hsCRP to the ASCVD risk will be 
discussed in detail in another chapter of this book.

 Monocytes and Neutrophils

Monocytes and neutrophils are linked to CVD (Horne et  al. 2005). Monocytes 
are thought to initiate atherogenesis by reacting with oxidized lipids within the 

Table 13.1 Methods for measuring inflammation

Blood markers of 
inflammation Nuclear imaging

Coronary CT 
Angiography

Magnetic 
Resonance 
Imaging

Prognostic 
and clinical 
utility

Independent predictors 
of ASCVD
Represent different 
pathophysiological 
mechanisms of the 
disease

High sensitivity 
for vascular 
inflammation
Can provide 
information about 
plaque activity 
and stability

Independent 
predictor of 
ASCVD
Can identify 
anatomical 
markers of 
plaque 
inflammation

Can assess 
inflammatory 
activity within 
plaque

Limitations Poor sensitivity for 
vascular inflammation

Limited 
availability
Radiation 
exposure
Expensive

Operator- 
dependent

Low sensitivity
Requires 
gadolinium to 
boost sensitivity
Expensive

Strengths Supported by several 
epidemiological studies
Inexpensive

Marker of disease 
activity

Widespread 
availability

Inflammatory 
activity within 
plaque
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endothelium and transforming into foam cells. Monocyte counts have been linked 
to cardiovascular events in patients with CAD (Yamamoto et al. 2016). Neutrophils 
form NETs, which are thought to be critical to plaque formation and progression 
(Doring et al. 2020). Several studies have evaluated the use of NET markers, which 
show potential benefits in evaluating the degree of coronary atherosclerosis and risk 
stratification of acute coronary syndromes (ACSs) and ischemic strokes (Doring 
et al. 2020). A recent study used individual cell information including neutrophil 
and monocyte size, nuclear morphology, and cytoplasmic complexity as markers 
of cell age and activation state to create a mathematical model, which was then 
used to risk-stratify patients under evaluation for ACS (Chaudhury et  al. 2017). 
Interestingly, this model identified >70% of patients who initially screened negative 
but eventually were diagnosed with ACS. This study was small with 120 patients 
and further work is needed to validate different risk prediction models, but it pro-
vides an example of how inflammatory cell count and morphology may be utilized 
as a personalized risk stratification tool in the world of personalized medicine.

 Serum Amyloid A

Serum amyloid A (SAA) is an acute-phase reactant released by tissue macrophages 
that has been linked to cardiovascular mortality (Shridas and Tannock 2019). 
Animal studies have suggested that SAA is not just a biomarker but may play a 
causal role in atherosclerosis by increasing LDL retention in macrophages, leading 
to atherosclerosis (Shridas and Tannock 2019). SAA has also been linked to HDL 
function and hypercoagulability. However, the use of SAA remains to be validated 
in large population studies (Shridas and Tannock 2019).

 GlycA

GlycA is a biomarker that is a composite of proton nuclear magnetic resonance (1H- 
NMR) spectroscopy signals from N-acetyl glucosamine residues on acute-phase 
reactant proteins such as alpha-1-acid glycoprotein (AGP), alpha-1-antitrypsin 
(AAT), alpha-1-antichymotrypsin (AACT), haptoglobin, and transferrin (Ballout 
and Remaley 2020). GlycA levels serve as a marker of chronic inflammation as 
glycan formation is augmented during inflammatory states. Compared to hsCRP, 
GlycA has less intra- and interassay variability and does not vary as significantly 
between the sexes as does hsCRP (Benson et al. 2018). Given that GlycA measures 
the extent and complexity of N-glycosylation of various plasma proteins, it provides 
insights into the overall inflammatory status in the body. As such, GlycA can be 
considered the inflammatory analogue that hemoglobin A1c is for glucose control 
(Ballout and Remaley 2020).

GlycA has been associated with increased prevalence of subclinical atheroscle-
rosis, even after adjusting for other inflammatory markers (Tibuakuu et al. 2019; 
Ezeigwe et al. 2019; Fashanu et al. 2019). Several studies have linked GlycA levels 
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with future CVD events and CVD mortality, even after adjusting for traditional risk 
factors. The Women’s Health Study (WHS) was the first to demonstrate a positive 
graded correlation between GlycA levels and future CVD events (Akinkuolie et al. 
2014). Similar correlations were noted in the Prevention of Renal and Vascular End- 
Stage Disease (PREVEND) study (Gruppen et al. 2015), the Multi-Ethnic Study of 
Atherosclerosis (MESA) study (Duprez et al. 2016), and a post host analysis of the 
Justification for the Use of Statins in Prevention: An Intervention Trial Evaluating 
Rosuvastatin (JUPITER) trial (Akinkuolie et al. 2016). In the biorepository samples 
of the Catheterization Genetics (CATHGEN) study including over 7000 participants 
undergoing cardiac catheterization, GlycA levels were also correlated with the 
extent of CAD (McGarrah et al. 2017). In addition to ASCVD events, GlycA has 
been linked with incident heart failure, particularly heart failure with preserved 
ejection fraction (Jang et al. 2020), peripheral arterial disease (Fashanu et al. 2019), 
carotid plaque (Fashanu et al. 2019), valvular and aortic calcification (Ezeigwe et al. 
2019), and coronary artery calcification (Tibuakuu et al. 2019). GlycA has also been 
linked to all-cause mortality including CVD mortality even after adjusting for other 
inflammatory markers such as hsCRP and IL-6 (Ballout and Remaley 2020). Future 
studies are needed to help define the role of GlycA testing as a predictor of cardio-
vascular risk in clinical practice.

 Imaging

 Nuclear Imaging

Uptake of radiotracers within plaques in positron emission tomography (PET)/CT 
imaging can provide functional information about plaque activity and stability 
(MacAskill et al. 2019). PET studies of inflammation have largely targeted glucose 
metabolism using [18F]-fluorodeoxyglucose ([18F]FDG), which has been shown to 
identify active atherosclerotic plaques within the carotid artery in symptomatic 
patients (MacAskill et  al. 2019). In addition, [18F]FDG uptake in the ascending 
aorta has been shown to predict development of ASCVD beyond the predictive 
value of the Framingham Risk Score. However, the indiscriminate nature of 
[18F]FDG uptake by surrounding metabolically active cells limits the ability to dif-
ferentiate between stable and vulnerable plaques (MacAskill et al. 2019). As such, 
several other tracers have been developed that may be beneficial in identifying 
inflammatory atherosclerosis.

The translocator protein (TSPO) is a highly expressed protein on the mitochon-
dria of macrophages and is responsible for cholesterol transport and steroid synthe-
sis (MacAskill et al. 2019). Targeting TSPO is one of the most widely utilized PET 
imaging approaches for inflammation. TSPO has been used to detect neuroinflam-
mation, and one clinical study has shown that the [11C]PK11195 tracer can identify 
culprit plaques in symptomatic patients with cerebrovascular events with a sensitiv-
ity of 78% and specificity of 74% (Gaemperli et al. 2012).
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68Ga-DOTA-(Tyr3)-octreotide (68Ga-DOTATATE) is a radiotracer that targets 
upregulated somatostatin receptor subtype 2 (SST2) on activated macrophages 
(Haider et al. 2021). Prior studies have shown a relationship between CVD risk fac-
tors, CAC burden, and uptake of 68Ga-DOTATATE (Haider et al. 2021). In a pro-
spective study, 68Ga-DOTATATE was used to differentiate between high- and 
low-risk atherosclerotic plaques (Tarkin et al. 2017) and has been shown to be supe-
rior to [18F]FDG-PET in identifying high-risk plaques (Tarkin et al. 2017).

PET imaging with [18F]-sodium fluoride ([18F]NaF) is the only modality that reli-
ably identifies microcalcifications within plaques, which is a feature of plaque insta-
bility as opposed to macrocalcification, which confers plaque stability. Plaques that 
demonstrate increased [18F]NaF uptake have multiple high-risk features including 
microcalcification, positive remodeling, and a large necrotic core. In a prospective 
study, [18F]NaF uptake within coronary plaque was linked to a higher rate of cardio-
vascular events (Dweck et  al. 2016). The Prediction of Recurrent Events with 
18F-Flouride (PRE18FFIR) trial is currently underway and will help elucidate the 
link between [18F]NaF uptake within coronary plaques and prediction of coronary 
events (Clinical Trial No. NCT02278211).

Several other radiotracer targets including chemokine receptor 4, folate receptor 
B, and cyclooxygenases 1 and 2 and markers of intraplaque hemorrhage may prove 
valuable in the detection of inflammatory atherosclerosis (MacAskill et al. 2019). 
Prospective trials evaluating the relationship between detection of plaque inflamma-
tion using nuclear tracers and clinical events are necessary to further improve risk 
prediction algorithms and for targeted treatment strategies.

 Coronary CT Angiography

Coronary CT angiography has been used to identify vulnerable plaques in patients 
with inflammatory disease. Key features of a vulnerable plaque are inflammation, a 
large lipid-rich necrotic core with a thin or ruptured overlying fibrous cap, and intra-
plaque hemorrhage (Abdelrahman et al. 2020). The features on CCTA that correlate 
with the features of vulnerable plaque include positive remodeling, low-attenuation 
plaque, spotty calcification, and the napkin ring sign (central low-attenuation area 
surrounded by an open ring area of high attenuation). In persons living with HIV, a 
study correlated the signs of arterial inflammation as assessed by [18F]FDG-PET to 
high-risk plaque features in CCTA (Tawakol et al. 2014).

More recently, the perivascular fat attenuation index (FAI) has been paired with 
CCTA to visualize and quantify inflammation in the coronary arteries, which may 
aid in identifying vulnerable plaques and help predict future cardiovascular events 
(Oikonomou et al. 2018). The perivascular FAI is based on the principle that peri-
vascular adipocytes respond to coronary inflammation as the first step in atherogen-
esis by changes that inhibit adipogenesis. The FAI has been used to enhance risk 
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prediction models and to track changes in inflammation with treatment. As such, the 
FAI and CCTA may prove to be valuable tools for personalizing prevention and 
treatment of ASCVD. More details about CCTA can be found in another chapter in 
this book.

 Magnetic Resonance Imaging

Magnetic resonance imaging uses the variation in the distribution of water to create 
high-resolution images. Although MRI has high resolution, it has low sensitivity, 
requiring significant differences between structures to visualize on imaging. 
Therefore, gadolinium is often required to boost the sensitivity of images. However, 
several aspects of a plaque require additional contrast agents to visualize the pres-
ence of inflammation within the plaque (Rudd et al. 2009). Given the role that mac-
rophages play in the destabilization of plaques, contrast agents that target 
macrophage activity provide a window into the inflammatory activity within a 
plaque (Dweck et al. 2016).

Ultrasmall superparamagnetic particles of iron oxide (USPIO) is a contrast agent 
that is taken up by macrophages within plaques via scavenger receptors, which 
improves contrast on T2 images and identifies the presence of inflammation within 
the plaques (Tang et  al. 2008). USPIO has been used to visualize inflammatory 
activity within carotid plaque and to show decrease in inflammatory activity with 
statin therapy (Tang et al. 2009). Superparamagnetic iron oxide nanoparticles that 
target macrophage ligands and gadolinium-loaded immunomicelles that target the 
macrophage scavenger receptor also have benefits in visualizing plaques. MRI 
using a fluorine isotope has emerged as an imaging modality with high sensitivity 
and specificity for imaging inflammation within plaques in preclinical studies.

 Therapeutic Targeting of Inflammation for Cardiovascular 
Risk Reduction

In addition to several nonpharmacological options to reduce inflammation and 
ASCVD risk (i.e., healthy diet, regular physical activity and exercise, maintenance 
of a normal BMI, and smoking cessation), pharmacological therapeutics have been 
of recent interest (Fig. 13.4). For instance, statins are known to have pleiotropic 
effects and to lower inflammation dependent and independently of lipid lowering 
(Asher and Houston 2007). More recently, nonstatin, targeted therapeutics have 
gained interest and several trials have targeted inflammation via different pathways. 
Although these trials were conducted in a secondary prevention population, they do 
provide supportive evidence for the causal role of inflammation in atherogenesis.
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 IL-1β Inhibition

IL-1β is a potent proinflammatory cytokine that promotes atherogenesis through 
direct vascular effects, such as leukocyte adhesion to endothelial cells, reduced 
smooth muscle proliferation, and production of collagenase secretion, and also by 
stimulating the production of IL-6, which in turn leads to the release of CRP (Ridker 
2016). Canakinumab is a human monoclonal antibody that is highly specific for 
IL-1β and is currently approved by the Food and Drug Administration (FDA) for 
cryopyrin-associated periodic syndromes and systemic juvenile idiopathic arthritis.

The Canakinumab Antiinflammatory Thrombosis Outcome Study (CANTOS) 
trial assessed whether reducing residual inflammation in patients with a prior MI 
would help reduce the risk of ASCVD events (Ridker et al. 2017). In CANTOS, 
10,061 stable post-MI patients with subclinical inflammation (hsCRP ≥2  mg/L) 
treated with canakinumab had a 15% reduction in nonfatal MI, nonfatal stroke, and 
cardiovascular death (Ridker et al. 2017). Of note, despite the lack of reduction in 
LDL-C with canakinumab, the relative risk reduction observed in CANTOS was 
similar to that observed in the cardiovascular outcome trials of proprotein conver-
tase subtilisin/kexin type 9 (PCSK9) inhibitors (which reduce LDL-C by ~60%). 
Thus, CANTOS provided mechanistic evidence that targeting the IL-1 to IL-6 path-
way of innate immunity has significant potential for targeted treatment of athero-
sclerosis (Ridker 2018). A post hoc analysis from CANTOS found that those 
patients assigned to canakinumab who achieved an on-treatment hsCRP 
level < 2 mg/L at 3 months had a lower risk of cardiovascular mortality and all- 
cause mortality than those who remained with a hsCRP ≥2 (Ridker et al. 2018), 
although methodological concerns were raised for a “responders” analysis and 
potential for residual confounding (Michos and Blumenthal 2018; Cardoso et al. 
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2018). Canakinumab is not FDA approved for ASCVD secondary prevention, so it 
likely will not be tested for primary ASCVD prevention either. However, CANTOS 
provided the critical proof of concept that reducing inflammation via IL-1β inhibi-
tion can reduce cardiovascular events independent of lipid lowering, reaffirming the 
inflammation hypothesis.

 IL-6 Inhibition

Inhibition of IL-6, which is downstream from IL-1β, is also being tested as a thera-
peutic strategy for ASCVD prevention. In the Trial to Evaluate Reduction in 
Inflammation in Patients With Advanced Chronic Renal Disease Utilizing Antibody 
Mediated IL-6 Inhibition (RESCUE), the IL-6 inhibitor ziltivekimab was found to 
reduce markers of inflammation and thrombosis as well as lipoprotein (a) (Ridker 
et al. 2021). These findings have led to an ongoing cardiovascular outcome trial, 
which is testing whether ziltivekimab can reduce major adverse cardiovascular 
events among patients with chronic kidney disease (CKD), ASCVD, and hsCRP 
≥2 mg/L (NCT05021835). While the ZEUS (A Research Study to Look at How 
Ziltivekimab Works Compared to Placebo in People With Cardiovascular Disease, 
Chronic Kidney Disease and Inflammation) trial is a secondary prevention trial, if 
the results are successful, it may be informative for other high-risk primary preven-
tion patients such as those with CKD.

 Colchicine

Colchicine dampens inflammatory pathways by inhibiting microtubule polymeriza-
tion and impairing cell adhesion and activation. In addition, it modulates the gene 
expression of inflammasome components triggered by deposition of cholesterol 
crystals.

The Low-Dose Colchicine (LoDoCo) trial was a secondary prevention trial that 
demonstrated that patients with stable CAD who were treated with colchicine had a 
67% relative risk reduction of the composite primary endpoint (incident ACS, car-
diac arrest, and noncardioembolic ischemic stroke) (Nidorf et  al. 2013). The 
LoDoCo-2 trial similarly showed that patients with stable CAD who were treated 
with colchicine had a 31% risk reduction in the composite primary outcome (cardio-
vascular death, nonprocedural MI, ischemic stroke, or ischemia-driven coronary 
revascularization) (Nidorf et al. 2020). In the Colchicine Cardiovascular Outcomes 
Trial (COLCOT) trial, patients with a recent MI (within 30 days prior to randomiza-
tion) who were treated with colchicine had a 23% reduction in risk of the composite 
primary endpoint of cardiovascular death, cardiac arrest, MI, stroke, or urgent hos-
pitalization for revascularization (Tardif et al. 2019).
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Colchicine could therefore provide an important adjunctive therapy for high-risk 
patients; however, its use may be contraindicated in patients with significant kidney 
dysfunction given its renal excretion. While colchicine’s role in primary ASCVD 
prevention for high-risk patients has not yet been established, these secondary pre-
vention trials again provide supportive evidence of the causal role that inflammation 
plays in atherothrombosis.

 Low-Dose Methotrexate

Methotrexate is a folic acid antagonist that was originally developed as a chemo-
therapeutic agent and used at low doses as an anti-inflammatory agent in patients 
with rheumatoid arthritis or psoriasis. Prior observational data showed a substantial 
reduction in cardiovascular mortality in patients with rheumatoid arthritis treated 
with methotrexate versus other conventional disease-modifying antirheumatic ther-
apies (Choi et al. 2002; Naranjo et al. 2008).

Methotrexate was therefore postulated as a low-cost alternative to canakinumab 
to reduce inflammation. The Cardiovascular Inflammation Reduction Trial (CIRT) 
randomized 4786 patients with a history of MI or multivessel CAD and type 2 dia-
betes mellitus or metabolic syndrome to either low-dose methotrexate (target dose 
of 15–20 mg weekly) or placebo. After a median follow-up of 2.3 years, it was ter-
minated early given that the study met a prespecified threshold for futility on the 
primary outcome of major adverse cardiovascular events. It was then concluded that 
low-dose methotrexate may not reduce the risk of incident ASCVD in patient popu-
lations other than those with rheumatologic conditions (Ridker et al. 2019).

It should be noted that low-dose methotrexate failed to reduce plasma levels of 
hsCRP, IL-1β, and IL-6. In addition, the CIRT included patients with lower LDL-C 
and lower inflammatory markers. The differing results between the trials were 
attributed to the differing mechanisms of action of canakinumab and methotrexate. 
Whereas the former directly inhibited the IL-1β pathway and reduced its down-
stream mediators (IL-6 and CRP), the latter reduced inflammation without effect on 
these cytokines. As such, the CIRT provided informative data that support the con-
cept that adequate inhibition of the IL-1β to Il-6 pathway of innate immunity is 
necessary to produce long-term cardiovascular benefits.

 Nonsteroidal Anti-inflammatory Drugs

While inflammation has been confirmed to be directly involved in the pathogenesis 
of ASCVD, not all inhibitors of inflammation can reduce ASCVD, as the CIRT 
demonstrated. For example, the commonly used nonsteroidal anti-inflammatory 
drugs (NSAIDS) and cyclooxygenase-2 inhibitors (coxibs) have been associated 
with increased cardiovascular risks rather than benefits (Martin Arias et al. 2019).
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 Conclusions

Incontrovertible evidence supports the relevance of inflammatory pathways in ath-
erogenesis. The ASCVD risk attributed to inflammation can be most appreciated in 
patients with chronic inflammatory conditions. The presence of an inflammatory 
condition (such as RA, SLE, psoriasis, HIV infection) or the presence of an elevated 
hsCRP level ≥  2  mg/L have been recently highlighted in the 2019 ACC/AHA 
Primary Prevention Guideline as “risk-enhancing” factors that would upgrade 
patients at borderline or intermediate estimated risk into a higher risk category that 
would favor initiation of statin therapy for ASCVD prevention, after a clinician–
patient risk discussion. Inflammatory biomarkers have entered clinical practice and 
help refine risk estimation. Targeting inflammation is reaching clinical maturity 
with promising results from trials of anti-inflammatory agents that have significant 
potential to reduce the development of atherosclerosis and maximize risk reduction 
in high-risk patients. However, at this point, the use of any targeted anti- inflammatory 
agent should be considered only as an adjunct to statin therapy – or other more 
intensive LDL-C-lowering therapies in secondary prevention. Beyond statins and 
aspirin, no other anti-inflammatory pharmacotherapy has been demonstrated to 
have benefits for primary ASCVD prevention. Continued emphasis on following a 
healthy lifestyle throughout the lifespan is paramount to primordial, primary, and 
secondary prevention.
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Chapter 14
Chronic Kidney Disease Is a Risk 
Enhancer for Cardiovascular Diseases

Kishan Padalia and Salim S. Hayek

 Introduction

The connection between chronic kidney disease (CKD) and cardiovascular disease 
(CVD) was suggested as early as 1836 by Robert Bright. He observed that cardiac 
hypertrophy was often seen in those with advanced kidney disease in the absence of 
valvular heart disease, the predominant form of cardiac disease at the time 
(Bright 1836).

The obvious structural changes in the heart have consisted chiefly of hypertrophy […] and 
what is most striking, out of fifty-two cases of hypertrophy […] twenty-two without any 
probable organic cause for the marked hypertrophy generally affecting the left ventricle. 
This naturally leads us to look for some less local cause […] It is observable that the hyper-
trophy of the heart seems in some degree to have kept pace with the advance of disease in 
the kidneys; for in by far the majority of cases where the muscular power of the heart was 
increased, the hardness and contraction of the kidney bespoke the probability of a long 
continuance of the disease.

Robert Bright, 1836

In this chapter, we summarize the evidence surrounding CKD as a risk enhancer 
for CVD and its management. We review the epidemiology of CKD and CVD, 
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quantify the risk of CVD in those with CKD, describe the underlying pathophysiol-
ogy between CKD and CVD, and discuss management strategies to mitigate the risk 
of CVD in those with CKD.

 Epidemiology

 Definition of Chronic Kidney Disease

Chronic kidney disease is defined as a reduction in kidney function or evidence of 
structural kidney damage sustained over at least 3 months (Eknoyan et al. 2013). 
Kidney function is evaluated in terms of glomerular filtration rate (GFR), which is 
the total amount of fluid filtered through functioning nephrons over time. The struc-
tural integrity of the kidney is most often estimated by levels of albumin in the urine, 
as increased levels imply disrupted glomerular integrity. Current guidelines define 
CKD as GFR less than 60 mL/min per 1.73 m2 or albuminuria greater than 30 mg/
day. GFR can be estimated (eGFR) using equations that incorporate age, sex, and 
either serum creatinine or cystatin C. The preferred method of calculating eGFR in 
the population of interest is the CKD Epidemiology Collaboration equation 
(Table 14.1), which is more accurate, more precise, less biased, and improves risk 
prediction compared to the Modification of Diet in Renal Disease equation (Levey 
et al. 2009; Matsushita et al. 2012). Albuminuria is preferably estimated by spot 
urine albumin to creatinine ratio (ACR) (Eknoyan et al. 2013). Other markers of 
kidney damage include abnormalities in urine sediment, electrolytes, imaging, or 
histology. To aid in prognostication, CKD is classified into six stages based on 
eGFR and three stages based on albuminuria (Table 14.1).

Table 14.1 CKD staging and risk stratification

Albuminuria categories (mg/g)

GFR categories (mL/min per 1.73 m2)
A1
<30

A2
30–300

A3
>300

G1 ≥90 1a 2 3
G2 60–89 1a 2 3
G3a 45–59 2 3 4
G3b 30–44 3 4 4
G4 15–29 4 4 4
G5 <15 4 4 4

Numbers 1–4 reflect low, moderate, high, and very high risk of adverse clinical outcomes, respec-
tively, as defined by consensus guidelines (Eknoyan et al. 2013)
aNot CKD unless other markers of kidney disease are present
Abbreviations: CKD chronic kidney disease; GFR glomerular filtration rate
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 Prevalence of Chronic Kidney Disease

The Global Burden of Disease CKD Collaboration evaluated CKD using data from 
195 countries from 1990 to 2017 (GBD Chronic Kidney Disease Collaboration 
2020). The prevalence of CKD in 2017 was 9.1%, constituting about 700 million 
cases, which was a 29.3% increase from 1990. The change was primarily due to 
population aging, as there was no significant age-standardized increase in preva-
lence. CKD stages 1–2, 3, 4, and 5 constituted 54.8%, 42.7%, 1.7%, and 0.8% of 
cases, respectively. The use of dialysis and kidney transplantation also increased 
from 1990 to 2017. The total incidence increased by 43.1% and 34.4%, respectively, 
whereas the age-standardized incidence increased by 10.7% and 12.8%, respec-
tively. These changes suggest that both population aging and improved availability 
have played a role in the increasing use of renal replacement therapies. In the 
2013–2016 National Health and Nutrition Examination Survey, those who were 
60 years and older, diabetic, hypertensive, obese, or had a history of CVD had a 
CKD prevalence of 32.2%, 36.0%, 31.2%, 16.8%, and 40.3%, respectively (Saran 
et al. 2019).

 Prevalence of Cardiovascular Disease in Chronic 
Kidney Disease

Cardiovascular disease is common in patients with CKD.  In the 2016 National 
Health and Nutrition Examination Survey cohort of 178,025 CKD patients, the 
prevalence of CVD in those without and with CKD was 36.8% and 70.2%, respec-
tively (Saran et al. 2019). The prevalence of CVD in those with CKD stages 1–2, 3, 
and 4–5 was 65.8%, 70.7%, and 77.9%, respectively. The most common CVD was 
coronary artery disease, which was present in 15.6% and 37.8% of those without 
and with CKD, respectively. This trend persisted for most major types of CVDs 
(Fig.  14.1). While this study uniquely provides large, granular, and comparative 
data, it may overestimate CVD prevalence due to the higher average age of study 
participants. In the United States prospective Chronic Renal Insufficiency Cohort 
(CRIC) study of all-age CKD patients, the prevalence of CVD was 33.4% (Shah 
et al. 2015). There also appears to be significant regional variability with a CVD 
prevalence of 9.8%, 26.8%, 39.1%, and 47.2% in cohorts of Chinese, Japanese, 
Spanish, and British CKD patients, respectively (Yuan et  al. 2017; Iimori et  al. 
2015; Martínez-Castelao et al. 2011; Ritchie et al. 2013). This may be due to differ-
ences in study design, including patient recruitment and sample size, among other 
reasons that have not yet been investigated.
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 Life Expectancy and Cause of Death in Chronic Kidney Disease

The severity of CKD corresponds with increasing mortality from CVD.  In a 
Canadian cohort of almost one million patients, at 40 years of age without albumin-
uria, eGFR ≥60, 45–59, 30–44, and 15–29 corresponded with a life expectancy of 
37.8, 32.8, 26.7, and 15.0 years, respectively, in women and 33.4, 30.4, 16.8, and 
6.6 years, respectively, in men (Fig. 14.2a) (Turin et al. 2014). Similarly, albumin-
uria was associated with increased mortality independent of eGFR. The life expec-
tancy of those with eGFR ≥60 and normal, mild, and heavy albuminuria was 37.8, 
27.2, and 22.1  years, respectively, in women and 33.4, 24.8, and 19.1  years, 
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Fig. 14.1 Prevalence of CVD in CKD
Percentage of persons afflicted with common CVDs in those without and with CKD (Saran 
et al. 2019)
Abbreviations: CKD chronic kidney disease, CVD cardiovascular disease, CAD coronary artery 
disease, AMI acute myocardial infarction, PAD peripheral arterial disease, CVA cerebrovascular 
accident, HF heart failure, VHD valvular heart disease, AF atrial fibrillation, SCA sudden cardiac 
arrest, VA ventricular arrhythmia
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respectively, in men (Fig. 14.2b). The most common cause of death in those without 
CKD was cancer accounting for 38.1% of deaths, whereas CVD accounted for only 
24.4% of deaths (Thompson et al. 2015). The most common cause of death in those 
with eGFR 45–59, 30–44, and 15–29 was CVD, which accounted for 36.8%, 41.2%, 
and 43.7% of deaths, respectively. Most CVD-related deaths were due to ischemic 
heart disease, which accounted for 52.0–58.0% of CVD-related deaths in each 
eGFR group. A similar relationship between CKD severity and CVD mortality was 
found in a Taiwanese general population cohort of 462,293 patients (Wen et al. 2008).

Men

Women

Men

Women

0

<30 >300

45-59 15-2930-44

30-300

5

10

15

20

25

30

35

40

eGFR (mL/min per 1.73 m2)

ACR (mg/g)

Li
fe

 e
xp

ec
ta

nc
y 

(y
ea

rs
)

0

5

10

15

20

25

30

35

40

Li
fe

 e
xp

ec
ta

nc
y 

(y
ea

rs
)

a

b

Fig. 14.2 Life expectancy 
in CKD
Estimated life expectancy 
for a 40-year-old expressed 
as a function of (a) eGFR 
in those with an ACR 
<30 mg/g and (b) ACR in 
those with eGFR ≥60 ml/
min/1.73 m2 (Turin et al. 
2014)
Abbreviations: CKD 
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eGFR estimated 
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ACR albumin creatinine 
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 Mortality, Morbidity, and Disability in Chronic Kidney Disease

In the Global Burden of Disease study, CKD is estimated to have directly caused 1.2 
million deaths globally in 2017, reflecting a 41.5% increase in all-age and a 2.8% 
increase in age-standardized mortality rates since 1990 (GBD Chronic Kidney 
Disease Collaboration 2020). This led to CKD moving from the 17th to the 12th 
leading cause of death globally. Mortality due to CKD more than doubles when the 
number of CVD-related deaths attributed to CKD is considered. There were a total 
of 1.4 million CVD-related deaths due to CKD accounting for 7.6% of the total 
CVD-related deaths. The total 2.6 million indirect CVD-related and direct deaths 
due to CKD accounted for 4.6% of total global mortality (Fig. 14.3a).
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To provide a population-level composite measure of mortality, morbidity, and 
disability, the Global Burden of Disease study also calculated disability-adjusted 
life years in CKD patients (GBD Chronic Kidney Disease Collaboration 2020). 
This measure combines the years of life lost from premature mortality with years 
lived with disability. Chronic kidney disease caused 61.3 million disability-adjusted 
life years of which 58.4% were due to direct effects of CKD and 41.6% were due to 
CVD.  Most CVD disability-adjusted life years were accounted for by ischemic 
heart disease making up 58.8%, followed by stroke making up 40.2%, and the 
remaining by peripheral arterial disease making up 1.0% (Fig. 14.3b). Although the 
CVD burden of CKD remains high, the age-standardized rate of CVD disability- 
adjusted life years due to CKD has decreased by 29.4% since 1990. In the absence 
of a corresponding decrease in CKD mortality or prevalence, this reflects CKD 
occurring at older ages and a lower average severity of nonfatal CKD. Notably, the 
Global Burden of Disease study likely underestimates disability-adjusted life years 
by using a limited definition of CVD, which excludes heart failure, valvular heart 
disease, and arrhythmias among other cardiac conditions.

 Risk of Cardiovascular Disease

 Cardiovascular Mortality

The CKD Prognosis Consortium conducted meta-analyses to study the risk of CVD 
mortality conferred by CKD in 21 general population cohorts with 1.2 million 
patients and in 10 high-risk cohorts with 266,975 patients with hypertension, diabe-
tes, or CVD (Matsushita et al. 2010; van der Velde et al. 2011). After adjusting for 
traditional CVD risk factors, both cohorts found comparable increased risk of CVD 
mortality proportional to the severity of CKD. There was an increased risk of 1.4-, 
2.0-, and 2.7-fold in those with eGFR 60, 45, and 15, respectively. There was no 
increased risk in those with an eGFR >75 (Fig. 14.4a). Risk of CVD mortality also 
increased linearly with albuminuria by 1.8- and 2.4-fold in those with ACR 30 mg/g 
and 300 mg/g, respectively (Fig. 14.4b). Interestingly, there was no threshold effect 
observed, so even those with an ACR <30 mg/g at the upper limit of normal had an 
increased risk of CVD mortality. The association between the risk of CVD mortality 
and each category of eGFR was similar across all levels of albuminuria and vice 
versa. This suggests that both eGFR and ACR are independent, multiplicative risk 
factors for CVD mortality. As eGFR declines, nonatherosclerotic CVD events, like 
sudden cardiac death, assume a higher proportion of the total CVD events, and the 
risk of fatality after a CVD event accordingly increases (Wanner et al. 2016).
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 Myocardial Infarction and Coronary Artery Disease

The risk of myocardial infarction and coronary heart disease increases with severity 
of CKD. In a meta-analysis of 26 cohorts with almost two million patients, there 
was an increased risk of 1.2-, 1.4-, and 1.9-fold in those with eGFR 60–90, 30–59, 
and < 15, respectively (Vashistha et  al. 2016). In a separate meta-analysis of 26 
cohorts with 169,949 patients, the risk of coronary heart disease, including myocar-
dial infarction, increased by 1.5- and 2.2-fold in those with microalbuminuria and 
macroalbuminuria, respectively (Perkovic et al. 2008).
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Fig. 14.4 Association 
between CKD and CVD 
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Hazard ratios with 95% 
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CVD mortality expressed 
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 Peripheral Arterial Disease

The risk of peripheral arterial disease increases with severity of CKD. In a meta- 
analysis of 21 cohorts with 817,084 patients conducted by the CKD Prognosis 
Consortium, there was an increased risk of 1.2-, 1.7-, and 2.1-fold in those with 
eGFR 45, 30, and 15, respectively (Matsushita et al. 2017). There was no increased 
risk in those with an eGFR >60. In the same study, the risk of peripheral arterial 
disease also increased by 1.5- and 2.3-fold in those with ACR 30 mg/g and 300 mg/g, 
respectively. The relationship was linear and without evidence of a threshold effect. 
Both eGFR and ACR were independent, multiplicative risk factors for peripheral 
arterial disease.

 Stroke

The risk of stroke increases with severity of CKD. In a meta-analysis of 85 cohorts 
with 3.4 million patients, there was an increased risk of 1.2- and 1.5-fold in those 
with eGFR 30–59 and < 30, respectively (Kelly and Rothwell 2019). There was no 
increased risk in those with eGFR >60. In a separate meta-analysis of 37 cohorts 
with almost 1.3 million patients, risk of stroke increased by 1.7-, 1.5-, and 1.9-fold 
in those with albuminuria, microalbuminuria, and macroalbuminuria, respectively 
(Masson et al. 2015). There was no difference between the association of eGFR or 
albuminuria with the risk of either ischemic or hemorrhagic stroke.

 Heart Failure

The risk of developing heart failure in CKD patients is difficult to study as the two 
conditions often present similarly, coexist, and occur bidirectionally. This makes it 
difficult to retroactively ascertain which disease is primary and which is secondary. 
In a meta-analysis of 8 cohorts with 105,127 patients without baseline heart failure 
conducted by the CKD Prognosis Consortium, the risk of heart failure hospitaliza-
tion or death increased by 1.2-, 2.2-, 2.5-, and 2.7-fold in those with eGFR 60, 45, 
30, and 15, respectively (Matsushita et al. 2015). There was no increased risk in 
those with eGFR >75, and the risk plateaued at eGFR <30. In the same study, the 
risk of heart failure hospitalization or death also increased by 1.5- and 2.9-fold in 
those with ACR 30 mg/g and 300 mg/g, respectively. The relationship was linear 
and without evidence of a threshold effect. A secondary analysis of the smaller 
CRIC study had similar findings and additionally found no difference between the 
association of eGFR or albuminuria with the risk of hospitalization for heart failure 
with preserved or reduced ejection fraction (Bansal et al. 2019a).
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 Valvular Disease

The risk of incident aortic stenosis and mitral regurgitation increases with severity 
of renal dysfunction. In a cohort of 1.1 million Stockholm patients, the risk of inci-
dent aortic stenosis increased by 1.1-, 1.2-, and 1.6-fold in those with eGFR 60–90, 
30–59, and < 30, respectively (Vavilis et al. 2019). In an echocardiographic data-
base of 78,059 patients, the risk of mild and moderate aortic stenoses similarly 
increased by 1.3- and 1.2-fold, respectively, in those with an eGFR <60 (Samad 
et al. 2017). There was no increased risk of severe aortic stenosis. In the same data-
base, the risk of mild, moderate, and severe mitral regurgitation increased by 1.3-, 
1.8-, and 1.8-fold, respectively, in those with an eGFR <60.

 Arrhythmia

The risk of incident atrial fibrillation increases with severity of CKD. In a meta- 
analysis of 3 prospective cohorts with 16,769 patients without atrial fibrillation, 
there was an increased risk of 1.2-, 1.6-, and 2.0-fold in those with eGFR 45–59, 
30–44, and < 30, respectively (Bansal et al. 2017). There was no increased risk in 
those with an eGFR ≥60. In the same study, the risk of atrial fibrillation also 
increased by 1.5- and 1.8-fold in those with ACR 30–299 mg/g and ≥ 300 mg/g, 
respectively. There was no increased risk in those with ACR <30 mg/g. The risk of 
thromboembolism is also higher in patients who have both atrial fibrillation and 
CKD. In a meta-analysis of 18 cohorts with 538,479 patients, there was an increased 
risk of 1.6-fold in those who had both atrial fibrillation and eGFR <60 compared to 
atrial fibrillation alone (Zeng et al. 2015).

The risk of sudden cardiac death also increases with severity of CKD. In a large 
community cohort of 27,296 patients, there was an increased risk of 1.4- and 1.9- 
fold in those with eGFR 45–59 and < 45, respectively (Deo et al. 2017). There was 
no increased risk in those with eGFR ≥60. In the same study, risk of sudden cardiac 
death also increased by 1.7-fold in those with ACR >30 mg/g. In another commu-
nity cohort of 15,792 patients, risk of sudden cardiac death increased by 3.7-fold in 
those with eGFR <45 (Suzuki et al. 2016).

 Risk Assessment

 Traditional and Nontraditional Risk Factors

CKD and CVD share common risk factors such as diabetes mellitus and hyperten-
sion, which cause 30–60% of CKD cases (Webster et  al. 2017). However, these 
shared risk factors only partially account for the co-occurrence of CKD and 
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CVD. As the above studies demonstrate, CKD is associated with CVD even after 
adjusting for traditional cardiovascular risk factors. This suggests that CVD in CKD 
patients is driven by a combination of both traditional and nontraditional risk factors 
with the latter becoming more prominent in later stages of CKD.

In a meta-analysis of 21 cohorts with 27,465 CKD patients, a total of 66 tradi-
tional and nontraditional risk factors were identified of which 29 were found to be 
routinely collected and studied in multivariable models that controlled for other tra-
ditional CVD risk factors (Major et al. 2018). Traditional risk factors that increased 
the risk for CVD events  – acute coronary syndrome, heart failure, and stroke  – 
included age, male sex, smoking, diabetes mellitus, mean arterial blood pressure, 
total cholesterol, left ventricular hypertrophy, and established history of CVD 
(Fig.  14.5a). Other traditional risk factors such as body mass index, low- density 
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Fig. 14.5 Risk factors for CVD in CKD
Pooled hazard ratios with 95% confidence intervals for CVD events expressed as a function of (a) 
traditional risk factors and (b) nontraditional risk factors variably adjusted for other traditional 
cardiovascular risk factors. Only risk factors with significant associations found are shown. 
Continuous variables assessed include: age per 10 years, MAP per 10 mmHg, albumin per g/dL, 
Hb per g/dL, phosphate per mg/dL, sodium per mmol/L, urate per mg/dL, and BUN per 5 mg/
dL. All other variables were categorical (Major et al. 2018)
Abbreviations: CKD chronic kidney disease, CVD cardiovascular disease, T2DM type 2 diabetes 
mellitus, MAP mean arterial pressure, LVH left ventricular hypertrophy, IHD ischemic heart dis-
ease, PAD peripheral artery disease, Hb hemoglobin, BUN blood urea nitrogen
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lipoprotein (LDL), and systolic/diastolic blood pressure did not increase the risk of 
CVD events. Race was not evaluated as it was not often reported and was homoge-
neous in those studies that did. Nontraditional risk factors that increased the risk for 
CVD events included serum sodium, phosphate, urate, urea nitrogen, albumin, and 
hemoglobin (Fig. 14.5b). Serum calcium and parathyroid hormone levels, implicated 
in the pathogenesis of cardiac disease in CKD, were not associated with increased 
risk of CVD events. Outside of an established history of CVD, left ventricular hyper-
trophy was the strongest risk factor for CVD, increasing risk by 1.8-fold.

Another meta-analysis of 28 cohorts with 185,024 patients with eGFR <30 was 
conducted by the CKD Prognosis Consortium to evaluate the relationship between 
traditional risk factors and CVD events in advanced CKD (Evans et al. 2018). The 
risk of CVD events increased by 1.3-fold for every 10-year increase in age, 1.1-fold 
for male sex, 2.6-fold for history of CVD, 1.1-fold for every 20 mmHg increase in 
systolic blood pressure over 140 mmHg, and 1.4-fold for diabetes mellitus. The risk 
associated with systolic blood pressure is U-shaped, with a blood pressure of 140 
mmHg associated with a 11% lower risk, compared to 120 mmHg. Smoking and 
race were not associated with the risk of CVD events. Cholesterol and body mass 
index were not evaluated. Overall, these studies emphasize important differences in 
the impact of various CVD risk factors according to the presence and sever-
ity of CKD.
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 Biomarkers

Many novel biomarkers have been investigated to help predict CVD morbidity and 
mortality in patients with CKD. This section will provide a broad overview of those 
with the strongest clinical evidence and future promise to assist in risk prediction.

 Cystatin C

Plasma cystatin C, an accurate biomarker of kidney function, is also strongly associ-
ated with CVD mortality. In a meta-analysis of 10 general population cohorts with 
64,010 patients with creatinine-based eGFR >90, 60–89, 45–59, 30–44, and 15–29, 
the risk of CVD mortality increased by 1.4-, 1.6-, 1.7-, 1.7-, and three-fold, respec-
tively, in those reclassified to a lower eGFR category with cystatin C (Shlipak et al. 
2013). Those reclassified to a higher eGFR category with cystatin C did not have 
increased risk of CVD mortality. Similar findings have been reported for CVD 
events more broadly (Peralta et  al. 2011). This likely reflects the higher fidelity 
association of cystatin C with true renal function compared to creatinine, which has 
more confounding non-GFR determinants such as muscle mass, diet, and physical 
activity. Chronic inflammation, integral to the pathogenesis of CVD in CKD, is also 
positively associated with cystatin C and negatively associated with creatinine, 
which may also partially account for these findings (Schei et al. 2016).

 Cardiac Troponin

Troponin levels are thought to be elevated in CKD due to both chronic myocardial 
injury and reduced renal clearance. Troponin is a well-established risk factor for 
CVD mortality in patients with end-stage renal disease (ESRD), and its routine 
measurement for risk prediction in this population is approved in the United States. 
In a meta-analysis of 5 studies of 1634 ESRD patients, elevated troponin T increased 
the risk of CVD mortality by 3.3-fold (Michos et al. 2014). A CRIC study of 3664 
CKD patients had similar findings. Risk of CVD mortality increased by 1.9-, 3.6-, 
and 5.2-fold in those with high-sensitivity troponin T in quartiles 2–4, respectively 
(Wang et al. 2020). In the same study, a smaller cohort of 3314 CKD patients dem-
onstrated that the risk of incident heart failure increased by 1.3-, 2.1-, and 2.4-fold 
in those with high-sensitivity troponin T in quartiles 2–4, respectively (Bansal et al. 
2019b). These findings are supported by a meta-analysis of 4 cohorts with 2012 
CKD patients, which demonstrated that the risk of major adverse cardiac events 
increased by 2.7-fold in those with elevated troponin T (Michos et al. 2014).

 Natriuretic Peptides

N-terminal prohormone brain natriuretic peptide (NT-proBNP) increases with 
severity of CKD and is associated with CVD mortality in this population. In a CRIC 
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study of 3664 CKD patients, risk of CVD mortality increased by 2.4-, 3.5-, and 6.9- 
fold in those with NT-proBNP in quintiles 3–5, respectively (Wang et al. 2020). In 
the same study, a smaller cohort of 3314 CKD patients demonstrated that the risk of 
incident heart failure increased by 2.0-, 3.2-, 4.4-, and 7.6-fold in those with 
NT-proBNP in quintiles 2–5, respectively (Bansal et al. 2019b). A meta-analysis of 
8 cohorts with 5634 CKD stage 5 patients similarly demonstrated that the risk of 
CVD mortality increased at a higher threshold of NT-proBNP >6000  pg/mL 
(Harrison et al. 2020). Similar results were found for brain natriuretic peptide.

 Soluble Urokinase Plasminogen Activator Receptor

Soluble urokinase plasminogen activator receptor (suPAR) is an immune-derived 
signaling molecule that independently mediates both CKD and CVD and is emerg-
ing as a possible key link between the two. While most biomarkers in this section 
correlate with and even predict progression of CKD, suPAR is the first biomarker 
shown to predict incident renal dysfunction in those without CKD. This was first 
demonstrated in a cohort of 2292 patients who underwent cardiac catheterization 
and later replicated in other diverse cohorts (Hayek et al. 2015). Risk of incident 
renal dysfunction increased by 2.0- and 3.1-fold in those with suPAR in quartiles 3 
and 4, respectively. Higher suPAR levels also increase risk of CVD events and mor-
tality in diverse populations including those with CKD. In a cohort of 486 CKD 
patients, risk of CVD events increased by 2.7- and 3.4-fold in those with suPAR in 
tertiles 2 and 3, respectively (Meijers et al. 2015). Similar results including increased 
risk of CVD mortality, stroke, and sudden cardiac death have been shown in ESRD 
patients (Drechsler et  al. 2017; Torino et  al. 2018). Mounting evidence supports 
suPAR as a potential therapeutic target with trials currently ongoing to determine 
whether modifying suPAR levels will impact the risk of kidney injury.

 Uric Acid

Serum uric acid has been shown to predict incident CKD in diverse populations. In 
a study of 1109 type 2 diabetic patients with eGFR >60 and normal urine albumin, 
risk of incident renal dysfunction (eGFR <60) increased by 1.5-, 1.4-, 2-, and 2.6- 
fold in those with serum uric acid in quintiles 2–5, respectively (De Cosmo et al. 
2015). Serum uric acid is also independently associated with increased CVD mor-
tality in CKD patients. In a meta-analysis of 11 cohorts with 27,081 CKD patients, 
the risk of CVD mortality increased by 12% for every 1 mg/dL increase in serum 
uric acid (Luo et al. 2019). These results are supported with similar findings for 
coronary artery disease, heart failure, and stroke (Kim et al. 2010; Huang et al. 2014).

 Other Biomarkers

Several other biomarkers are independently associated with both progression of 
CKD and increased CVD mortality including fibroblast growth factor 23, growth 
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differentiation factor 15, and asymmetric dimethylarginine (Fliser et al. 2007; Nair 
et al. 2017; Eiselt et al. 2014). In a cohort of 1128 CKD patients, the risk of CVD 
mortality increased by 1.6-fold in those with fibroblast growth factor 23 in quartile 
4 (Ix et al. 2012). Meta-analyses of multiple CKD cohorts have also found that high 
levels of fibroblast growth factor 23 increased the risk of CVD events including 
myocardial infarction, stroke, heart failure, and peripheral arterial disease (Marthi 
et al. 2018). In a CRIC study of CKD patients, the risk of CVD mortality increased 
by 2.1- and 3.8-fold for those with growth differentiation factor 15 in quartiles 3 and 
4, respectively (Wang et al. 2020). In the same study, the risk of incident heart fail-
ure increased by 1.5-, 2.1-, and 2.4-fold in those with growth differentiation factor-
 15 in quintiles 3–5, respectively (Bansal et al. 2019b). In a cohort of 820 patients 
with CKD stages 3 and 4, the risk of CVD mortality increased by 25% for every 1 
standard deviation increase in asymmetric dimethylarginine (Young et al. 2009).

Serum neutrophil gelatinase-associated lipocalin is associated with progression 
of CKD and increased risk of CVD events (Bolignano et al. 2009). In a cohort of 
252 CKD patients without a history of CVD, the risk of CVD events increased by 
4% for every 10 ng/mL increase in serum neutrophil gelatinase-associated lipocalin 
(Hasegawa et al. 2016).

Serum fibrinogen levels increase with severity of CKD and are associated with 
increased risk of CVD events but not CVD mortality. In two cohorts with 1678 
CKD patients, risk of acute myocardial infarction and stroke increased by 10% and 
8%, respectively, for every 50 mg/dL increase in fibrinogen (Weiner et al. 2008). 
However, in a general population cohort of 9184 patients, there was no association 
between fibrinogen and CVD mortality in those with CKD (Stack et al. 2014).

The role of several urinary biomarkers in the development of CVD in CKD 
patients was investigated in a CRIC study. Risk of heart failure increased by 21%, 
22%, and 20% for every 1 standard deviation increase in kidney injury molecule-1, 
urine neutrophil gelatinase-associated lipocalin, and N-acetyl-β-d-glucosaminidase, 
respectively (Park et  al. 2017). Risk of atherosclerotic CVD events increased by 
21% for every 1 standard deviation increase in kidney injury molecule-1.

The utility of many other biomarkers in stratifying the risk of CVD in CKD 
patients is under investigation. The importance of risk stratification ultimately lies 
in establishing clinically useful downstream strategies to prevent the incidence and 
progression of CKD and CVD.

 Models for Cardiovascular Disease Risk Prediction

Risk assessments made using tools such as the Pooled Cohort Equations depend on 
population studies, which have unfortunately demonstrated significant weaknesses 
when used to assess patients with CKD. Predicted risk falls significantly short of 
observed risk, model discrimination is poor, and the underestimation is nonuniform, 
which has stymied attempts at effectively recalibrating these tools (Fig.  14.6) 
(Weiner et al. 2007). Intuitively, the simplest method of improving risk prediction 
of CVD events would be to incorporate measures of CKD, such as eGFR and ACR, 
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Fig. 14.6 Risk prediction of coronary events in CKD using the Framingham model
Observed and predicted 10-year risk of coronary events in (a) men and (b) women with CKD 
stratified by the quintile of risk predicted by the Framingham model. In men, the model was poorly 
calibrated (p < 0.001), underpredicting and overpredicting coronary events in quintiles 1–4 and 5, 
respectively. In women, the model was poorly calibrated (p < 0.001), underpredicting coronary 
events in all quintiles. Model recalibration did not improve prediction in men (p < 0.001) but did 
in women (p = 0.06) (Weiner et al. 2007)
Abbreviations: CKD chronic kidney disease

K. Padalia and S. S. Hayek



287

into the equations. However, initial studies to this effect were conflicting likely due 
to variability in study population, inclusion of albuminuria, CVD outcomes, and 
statistical approaches. In 2015, the CKD Prognosis Consortium conducted a com-
prehensive and rigorous meta-analysis of 24 cohorts with 637,315 patients without 
a history of CVD (Matsushita et al. 2015). The C-statistics for CVD outcomes based 
on traditional risk factors were 0.729–0.838. Inclusion of eGFR and ACR, or both, 
led to significant improvements in risk discrimination with increases in C-statistic 
from 0.005 to 0.030 for all CVD outcomes but most notably CVD mortality and 
heart failure. ACR outperformed and eGFR was at least as good as most traditional 
risk factors.

Despite this evidence, national and international guidelines have not provided 
consistent or precise recommendations on how to account for CKD in CVD risk 
prediction. The 2018 American Heart Association and American College of 
Cardiology cholesterol guidelines classified eGFR <60 but not albuminuria as a 
risk enhancer for CVD (Grundy et  al. 2019). Further, these guidelines did not 
provide a quantitative method to account for the added risk in their endorsed 
Pooled Cohort Equations. The 2019 European Society of Cardiology dyslipid-
emia guidelines classified eGFR 30–59 as equivalent to a 10-year CVD mortality 
of 5–10% and eGFR <30 or albuminuria in diabetics as equivalent to a 10-year 
CVD mortality of ≥10% (Mach et al. 2020). This approach excludes other risk 
factors, albuminuria in nondiabetics, and does not provide a quantitative method 
to account for CKD in their endorsed Systematic Coronary Risk Evaluation 
algorithm.

A major barrier to incorporating CKD into CVD risk prediction is the inability to 
incorporate eGFR or albuminuria into the existing Pooled Cohort Equations and 
Systematic Coronary Risk Evaluation tools because these were derived from popu-
lation studies that did not measure those parameters. To overcome this, the CKD 
Prognosis Consortium recalibrated both risk equations by using a “CKD patch” that 
was derived from their external dataset of 35 general population, high-risk, and 
CKD cohorts with 4.1 million patients (Matsushita et al. 2020). This CKD patch 
was then validated against a separate external dataset of 37 cohorts with 4.9 million 
patients. The CKD patch significantly improved risk prediction for both atheroscle-
rotic CVD with the Pooled Cohort Equations (Δ C-statistic: 0.010, categorical net 
reclassification improvement: 0.056) and CVD mortality with the Systematic 
Coronary Risk Evaluation (Δ C-statistic: 0.027, categorical net reclassification 
improvement: 0.080). Although small, these improvements reflect a 5- to ten-fold 
improvement compared to the addition of C-reactive protein or fibrinogen to these 
same models. These modified risk calculators can be found online at http://ckdp-
crisk.org/
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 Pathophysiology

 Cardiac Disease

Cardiomyopathy with progressive left ventricular failure in CKD patients is driven 
by three major processes: pressure overload, volume overload, and nonhemody-
namic alterations in the cardiac myocardium.

 Pressure Overload

Pressure overload describes myocardial contraction against excessive afterload. In 
CKD, excessive afterload is primarily due to hypertension and arterial stiffness. 
Hypertension causes CKD through arteriosclerosis and progressive glomerular 
damage termed “nephrosclerosis,” but this process also cyclically worsens hyper-
tension by reducing blood flow to downstream peritubular capillaries (Ku et  al. 
2019). This leads to renin hypersecretion and increased levels of angiotensin II, 
which, in turn, causes vasoconstriction, sodium retention, extracellular volume 
expansion, and increased sympathetic outflow, all of which promote hypertension. 
Endothelial dysfunction, impaired nitrous oxide production, oxidative stress, and 
elevated levels of endothelin have also been implicated in this process. Arterial stiff-
ness, particularly in the aorta, increases in CKD through vascular injury, which is 
described in more detail in section “Vascular Disease”. Increased aortic stiffness 
results in loss of its “cushioning effect” and causes a decrease in diastolic and an 
increase in systolic blood pressure (Zanoli et  al. 2019). These changes decrease 
coronary perfusion and increase afterload, respectively. Pressure overload in CKD 
results in concentric hypertrophy to reduce wall stress and preserve left ventricular 
function.

 Volume Overload

Mechanical cardiac stress in CKD is also caused by volume overload. Hypervolemia 
is common in the early stages of CKD even in the absence of overt clinical signs and 
symptoms (Hung et al. 2014; Hung et al. 2015). This is driven by sodium retention 
from both reduced glomerular filtrations of sodium as renal function declines and 
tubular reabsorption of sodium to help maintain GFR. These processes are mediated 
by increased activity of the renin–angiotensin–aldosterone system (RAAS) and 
neural sympathetic outflow. Anemia commonly occurs in CKD due to a combina-
tion of hemodilution from hypervolemia, relative deficiency of erythropoietin, ure-
mic inhibition of erythropoiesis, disordered iron homeostasis, and decreased 
erythrocyte survival (Babitt and Lin 2012). Anemia decreases blood viscosity, 
which, in turn, increases venous return (Metivier et al. 2000). Both intravascular 
hypervolemia and anemia increase cardiac preload, which causes eccentric hyper-
trophy and left ventricular dilation.
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 Nonhemodynamic Factors

Cardiac hypertrophy in CKD also occurs through multiple nonhemodynamic mech-
anisms (Wang and Shapiro 2019). Stimulation of RAAS and sympathetic outflow in 
CKD directly contribute to cardiac hypertrophy and fibrosis through mechanisms 
involving mitogen-activated protein kinases and generation of reactive oxygen spe-
cies. Upregulation of cytokine transforming growth factor beta occurs indepen-
dently in both CKD and with cardiac pressure overload and appears to mediate 
cardiac hypertrophy and fibrosis. CKD mineral and bone disorder involves increased 
parathyroid hormone, increased serum phosphate, increased fibroblast growth fac-
tor 23, decreased vitamin D, and decreased soluble Klotho. Each of these changes 
through a variety of dependent and independent mechanisms increases cardiac 
hypertrophy and fibrosis. Insulin resistance and hyperinsulinemia are early features 
of CKD, which increase cardiac hypertrophy through several mechanisms including 
phosphorylation of angiotensin II and vascular endothelial growth factor. Uremic 
toxins increase inflammation and oxidative stress in the myocardium and have been 
associated with increased cardiac hypertrophy, fibrosis, and apoptosis. Finally, 
endogenous cardiotonic steroids are increased in CKD and may cause cardiac 
hypertrophy and fibrosis through activation of a sodium–potassium adenosine tri-
phosphatase signaling pathway and production of reactive oxygen species.

 Uremic Cardiomyopathy

Each of these distinct processes – pressure overload, volume overload, and nonhe-
modynamic cardiac remodeling – combines to cause left ventricular hypertrophy 
histologically characterized in CKD by profound myocardial fibrosis. 
Echocardiographic evidence of left ventricular hypertrophy is evident in 40% of 
those with advanced CKD and in up to 80% of those with ESRD (Levin et al. 1996; 
Parfrey et al. 1996). Myocardial fibrosis has been observed to afflict up to 90% of 
CKD and ESRD patients without obstructive coronary lesions in postmortem stud-
ies (Mall et al. 1990). Interstitial fibrosis, particularly around intramyocardial arter-
ies, in concert with dysfunctional calcium reuptake into the sarcoplasmic reticulum 
impairs passive relaxation and ultimately progresses into diastolic heart failure 
(Kennedy et al. 2003). Diastolic dysfunction is evident in over two-thirds of those 
with CKD stages 2–4 and in up to 85% of those with ESRD (Park et  al. 2012; 
Farshid et  al. 2013). This clinical phenotype of cardiac disease in CKD is often 
termed “uremic cardiomyopathy.” Overt systolic dysfunction does not typically 
arise until severe hemodynamic disturbances or myocardial ischemia begin to occur. 
Reduced ejection fraction is observed in only 8% of predialysis CKD patients with-
out an association with eGFR (Park et al. 2012; Mark et al. 2006).
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 Vascular Disease

The arterial phenotype in CKD reflects multimodal vascular disease from functional 
impairment and structural injury. Functional impairment occurs through endothelial 
dysfunction and early vascular cell wall senescence. Structural injury occurs through 
increased atherosclerotic plaque formation, vascular calcification, increased intima- 
media thickness, and loss of elastin. Like the nonhemodynamic mechanisms of 
myocardial injury, these changes are mediated through a complex interplay between 
inflammation, oxidative stress, and uremia.

 Atherosclerosis

Atheromatous plaques are observed in 70% of CKD patients, and the risk of forma-
tion increases by 1.3-, 1.7-, and 3.7-fold in CKD stage 3, CKD stage 4–5, and 
ESRD, respectively (Betriu et al. 2014). This is partly due to significant quantitative 
and qualitative changes in the lipid profile. Quantitative changes including elevated 
triglycerides, elevated total cholesterol, elevated very low density lipoprotein, ele-
vated lipoprotein A, and reduced high-density lipoprotein have been associated with 
increased risk of atherosclerosis (Valdivielso et al. 2019). Low-density lipoprotein 
is notably less predictive of CVD risk among CKD patients than in the general 
population. This suggests that qualitative changes in the lipid profile account for a 
significant portion of the risk. Qualitative changes include reduced low-density 
lipoprotein size, increased triglyceride to cholesterol ratio, and multiple pathogenic 
modifications of lipoproteins including glycation, oxidation, and carbamylation. 
These changes are the effects of reduced renal clearance and increased inflamma-
tion and oxidative stress from CKD but, in turn, also cyclically cause inflammation 
and oxidative stress. In this way, changes in lipid profile in CKD not only promote 
atheromatous plaque formation but also multimodal vascular injury.

 Calcification

Vascular calcification in CKD is associated with atheromatous plaques in large 
arteries but often occurs without plaques in smaller arteries rich in vascular smooth 
muscle cells (Zanoli et al. 2019; Valdivielso et al. 2019). It is driven by an accumu-
lation of unstable phosphate and calcium ions that form mineral deposits and pro-
mote abnormal differentiation of vascular smooth muscle cells to osteoblast- and 
chondroblast-like cells. The former process reflects CKD mineral and bone disor-
der, which is characterized by disordered hormone regulation of phosphate by intes-
tinal absorption, renal reabsorption, and bone metabolism attenuated by reduced 
renal clearance. Disordered mineral metabolism occurs in the early stages of CKD 
even in the absence of elevated serum phosphate. This is characterized by deficiency 
in Klotho receptor, suppressed by albuminuria and inflammation, which in turn 
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upregulates its ligand fibroblast growth factor 23, which has an integral role in vas-
cular calcification. In later stages of CKD, elevated serum phosphate also promotes 
phenotype switching of vascular smooth muscle cells into osteoblast- and 
chondroblast- like cells that begin expressing bone-forming genes. Calcium phos-
phate crystals, in addition to other uremic toxins, also increase synthesis of proin-
flammatory cytokines like tumor necrosis factor and interleukin-6, which further 
promotes vascular calcification. Tumor necrosis factor interferes with endothelial 
nitric oxide synthase, which leads to formation of reactive oxygen species, which in 
turn promotes phenotypic switching of vascular smooth muscle cells. Inflammation 
also mediates vascular infiltration by white blood cells, such as CD14+ and CD16+ 
monocytes, and uremic toxins, such as endothelin-1 and advanced glycation end 
products, which also promote phenotypic switching of vascular smooth muscle cells.

 Other Vascular Injuries

Vascular smooth muscle cell proliferation, hypertrophy, and reduced apoptosis also 
contribute to increasing intima-media thickness and reducing vessel caliber in 
CKD. This is mediated through inflammation, oxidative stress, and uremic toxins 
such as uric acid, modified lipoproteins, and indoxyl sulfate (Zanoli et  al. 2019; 
Valdivielso et al. 2019). The function of endothelial cells, which mediate the cross 
talk between intravascular and vascular cells, is also impaired by these factors. For 
example, shear stress from blood flow normally stimulates endothelial synthesis of 
nitric oxide, which causes smooth muscle relaxation. However, this process is dis-
rupted by inhibition of endothelial nitric oxide synthase by inflammation and ure-
mic toxins including uric acid, advanced glycation end products, and asymmetric 
dimethylarginine. Endothelial damage results in the release of microvesicles and 
specific microRNAs, which can cause further vascular injury (Neuen et al. 2019). 
Finally, there is increasing evidence that uremia in CKD results in early vascular 
cell wall senescence characterized by accumulation of oxidative damage and loss of 
both physiological function and regenerative capability. Early evidence suggests 
that CKD mineral and bone disorder, carbamylated low-density lipoprotein, indoxyl 
sulfate, and CD14+ CD16+ monocytes may be involved in this process (Valdivielso 
et al. 2019).

 Management

 Overview

Despite extensive study and purported understanding of the pathophysiology under-
lying CVD in CKD, there are no effective therapies that target the underlying pro-
cesses. Age-standardized rates of CKD mortality have continued to increase, and 

14 Chronic Kidney Disease Is a Risk Enhancer for Cardiovascular Diseases



292

advancements in prevention and treatment have lagged far behind other critical non-
communicable diseases (GBD Chronic Kidney Disease Collaboration 2020). 
Despite its increasing global prevalence of nearly 10% and mortality now account-
ing for nearly 5% of deaths worldwide, its recognition as a problem by public health 
authorities and the general population is lacking. CKD is recognized as a health- 
care priority in only 36% of countries, and there is a national strategy in place to 
combat CKD in only 17% of countries. Awareness and adoption of CKD guidelines 
by primary care physicians and specialists is below average in almost half of the 
countries worldwide, which is accentuated by less than 10% of patients being aware 
of their disease. No goals have been set by the World Health Organization to limit 
the global CKD epidemic. The lack of awareness and progress in treating CKD is 
reflected by its significantly lower research funding, with nephrology having the 
lowest number of published clinical trials among all medicine subspecialties 
(Yaseen et al. 2019). There have been few significant drug developments in nephrol-
ogy since the 1980s. Even the recent discovery of improvement in renal outcomes 
in diabetics with sodium–glucose cotransporter-2 (SGLT-2) inhibitors has come 
from secondary analyses of cardiovascular trials. These challenges have led to a 
clinical focus on traditional cardiovascular risk factor control rather than treatment 
of underlying CKD to mitigate the increased risk of CVD in patients with CKD 
(Table 14.2).

 Lifestyle Interventions

Each of the lifestyle interventions discussed below is recommended by most CKD 
guidelines based on interventional trials in the general population that demonstrate 
improved cardiac and renal outcomes. The limited scale and duration of studies in 
CKD patients frequently prevents evaluation of relevant clinical outcomes, namely, 
CVD events but will be the focus of this section. Reducing sodium intake reduces 
risk of CVD in CKD. In the CRIC study, risk of CVD events and CKD progression 
was 36% and 54% higher for those in the highest quartile of sodium excretion (Mills 
et al. 2016; He et al. 2016). A Cochrane review of eight randomized controlled trials 
(RCTs) found that dietary sodium reduction reduced proteinuria and blood pressure 
(McMahon et al. 2015). RAAS inhibition combined with dietary sodium reduction 
reduces risk of both renal and CVD events greater than RAAS inhibition alone 
(Lambers Heerspink et al. 2012). A Cochrane review found that a very low protein 
diet may also reduce progression of advanced CKD to ESRD by decreasing intra-
glomerular pressure (Hahn et al. 2018). A systematic review of 41 RCTs found that 
exercise training improved functional capacity, quality of life, and systolic blood 
pressure in CKD patients (Heiwe and Jacobson 2014). Physical activity improved 
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Table 14.2 Lifestyle and pharmacological interventions to reduce risk of CVD in CKD

Interventions Description

Lifestyle

Dietary sodium 
restriction

Reduces proteinuria and blood pressure (McMahon et al. 2015) and 
potentiates RAAS inhibition (Lambers Heerspink et al. 2012)

Dietary protein 
restriction

Reduces progression to advanced CKD (Hahn et al. 2018)

Physical activity Reduces blood pressure (Heiwe and Jacobson 2014)
Weight loss Reduces proteinuria and decline in eGFR (Bolignano and Zoccali 2013)
Smoking 
cessation

May reduce progression of CKD (Lee et al. 2020)

Pharmacological

Blood pressure 
reduction

Likely reduces CVD events and mortality (Ettehad et al. 2016; Cheung et al. 
2017). Conflicting evidence on CKD progression (Cheung et al. 2017; Lv 
et al. 2013)

RAAS inhibition Reduces CKD progression (Xie et al. 2016; KDIGO 2020), CVD events 
(Xie et al. 2016), and possibly CVD mortality (Mann et al. 2001; Heart 
Outcomes Prevention Evaluation Study Investigators 2000) independent of 
blood pressure, particularly in those with diabetes and albuminuria

Glycemic control Hemoglobin A1c <6.5–7% reduces myocardial infarction and CKD 
progression (KDIGO 2020; Ruospo et al. 2017). Metformin reduces heart 
failure hospitalization (Crowley et al. 2017). SGLT-2 inhibitors reduce CKD 
progression, CVD events, and CVD mortality or heart failure hospitalization 
(McGuire et al. 2021). Limited evidence for GLP-1 RAs in CKD

Lipid control Statins with and without ezetimibe reduce CVD events and mortality in 
those not on dialysis (Herrington et al. 2016; Baigent et al. 2011; Major 
et al. 2015). Statins reduce proteinuria and decline in eGFR but not CKD 
progression (Su et al. 2016)

Antiplatelet 
therapy

Likely reduces CVD events in secondary prevention (Palmer et al. 2013) but 
increases bleeding and does not reduce CVD events or mortality in primary 
prevention (Major et al. 2016; Wolfe et al. 2021)

Hemoglobin 
control

Erythropoietin-stimulating agents targeting hemoglobin ≥12 g/dL increase 
stroke and do not affect CKD progression (Palmer et al. 2010). Evidence for 
iron is conflicting on CVD events (Agarwal et al. 2015; Macdougall et al. 
2019) and limited on CKD progression

Phosphate 
reduction

Does not reduce CVD events or mortality (Ruospo et al. 2018). Limited 
evidence for effect on CKD progression

Vitamin D 
supplementation

Reduces CVD mortality in observational studies but not small RCTs (Lu 
et al. 2017). Limited evidence for effect on CKD progression

Uric acid 
reduction

Does not reduce CVD events, CVD mortality, or CKD progression in 
limited RCTs (Kimura et al. 2018; Doria et al. 2020)

Abbreviations: CVD cardiovascular disease, RAAS renin-angiotensin-aldosterone system, eGFR 
estimated glomerular filtration rate, SGLT-2 sodium glucose transporter protein 2, GLP-1 RA 
glucagon- like peptide-1 receptor agonist, RCT randomized controlled trial
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eGFR in one trial, but these findings have been inconsistently replicated (Flesher 
et  al. 2011). An observational study of CKD patients also found an association 
between increased duration of light activity and decreased all-cause mortality 
(Beddhu et al. 2015). A systematic review of 31 weight loss studies in obese CKD 
patients demonstrated significant improvements in proteinuria, albuminuria, and 
eGFR (Bolignano and Zoccali 2013). Finally, duration since smoking cessation pro-
portionally reduces risk of CKD progression (Xia et al. 2017; Lee et al. 2020).

 Blood Pressure Reduction

Recent evidence supports a blood pressure target of at least <130/80 mmHg for 
CKD patients. A meta-analysis of 6 RCTs with 4106 CKD patients demonstrated 
that a 10 mmHg reduction in systolic blood pressure reduced the risk of CVD events 
by 16% and all-cause mortality by 19% (Ettehad et al. 2016). The recent Systolic 
Blood Pressure Intervention Trial (SPRINT) RCT has randomized a prespecified 
subgroup of 2646 CKD patients with eGFR 20–59 and proteinuria <1 g/day to a 
target systolic blood pressure of <120 or  <  140  mmHg (Cheung et  al. 2017). 
Intensive systolic blood pressure reduction significantly reduced the risk of all- 
cause mortality by 28%, but the observed reductions in CVD mortality by 43% 
(p = 0.06) and CVD events by 19% (p = 0.12) only approached statistical signifi-
cance. A post hoc analysis found no reduction in CVD events in those with eGFR 
<45, but this should only be considered hypothesis-generating, as the study was not 
powered to evaluate this smaller subgroup of 891 CKD patients (Obi et al. 2018). 
The intensive systolic blood pressure reduction group also had a 2.0-fold increased 
risk of a ≥ 30% decline in eGFR (Cheung et al. 2017). This appeared to have been 
an acute and self-limited hemodynamic change, as it was not appreciated past 
6-month follow-up after which the annual decline in eGFR was similar to that attrib-
uted to normal aging. A meta-analysis of 11 RCTs demonstrated that intensive 
blood pressure control reduced the risk of renal failure by 27% in those with CKD 
and proteinuria (Lv et al. 2013). Low baseline diastolic blood pressure (<50 mmHg) 
in SPRINT was associated with increased risk of CVD events, but the effects of 
intensive systolic blood pressure reduction on mortality and CVD events did not 
vary by baseline diastolic blood pressure levels (Beddhu et al. 2018).

 Renin–Angiotensin–Aldosterone System Inhibition

Inhibition of RAAS through angiotensin-converting enzyme inhibitors (ACEis) and 
angiotensin II receptor blockers (ARBs) improves cardiac and renal outcomes in 
CKD patients, particularly those with albuminuria and diabetes, independent of 
blood pressure control. A network meta-analysis of 119 RCTs with 64,768 CKD 
patients compared RAAS inhibitors to placebo and found that both ACEis and 
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ARBs reduced the risk of renal failure by 39% and 30%, respectively, and CVD 
events by 18% and 24%, respectively (Xie et al. 2016). ACEis reduced the risk of 
all-cause mortality by 28%, but neither ACEis nor ARBs reduced the risk of CVD 
mortality. The largest RAAS inhibitor RCT, the Heart Outcomes Prevention 
Evaluation (HOPE) study, conducted a prespecified subgroup analysis of 3394 
patients with an eGFR <65 and demonstrated that ACEis reduced the risk of CVD 
mortality, myocardial infarction, stroke, and hospitalization for heart failure by 
33%, 26%, 31%, and 18%, respectively (Mann et al. 2001). This analysis was only 
adjusted for center effect, but the relationship persisted in both nondiabetic and 
normotensive subgroups. An update to a Cochrane review of 49 RCTs demonstrated 
that RAAS inhibitors in patients with diabetic nephropathy reduced the risk of 
severe albuminuria by 55% and serum creatinine doubling by 32% (KDIGO 2020). 
These renal protective effects were independent of blood pressure, and full doses of 
ACEis additionally reduced all-cause mortality by 22% (Lewis et al. 2001; Brenner 
et al. 2001; Strippoli et al. 2006). A Micro-HOPE study subgroup of 1140 diabetic 
patients with microalbuminuria demonstrated that ACEis reduced the risk of com-
posite CVD events – myocardial infarction, stroke, and CVD mortality – by 28.6% 
(Heart Outcomes Prevention Evaluation Study Investigators 2000). The cardiac and 
renal protective effects of RAAS inhibitors are potentiated by not only dietary 
sodium restriction but also diuretic therapy (Patel et al. 2007; Heerspink et al. 2010). 
A Cochrane review found insufficient evidence to support the use of RAAS inhibi-
tors in early nondiabetic nephropathy (Sharma et  al. 2011). Similarly, no robust 
studies have reported the effects of RAAS inhibitors in CKD patients with normal 
albuminuria.

 Glycemic Control

Targeting lower hemoglobin A1c levels with glucose-lowering agents reduces the 
risks of microvascular and macrovascular complications of diabetes. Randomized 
controlled trials in CKD patients support targeting an individualized hemoglobin 
A1c of less than 6.5–8.0% due to better overall survival, CVD outcomes, and 
decreased progression of CKD. A systematic review and meta-analysis of RCTs 
compared higher (standard of care) hemoglobin A1c targets to targets of less than 
7%, 6.5%, and 6%, respectively, in CKD patients with diabetes (KDIGO 2020; 
Ruospo et al. 2017). A target of <7.0% in 11 trials reduced the risk of myocardial 
infarction and moderate albuminuria. A target of <6.5% in six trials reduced the risk 
of moderate albuminuria and ESRD. A target of <6.0% in two trials increased all- 
cause mortality but decreased myocardial infarction and moderate albuminuria. A 
higher hemoglobin A1c target may be warranted in patients with advanced CKD 
stages 4–5 and ESRD who are at higher risk of hypoglycemia and in whom hemo-
globin A1c values are less accurate and reliable (Freedman et  al. 2010; Moen 
et al. 2009).
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Metformin and SGLT-2 inhibitors should be first-line agents in most patients 
with diabetes and CKD with eGFR >30 due to their efficacy, low risk of hypoglyce-
mia, and improvements in cardiac and renal outcomes. In the general population, 
metformin is well established as having superior or at least comparable efficacy 
compared to other oral agents in reducing hemoglobin A1c without hypoglycemia 
or weight gain (Maruthur et al. 2016). A meta-analysis of two RCTs in the general 
population demonstrated that metformin reduced the risk of CVD mortality by 
30–40% compared to sulfonylurea. A meta-analysis of five observational studies in 
CKD patients demonstrated that metformin reduced the risk of all-cause mortality 
by 23% and heart failure hospitalization by 9% (Crowley et al. 2017). No RCTs 
have evaluated the effects of metformin on cardiac or renal outcomes in patients 
with both CKD and diabetes.

SGLT-2 inhibitors have modest efficacy in reducing hemoglobin A1c, reducing 
blood pressure, and promoting weight loss (Vasilakou et al. 2013). However, they 
have significant cardiac and renal protective effects independent of glucose lower-
ing. A meta-analysis of three RCTs in diabetics demonstrated that SGLT-2 inhibi-
tors reduced the risk of CVD events by 18% and heart failure hospitalization by 
40% in the eGFR 30–59 subgroup (Zelniker et al. 2019). A meta-analysis of two 
RCTs in patients with heart failure with reduced ejection fraction <40% demon-
strated that SGLT-2 inhibitors reduced the risk of composite outcome of heart fail-
ure hospitalization or CVD mortality by 23% in the eGFR 30–59 subgroup (Zannad 
et al. 2020). This finding was similar in those both with and without diabetes. The 
primary outcomes in these trials were cardiovascular, so the Canagliflozin and 
Renal Events in Diabetes with Established Nephropathy Clinical Evaluation 
(CREDENCE) trial was conducted to examine primary renal outcomes in patients 
with both diabetes and albuminuric CKD. Canagliflozin reduced risk of primary 
composite outcome of ESRD, doubling of serum creatinine, or death from cardiac 
or renal causes by 30% as well as the secondary composite outcome of ESRD or 
renal death by 28% (Perkovic et al. 2019). A meta-analysis of this trial and five oth-
ers in diabetics had similar findings (McGuire et al. 2021).

If glycemic targets are not reached with metformin and SGLT-2 inhibitors, a 
glucagon-like peptide-1 receptor agonist (GLP-1 RA) should be added as a third 
agent, as it has been shown to reduce CVD events, reduce albuminuria, and likely 
preserve eGFR. A meta-analysis of seven RCTs of diabetic patients with and with-
out CKD demonstrated that GLP-1 RAs reduced the risk of all-cause mortality, 
CVD mortality, stroke, and heart failure hospitalization by 12%, 12%, 16%, and 
9%, respectively (Kristensen et al. 2019). There was also a reduction in the risk of 
composite renal outcome of severe albuminuria, decline in eGFR, ESRD, or renal 
death by 17% driven primarily by reduction in albuminuria.

 Lipid Control

Statin therapy has significant cardiac and renal protective effects in CKD patients 
not on dialysis. In a meta-analysis of 28 trials comparing statins to placebo in CKD 
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patients, every 1 mmol/L reduction in LDL achieved by statins reduced the risk of 
vascular death, vascular event, coronary event, and stroke by 12%, 21%, 24%, and 
26%, respectively (Herrington et al. 2016). Even after controlling for smaller reduc-
tions in LDL achieved by those with advanced CKD, the magnitude of risk reduc-
tion decreased proportionally with decreasing eGFR (p = 0.008), and there was no 
risk reduction in those on dialysis. Although this suggests against initiating statins 
for those on dialysis, it may be reasonable to continue statins for those already tak-
ing them. In one trial including patients who transitioned to dialysis after random-
ization, the effects of statins on major vascular events were similar for both those on 
and not on dialysis (Baigent et al. 2011). The same trial demonstrated the efficacy 
of adding ezetimibe to a moderate-dose statin for CKD patients who cannot tolerate 
a high-dose statin. A combination of simvastatin and ezetimibe reduced the risk of 
major vascular event by 17%. Statins had similar cardiovascular benefits for pri-
mary prevention in another meta-analysis of six trials in early CKD patients with no 
history of CVD (Major et  al. 2015). A meta-analysis of 57 statin trials in CKD 
patients found modest renal benefits with decreased risk of proteinuria and rate of 
eGFR decline but no decreased risk of kidney failure events. Accordingly, both 
American and European cardiology guidelines support initiation of statin therapy in 
patients with CKD and continuation, but not initiation, of these therapies in those on 
dialysis (Grundy et al. 2019; Mach et al. 2020).

 Antiplatelet Therapy

The use of antiplatelets in CKD patients is not well studied. In a Cochrane review 
of 50 RCTs of CKD patients with and without a history of CVD, antiplatelets as a 
class reduced the risk of myocardial infarction by 13% but increased the risk of 
major and minor bleeding by 33% and 49%, respectively (Palmer et al. 2013). RCTs 
of low-dose aspirin in the general population have found significant benefits in sec-
ondary prevention of atherosclerotic CVD that supports its use for this indication in 
most CKD patients despite their increased risk of bleeding (Baigent et al. 2009). 
Low-dose aspirin use for primary prevention of CVD in CKD is increasingly con-
troversial because recent trials have found reduced efficacy compared to older trials 
and concern for underreported bleeding events. In a meta-analysis of 13 trials in 
patients without a history of CVD, low-dose aspirin reduced risk of composite CVD 
outcomes by 11% and increased the risk of major bleeding by 43% (Zheng and 
Roddick 2019). The number needed to treat and harm were 210 and 241 patients, 
respectively. In a meta-analysis of 3 RCTs with 4468 CKD patients without a his-
tory of CVD, low-dose aspirin did not reduce the risk of any CVD event and 
increased the risk of major and minor bleeding by 2.0- and 2.7-fold, respectively 
(Major et al. 2016). Similar findings were demonstrated in a post hoc analysis of the 
ASPirin in Reducing Events in the Elderly (ASPREE) RCT with a subgroup of 
4758 CKD patients (Wolfe et al. 2021). The Aspirin To Target Arterial Events in 
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Chronic Kidney Disease (ATTACK trial) RCT with 25,210 CKD patients without a 
history of CVD is currently ongoing to better elucidate the risks and benefits of low-
dose aspirin for primary prevention in this population (Major and Burton 2021).

 Other Therapies

Several CKD-specific, nontraditional risk factors  – anemia, hyperphosphatemia, 
vitamin D deficiency, and hyperuricemia – are associated with CKD progression 
and CVD events, but interventions targeting these parameters in RCTs have not 
shown improvement in clinical outcomes. RCTs investigating treatment of anemia 
with erythropoietin-stimulating agents targeting a hemoglobin level of at least 12 g/
dL have found increased risk of CVD events. In a meta-analysis of 27 RCTs of 
CKD patients, use of erythropoietin-stimulating agents for a higher hemoglobin 
target increased risk of stroke by 51% (Palmer et al. 2010). There was a nonsignifi-
cant trend toward increased risk of CVD events by 15% (p = 0.08) and ESRD by 8% 
(p = 0.15). These findings have led to a focus on iron repletion and a decreased 
hemoglobin threshold of at least <10  g/dL prior to initiating an erythropoietin- 
stimulating agent. Both oral and intravenous iron are effective in improving hemo-
globin in CKD patients (Shepshelovich et al. 2016). Many benefits of intravenous 
iron including reduced risk of CVD mortality have been shown in patients with 
heart failure, many with concomitant CKD. One small RCT of CKD patients sug-
gested that intravenous iron compared to oral iron increased the incidence of CVD 
events (Agarwal et al. 2015). However, a larger RCT comparing high- and low-dose 
intravenous iron strategies in CKD patients found reduced risk of composite CVD 
events in the former group, although this may have been driven by reduced need and 
use of erythropoietin-stimulating agents (Macdougall et al. 2019). In a Cochrane 
review of 104 RCTs, sevelamer was superior to calcium-based binders, but phos-
phate binders compared to placebo did not reduce the risk of CVD events or mortal-
ity (Ruospo et al. 2018). A recent RCT of CKD patients also found that phosphate 
binders did not reduce risk of surrogates for CVD including arterial stiffening and 
aortic calcification (Toussaint et al. 2020). Vitamin D analogues are primarily used 
in CKD patients to suppress parathyroid hormone and maintain serum calcium lev-
els to increase bone mineral density and reduce risk of fractures. A meta-analysis of 
10 observational studies in CKD patients demonstrated that vitamin D analogues 
decreased the risk of CVD mortality by 45% (Lu et al. 2017). These findings have 
not been replicated in smaller RCTs to date. Trials have had conflicting results for 
the clinical benefit of urate-lowering therapies in CKD patients. A meta-analysis of 
28 RCTs of patients with hyperuricemia found that urate-lowering therapies did not 
reduce the risk of CVD events or kidney failure but did attenuate decline in eGFR 
(Chen et al. 2020). The largest RCTs in CKD patients have had similar findings 
(Kimura et al. 2018; Doria et al. 2020).
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 Conclusions

The prevalence of and mortality from CKD is increasing. Most deaths and disabili-
ties in those with CKD are from CVD. CKD increases the risk of CVD mortality, 
myocardial infarction, peripheral arterial disease, stroke, heart failure, valvular 
heart disease, atrial fibrillation, and sudden cardiac death, even after controlling for 
traditional risk factors. Many nontraditional CVD risk factors in CKD, such as ane-
mia and hyperphosphatemia, have been identified. The strongest risk factors for 
CVD events in CKD patients are a prior history of CVD and left ventricular hyper-
trophy. Biomarkers such as cystatin C, troponin, natriuretic peptides, suPAR, and 
uric acid may help predict risk of CVD in these patients. The current CVD risk 
assessment models endorsed by clinical guidelines have poor risk discrimination in 
CKD patients that could be readily improved by incorporating eGFR and ACR into 
the models. CKD causes CVD through a complex interplay between inflammation, 
oxidative stress, and uremia, which ultimately leads to left ventricular hypertrophy 
with diastolic dysfunction and multimodal vascular injury. Management of the 
increased risk of CVD in CKD is currently focused on traditional CVD risk factor 
control. Traditional risk factor control with some efficacy in improving clinical car-
diac and renal outcomes in CKD includes intensive blood pressure reduction to at 
least <130/80 mmHg; RAAS inhibition with ACEis or ARBs, particularly in diabet-
ics or in those with albuminuria; glycemic control to an individualized hemoglobin 
A1c goal of <6.5–8.0% using metformin, SGLT-2 inhibitors, and possibly GLP-1 
RAs; statins with or without ezetimibe in nondialysis CKD; and aspirin for second-
ary prevention. Lifestyle interventions  – dietary sodium and protein restriction, 
exercise, weight loss, and smoking cessation – may have some benefits but have not 
clearly improved clinical outcomes in RCTs. Nontraditional risk factor control with 
erythropoietin-stimulating agents, iron, vitamin D analogues, phosphate binders, 
and urate-lowering therapies has not clearly improved clinical outcomes in RCTs.
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Chapter 15
Peripheral Arterial Disease  
and the Ankle–Brachial Index

Peter P. Toth

 Introduction

Peripheral arterial disease (PAD) is widely prevalent throughout the world and rep-
resents the development of atherosclerotic disease in the lower extremities (Song 
et al. 2019). The prevalence of PAD increases as a function of age in both men and 
women, and Black men and women and Native American women appear to be dis-
proportionately affected (Fig. 15.1a, b) (Allison et al. 2007; Virani et al. 2020). In 
the San Diego Population Study, Blacks have a higher prevalence of PAD compared 
to non-Hispanic Whites (odds ratio 2.30, p < −0.024), and this difference is not 
accounted for because of higher rates of hypertension, diabetes mellitus, or increased 
body mass index (Criqui et  al. 2005). Based on the Third National Health and 
Nutrition Examination Survey (NHANES III), in 2004, it was estimated that 
approximately five million Americans (4.3% of the US population) over the age of 
40 years had PAD (Selvin and Erlinger 2004). The Global Burden of Disease Study 
2017 reported a worldwide prevalence of PAD of 118.1 million and a global inci-
dence of 10.8 million cases (James et al. 2018). Approximately two-thirds of all 
cases of PAD are asymptomatic, 78.6 million are asymptomatic vs 39.5 million who 
are symptomatic with claudication; hence, PAD is likely significantly underdiag-
nosed and undertreated (James et al. 2018). In another analysis, the global preva-
lence estimate for PAD in 2015 was 236.6 million aged 25 years and older, with the 
Western Pacific Region having the highest prevalence (74.1 million) and the Eastern 
Mediterranean Region having the lowest prevalence (14.7 million) (Song et al. 2019).
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 Peripheral Arterial Disease and Cardiovascular Events

Based on the Heart and Soul Study, PAD is associated with a 70% increased risk of 
cardiovascular events (adjusted hazard ratio (HR) 1.7, 95% confidence interval (CI), 
1.0–2.9, p = 0.04) and an 80% increased risk of mortality (adjusted HR 1.8, 95% CI, 
1.2–2.7, p = 0.006) compared to persons without PAD (Grenon et al. 2013). In the 
Fremantle Diabetes Study, PAD was associated with a 67% increase in risk for 
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cardiac mortality among diabetic patients (Norman et al. 2006). In the Multi-Ethnic 
Study of Atherosclerosis, over a median follow-up of 8.5 years, PAD was associated 
with 1.5-fold increase in risk for atrial fibrillation and a 1.7-fold increase in risk for 
incident stroke (O’Neal et al. 2014). PAD also increases risk for lower extremity 
revascularization as well as lower extremity amputation and associated disabilities. 
Lower extremity amputation due to critical limb ischemia in diabetic patients is 
associated with a 5-year mortality rate that is higher than many malignancies 
(Barnes et al. 2020). Early identification of PAD and the initiation of appropriate 
pharmacological and lifestyle modifications help reduce the progression of disease, 
risk for acute cardiovascular events, rate of functional decline, and need for surgical 
interventions. In patients with established PAD, adherence to therapy with aspirin, 
a statin, and an angiotensin-converting enzyme inhibitor coupled with smoking ces-
sation over 3 years of follow-up is associated with a 36% (p = 0.009) reduction in 
risk for major acute coronary events (nonfatal myocardial infarction, stroke, or mor-
tality) and a 44% (p = 0.003) lower risk of major acute limb events (major amputa-
tion, thrombolysis, or surgical bypass) compared to persons with PAD receiving 
less than four of these interventions (Armstrong et al. 2014) (Fig. 15.2).

 Intermittent Claudication

Only a minority of patients with PAD experience intermittent claudication. In the 
Edinburgh Artery Study, only 15% of participants with PAD experienced claudica-
tion (Fowkes et al. 1991). Among patients experiencing claudication (that can mani-
fest as muscle pain, cramping, or fatigue precipitated by activity-induced myocyte 
ischemia), symptoms can develop in a variety of locations depending upon the spe-
cific arteries afflicted with atherosclerotic disease. They include the following 
(Dhaliwal and Mukherjee 2007):

• Buttock and hip – aortoiliac artery disease
• Impotence – bilateral aortoiliac artery disease
• Thigh – common femoral or aortoiliac artery disease
• Upper two-thirds of the calf – superficial femoral artery disease
• Lower one-third of the calf – popliteal artery disease
• Foot claudication – tibial or peroneal artery disease

Among claudicants, symptoms typically subside within 10 minutes of initiation 
of rest. As shown in the Walking and Leg Circulation Study (WLCS), many patients 
remain asymptomatic because they reduce their level of activity in order to avoid the 
development of ischemia-related symptoms (McDermott et  al. 2002). They can 
become progressively more sedentary to avoid symptoms, which paradoxically can 
hasten progression of PAD. Persons with persistently asymptomatic PAD (hazard 
ratio (HR) 2.94, 95% confidence interval (CI), 1.39–6.19, p = 0.005) and those with 
leg pain during both exertion and rest (HR 2.89, 95% CI, 1.47–5.68, p = 0.002) have 
greater loss of ambulatory capacity (walking time in minutes) than persons with 
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intermittent claudication (McDermott et al. 2010). When compared to participants 
with intermittent claudication, persons with asymptomatic PAD have a higher calf 
muscle percentage fat (16.1 vs 9.5%), lower 6-minute walking length (966 vs 
1129  ft), smaller calf muscle area (4935 vs 5592  mm2), slower 4-minute usual- 
paced walking speed (0.94 vs 0.84 meters/sec), lower stair climbing score, and 
lower physical functioning score (p < 0.001 for all comparisons). Functional decline 
in patients with PAD is highly predictive of risk for cardiovascular events. In an 
analysis from WLCS II, participants in the tertile with the greatest 6-min walk 
decline had the highest subsequent mobility loss (hazard ratio (HR) 3.50, p = 0.002), 
all-cause mortality (HR 2.16, p = 0.004), and cardiovascular mortality (HR 2.45, 
p  =  0.031), compared with those in the lowest tertile for 6-min walk decline 
(McDermott et al. 2011b).
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Fig. 15.2 Major adverse cardiovascular events and limb outcomes among patients adhering to 
four guideline-recommended therapies. Cumulative hazard curves to 3 years post procedure show-
ing the proportion free of (a) MACE (MI, stroke, or death; p = 0.009), (b) death (p = 0.003), (c) 
MALE (bypass graft surgery, thrombolysis, or major amputation; p = 0.005), and (d) amputation 
or death (p = 0.003). All curves are after propensity weighting. CI confidence interval, MACE 
major adverse cardiovascular event, MALE major adverse limb event, MI myocardial infarction. 
(Reproduced from Armstrong et al. (2014)) (This is an open-access article under the terms of the 
Creative Commons Attribution-Non-Commercial License, which permits use, distribution, and 
reproduction in any medium, provided the original work is properly cited and is not used for com-
mercial purposes)
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 Effects of PAD on Muscle and Bone

PAD is associated with a variety of histological and biochemical forms of injury. 
Among persons with PAD, as skeletal myocytes develop ischemia in response to 
inadequate oxygen delivery and are then exposed to higher oxygen tensions at rest, 
there is progressive ischemia–reperfusion injury secondary to the production of 
reactive oxygen species (e.g., superoxide anion, peroxide, peroxynitrite by nicotin-
amide adenine dinucleotide hydrogen (NADH) oxidase, xanthine oxidase, and 
nitric oxide synthase) that incur oxidative damage to skeletal muscle, interfere with 
mitochondrial electron transport and oxidative phosphorylation, potentiate inflam-
mation, promote endothelial dysfunction, and precipitate myocyte apoptosis and 
necrosis (Wu et al. 2018; Gillani et al. 2012; Weiss et al. 2013). With progression of 
PAD, there is concomitant worsening mitochondriopathy with reduced capacity for 
adenosine triphosphate (ATP) biosynthesis, which exacerbates ischemic symptoms 
and leads to ultrastructural changes in muscle architecture (Makris et al. 2007; Ryan 
et al. 2018). PAD is also associated with accelerated hip bone loss and increased 
fracture risk. When comparing men (>65 years of age) with and without PAD dur-
ing 4.6 years of follow-up, the mean annualized rate of bone loss at the hip was 
−0.66% and −0.34% for those with and without PAD, respectively. In addition, 
incident nonspinal fractures were experienced by 12% and 7.9% of men with and 
without PAD, respectively (Collins et al. 2009).

In the setting of critical limb ischemia, there is impaired mobilization of progeni-
tor cells from the bone marrow, which is believed to adversely impact the capacity 
for neovascularization in the lower extremities despite ongoing severe ischemia. 
There are multiple pathogenic changes in the bone marrow of patients with critical 
limb ischemia, including reductions in both microvascular density and pan- neuronal 
and sympathetic innervation, highlighting the devastating effects of more advanced 
PAD on lower extremity function and physiology (Teraa et al. 2014). Additional 
changes associated with PAD pathophysiology are summarized in Table 15.1 (Hiatt 
et  al. 2015). Patients with more advanced limb ischemia distal to an obstructive 
atherosclerotic lesion can present with the so-called “6 P’s,” which include pain, 
pallor, paresthesia (representing nerve ischemia), paralysis, pulselessness, and poi-
kilothermia. Atypical symptoms (paresthesias, low back pain, bone pain) can arise 
from the presence of such comorbidities as peripheral neuropathy as well as spinal 
and joint degenerative disease.

 Risk Factors for Peripheral Arterial Disease

The most important risk factors for PAD include cigarette smoking, dyslipidemia, 
hypertension, advanced age, diabetes mellitus, chronic kidney disease, obesity, sed-
entary lifestyle, a family history of premature atherosclerotic disease onset, and 
heightened systemic inflammation (Song et  al. 2019; Selvin and Erlinger 2004; 
Shammas 2007; Joosten et al. 2012; Kravos and Bubnič-Sotošek 2009). Based on 
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participants in the Framingham Offspring Study, the odds ratios and 95% CIs for 
significant risk factor associations with PAD based on multivariable analyses 
include the following: each 10 years of age, 2.6 (2.0, 3.4); hypertension, 2.2 (1.4, 
3.5); smoking, 2.0 (1.1, 3.4); 10 pack-years of smoking, 1.3 (1.2, 1.4); 50 mg/dL of 
fibrinogen, 1.2 (1.1, 1.4); 5 mg/dL of high-density lipoprotein cholesterol (HDL-C), 
0.9 (0.8, 1.0); and coronary disease, 2.6 (1.6, 4.1) (Murabito et al. 2002). Among 
patients with PAD, smoking, lipoprotein(a) (Lp(a)), elevated high-sensitivity 
C-reactive protein (hsCRP), and the total cholesterol to HDL-C ratio (TC/HDL-C) 
correlate significantly with progression of large vessel disease, whereas diabetes 
was found to be the only risk factor that correlates with progression of small vessel 
disease (Aboyans et al. 2006). Among women, TC/HDL-C, HDL-C, hsCRP, and 
soluble intercellular adhesion molecule-1 (sICAM-1) levels correlate significantly 
with incident PAD over a median follow-up of 12.3 years (Pradhan et  al. 2008) 
(Fig. 15.3).

Inflammation is a primary driver of atherosclerosis throughout the arterial vascu-
lature (Libby 2002; Libby et al. 2009; Brevetti et al. 2010). As serum levels of the 
inflammatory mediators interleukin-6, s-ICAM-1, and soluble vascular cell adhe-
sion molecule-1 rise, performance on the 6-minute walk test deteriorates (McDermott 
Mary and Lloyd-Jones 2009) (Fig. 15.4). In the European Prospective Investigation 
into Cancer and Nutrition in Norfolk cohort, a 2.7-fold increase in Lp(a) was associ-
ated with a hazard ratio of 1.37 for the development of PAD (Gurdasani et al. 2012). 
Lipoprotein-associated phospholipase A2 (LpPLA2) is a proinflammatory enzyme 
that hydrolyzes oxidized phospholipids and potentiates atherogenesis. In the 
Cardiovascular Health Study, for every standard deviation rise in the serum mass of 
LpPLA2, risk for developing incident PAD increased with a hazard ratio (HR) of 

Table 15.1 Mechanisms of exercise impairment in peripheral arterial disease (PAD)

Healthy physiology PAD pathophysiology

Arterial flow Normal at rest, inadequate increment with exercise to meet 
metabolic demand

Endothelial and 
microvasculature 
dysfunction

Impaired endothelium-dependent vasodilation on exercise challenge

Inflammation Increase in the plasma levels of numerous inflammatory mediators; 
inflammation-impaired actions of progenitor/satellite cell 
differentiation and responses and growth factors

Reactive oxygen species 
and oxidative/reductive 
stress

During ischemia, skeletal muscle mitochondria release free 
radicals, including superoxide and other reactive oxygen species 
that are derived from the oxidation–reduction cascade

Muscle structural 
abnormalities

Muscle apoptosis and atrophy; fiber-type switching; altered myosin 
heavy chain expression; and fiber denervation

Muscle metabolic 
abnormalities

Altered oxygen coupling and mitochondrial respiration: In patients 
with PAD, prolongation of the kinetic rates of oxygen consumption 
and tissue hemoglobin desaturation has been described at the onset 
of exercise

Reproduced with permission from Hiatt et al. (2015)
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1.28 (95% CI, 1.13–1.45) (Garg et al. 2016). Insulin resistance correlates with lower 
serum levels of adiponectin. In the Health Professionals Follow-Up Study, as serum 
levels of adiponectin decrease, risk for PAD continuously increases (Joosten et al. 
2013). Whole-microRNA (miRNA) transcriptome profiling has shown that PAD is 
characterized by a miRNA signature comprising 12 miRNAs, which can be used as 
biomarkers to diagnose PAD (Stather et al. 2013).

Based on an analysis of NHANES III, the prevalence of PAD is significantly 
higher in persons with low income and lower levels of education as assessed by the 
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HDL-C (c), and TC/HDL-C (d). (Reproduced with permission from Pradhan et al. (2008))
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poverty–income ratio, which incorporates self-reported income relative to the pov-
erty line and attained level of education. When comparing persons in the highest to 
the lowest levels of the poverty–income ratio, persons in the lowest level had a sig-
nificantly higher prevalence of PAD (odds ratio 2.69, 95% CI, 1.80–4.03, p < 0.0001) 
(Pande and Creager 2014). In the WLCS II cohort, compared to men, women were 
more likely to: (1) become less able to walk continuously for 6 minutes (HR 2.30, 
p = 0.004); (2) experience new-onset mobility disability (HR 1.79, p = 0.030); and 
(3) experience more rapid declines in walking velocity (p = 0.022) and distance 
attained in a 6-minute walk (p = 0.041) over 4 years of follow-up (McDermott Mary 
et al. 2011). There are sex-related differences in risk for either proximal or distal 
disease among 8930 men and women (average age 67.5 years) with PAD (Chen 
et al. 2013). Distal disease correlates highly with male sex, age, diabetes, heart fail-
ure, and critical limb ischemia. Proximal disease, on the other hand, is highly asso-
ciated with female sex, smoking, hypertension, hyperlipidemia, coronary artery 
disease, cerebrovascular disease, chronic obstructive pulmonary disease, and criti-
cal limb ischemia. The development of distal disease is a grave prognostic sign and 
dramatically impacts life expectancy (Chen et al. 2013) (Fig. 15.5).

Patients with the following features are at increased risk for PAD: (1) 65 years or 
older; (2) 50–64 years of age plus risk factors for atherosclerosis (hypertension, 
diabetes mellitus, hyperlipidemia, history of smoking) or family history of 
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Fig. 15.4 Adjusted associations of circulating biomarker levels with 6-min walk performance 
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peripheral artery disease; (3) younger than 50 years plus diabetes and one additional 
risk factor for atherosclerosis; and (4) individuals with known atherosclerotic dis-
ease in another vascular bed (abdominal aorta, carotid, coronary, mesenteric, renal, 
or subclavian arteries) (Gerhard-Herman et al. 2017). PAD is suggested by a variety 
of components of the medical history or physical examination findings, such as 
reduced lower extremity pulses, decreased ambulatory capacity, intermittent claudi-
cation, pain at rest from a high-grade obstructive lesion, lower extremity gangrene, 
vascular bruit (e.g., femoral bruit), a nonhealing wound, dependent rubor, and pallor 
when lifting the leg (Gerhard-Herman et al. 2017). PAD can have both large vessel 
and microvascular components and both correlate with increased risk for lower 
extremity amputation (Behroozian and Beckman 2020). When both macro- and 
microvascular diseases are present, there is synergistic amplification of risk for 
amputation.

According to the 2016 American Heart Association (AHA)/American College of 
Cardiology (ACC) Guideline on the Management of Patients With Lower Extremity 
Peripheral Artery Disease, patients at increased risk for PAD should undergo: (1) a 
comprehensive medical history and review of symptoms to assess for exertional leg 
symptoms, including claudication or other walking impairment, ischemic rest pain, 
and nonhealing wounds, and (2) vascular examination, including palpation of lower 
extremity pulses (i.e., femoral, popliteal, dorsalis pedis, and posterior tibial), 
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Fig. 15.5 Kaplan–Meier survival curves for survival free of death over 12 years of follow-up by 
proximal and distal disease status. (Reproduced with permission from Chen et al. (2013)) (This is 
an open-access article under the terms of the Creative Commons Attribution- Non- Commercial 
License, which permits use, distribution, and reproduction in any medium, provided the original 
work is properly cited and is not used for commercial purposes)
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auscultation of femoral bruits, and inspection of the legs and feet. If there is evi-
dence of PAD, the patient should undergo noninvasive blood pressure measurement 
in both arms at least once during the initial assessment in order to evaluate for sub-
clavian artery obstruction and subclavian steal syndrome (Grenon et  al. 2013; 
Gerhard- Herman et al. 2017). In addition, these patients should undergo ankle–bra-
chial index measurement.

 The Ankle–Brachial Index

The resting ankle–brachial index (ABI) is a cost-effective first-line diagnostic test to 
ascertain whether a patient has PAD (Gerhard-Herman et al. 2017) (Fig. 15.6). The 
ABI is a noninvasive test performed by measuring systolic blood pressure in the 
arms at the level of the brachial artery and in the ankles at the level of the posterior 
tibialis and dorsalis pedis arteries with the patient in the supine position using a 
continuous-wave Doppler device. The ABI of each leg is derived by dividing the 

Fig. 15.6 Performing an ankle–brachial index measurement according to the American Heart 
Association standards. (Reproduced with permission from Chaudru et al. (2016))

P. P. Toth



317

highest value of the dorsalis pedis pressure or posterior tibial pressure by the highest 
value of the right or left brachial pressure (Fig. 15.6). If blood flow is normal in the 
lower extremities, then blood pressure in the dorsalis pedis and anterior tibialis 
arteries should be equal to or higher than that observed in the brachial artery with an 
ABI of 1.0 or more (WOCN Clinical Practice Wound Subcommittee, 2005 2012). 
Despite their acceptable sensitivity and specificity, ABIs in general are underuti-
lized and incorrectly performed (Davies et al. 2014).

The interpretation of ABIs is summarized in Table 15.2. A normal ABI exceeds 
1.0 because ankle pressures exceed brachial pressures in the absence of atheroscle-
rotic disease. This occurs because of arteriole-induced retrograde wave reflection, 
leading to pressure amplification (Aboyans et al. 2012). This is further amplified by 
increased arterial impedance as the pressure wave enters progressively smaller con-
duit luminal diameters. An ABI of 1.0–1.40 is considered normal with no evidence 
for clinically significant atherosclerotic disease in the lower extremities. If the 
ABI > 1.40, this is frequently a manifestation of medial calcinosis with loss of arte-
rial compliance and distensibility, observed in patients with diabetes or end-stage 
renal disease. Patients with such high ABIs have poorly compressible peripheral or 
noncompressible arteries. An ABI of 0.95 has a specificity and sensitivity of approx-
imately 86% and 91%, respectively, for PAD that is ≥50% obstructive (Guo et al. 
2008). As the ABI steadily falls below the 0.9 threshold, the underlying PAD 
becomes progressively more severe. An ABI <0.5 portends increased risk for criti-
cal limb ischemia and lower extremity amputation due to the presence of severe 
obstructive atherosclerotic disease. Based on an analysis of eight different studies, 
the specificity and accuracy of ABI <0.9 for detecting a ≥ 50% obstructive lesion 
vary somewhat but are acceptable at 83.3–99.0% and 72.1–89.2%, respectively 
(Dachun et al. 2010).

With respect to ABI measurements, the 2016 AHA/ACC Guidelines for 
Peripheral Arterial Disease recommend the following (COR, class of 
recommendation):

 1. In patients with history or physical examination findings suggestive of PAD, the 
resting ABI, with or without segmental pressures and waveforms, is recom-
mended to establish the diagnosis (COR I).

 2. Resting ABI results should be reported as abnormal (ABI <0.9), borderline (ABI 
0.91–0.99), normal (ABI 1.00–1.40), or noncompressible (ABI ≥1.40) (COR I) 
(see Table 15.2).

Table 15.2 Ranges of ankle–brachial 
indices and their interpretation

Ankle–brachial index Meaning

>1.40 Incompressible vessels
1.0–1.4 Normal
0.91–0.99 Borderline
0.70–0.90 Mildly abnormal
0.40–0.69 Moderately abnormal
<0.40 Severely abnormal
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 3. In patients at increased risk for PAD but without history or physical examination 
findings suggestive of PAD, the measurement of the resting ABI is reasonable 
(COR IIa).

 4. In patients not at increased risk for PAD and without history or physical exami-
nation findings suggestive of PAD, the ABI is not recommended (COR III; no 
benefit).

 Correlation of ABI Measurements 
with Cardiovascular Outcomes

The ABI has considerable prognostic value beyond its role in diagnosing patients 
with PAD. In the WLCS III cohort, participants underwent ABI measurements as 
well as magnetic resonance imaging of their superficial femoral arteries in order to 
visualize and quantify atherosclerotic plaque (McDermott et al. 2011a). As ABIs 
decreased, the mean plaque area increased (Fig.  15.7) and luminal patency 
decreased. In the Strong Heart Study of Native Americans, both high and low ABIs 
correlated with excess risk for all-cause and cardiovascular mortality (Resnick et al. 
2004) (Fig.  15.8). The Chronic Renal Insufficiency Cohort Study evaluated the 
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relationships between ABIs and risk for PAD, myocardial infarction, heart failure, 
cardiovascular disease, and all-cause mortality among 3939 patients with chronic 
kidney disease. As ABIs decreased, the incidence of each of these endpoints 
increased significantly over 8 years of follow-up (p-value for trend <0.001 for all) 
(Chen et al. 2016) (Fig. 15.9). A decrease in ABIs is consistent with progression/
worsening of PAD. Among patients with established PAD, a reduction in ABI of 
0.15 or more resulted in increased risk of both all-cause and cardiovascular mortal-
ity after 3 years (relative risk 2.4 and 2.8, respectively) (Criqui et al. 2008). Clearly, 
ABI measurement is not only an accurate, inexpensive, and noninvasive means by 
which to diagnose PAD, but it also is a method to identify patients at high risk for 
acute cardiovascular and limb-related events. It is an extremely valuable and 
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validated diagnostic and prognostic tool. However, although it has high sensitivity 
for detecting PAD, its specificity is relatively low when looking for associations 
with other endpoints (Doobay and Anand 2005). This is illustrated in Table 15.3. 
One way to view this characteristic of ABI measurements is that a low ABI rules in 
high-risk status, but a normal ABI does not necessarily rule it out because a high- 
risk patient could have multivessel coronary disease, but the lower extremities may 
be clear of disease or have an early disease onset such that the lower extremity 
systolic pressure is not affected. Despite this, it has considerable value as a risk 
prediction tool for cardiovascular events.
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Chapter 16
Lipoprotein(a)

Anne Langsted and Børge G. Nordestgaard

 Introduction

Cardiovascular disease is still the leading cause of death worldwide with an esti-
mated nine million deaths per year. Several modifiable risk factors have been identi-
fied. In the past couple of decades, low-density lipoprotein (LDL) cholesterol has 
been identified as a causal risk factor for atherosclerotic cardiovascular disease. 
This lipoprotein has been extensively studied, and several effective and safe thera-
pies have been found to lower LDL cholesterol, leading to reduced atherosclerotic 
cardiovascular disease as well as cardiovascular and all-cause mortality. However, 
after lowering LDL cholesterol, residual cardiovascular risk remains and the task in 
more recent years has been to identify “new” causal risk factors.

Lipoprotein(a) is a genetically determined lipoprotein that consists of an LDL- 
like particle with apolipoprotein(a) bound to it. Lipoprotein(a) has been studied for 
many years, but controversies regarding its role in cardiovascular disease have 
existed, and it is only in the last decade that this lipoprotein has been established as 
an additional causal risk factor. This chapter will focus on the discovery of 
lipoprotein(a) as a causal risk factor for cardiovascular disease.
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 Historical Interest

Lipoprotein(a) was first described by Kåre Berg, a Norwegian professor in medical 
genetics, and his first paper on lipoprotein(a) was published in 1963 (Berg 1963). 
Lipoprotein(a) was originally thought to be a qualitative autosomal genetic marker 
present in only 1/3 of the population; however, in was later found to be present in all 
individuals with highly variable concentrations. In the following two decades, not 
much attention was given to this lipoprotein. The LPA gene was sequenced in 1987 
(McLean et al. 1987), a gene coding for the apolipoprotein(a) part of lipoprotein(a), 
and, following this, several papers were published (Nordestgaard and Langsted 
2016). In the first retrospective studies examining lipoprotein(a) in patients with 
cardiovascular disease, levels were higher in those with atherosclerotic cardiovascu-
lar disease compared to those without the disease. Following this, prospective stud-
ies further found an increased risk of myocardial infarction in individuals with 
elevated lipoprotein(a) levels. However, not all retrospective and prospective studies 
found that elevated lipoprotein(a) was associated with increased risk of cardiovas-
cular disease, and this could be due to lack of standardization of the lipoprotein(a) 
measurement.

In 2009, several important studies were published on lipoprotein(a). First, in the 
Copenhagen General Population Study, a large prospective study of the general 
population, a Mendelian randomization study using genetic instruments found 
lipoprotein(a) to be causally associated with the risk of myocardial infarction 
(Kamstrup et al. 2009). Second, the Emerging Risk Factors Collaboration published 
a large meta-analysis showing that high lipoprotein(a) levels were independently 
associated with high risk of coronary heart disease (Emerging Risk Factors et al. 
2009). Third, a large gene study identified two variants in the LPA locus to be 
strongly associated with lipoprotein(a) levels and highly associated with risk of 
coronary heart disease (Clarke et  al. 2009). These three studies including both 
observational and genetic evidence lay the ground for the following research, result-
ing in lipoprotein(a) being widely accepted as a causal, genetic risk factor for car-
diovascular disease.

Shortly, following these publications, the interest in this lipoprotein became 
apparent in guidelines and consensus statements. The first was a consensus state-
ment on lipoprotein(a) from the European Atherosclerosis Society published in 
2010 recommending to measure lipoprotein(a) in individuals at elevated risk of car-
diovascular disease (Nordestgaard et al. 2010).

In 2013, a genome-wide association study with aortic valve calcification was 
published and found that carriers of a single-nucleotide polymorphism (SNP) in the 
LPA locus were associated with aortic valve calcification (Thanassoulis et al. 2013), 
and later it was shown in observational and Mendelian randomization studies that 
high plasma levels of lipoprotein(a) were causally associated with aortic valve 
stenosis.
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 Measurement

Lipoprotein(a) is a complex lipoprotein consisting of a lipoprotein particle similar 
to LDL with a triglyceride and cholesteryl ester core and phospholipids and choles-
terol on the surface, and, further, a single molecule of apolipoprotein B (Fig. 16.1). 
A disulfide bond attaches apolipoprotein B to apolipoprotein(a) that resembles plas-
minogen and can vary greatly in size. Apolipoprotein(a) consists of several struc-
tures called kringles, originating from the PLG gene, coding for plasminogen. In 
plasminogen, there are five different kringles (kringles I–V). In lipoprotein(a), krin-
gles I–III are not present, kringle V exists in a single copy, whereas kringle IV has 
several copies and can be divided into 10 types, most of which are present in a single 
copy. However, the kringle IV type 2 (KIV2) present in lipoprotein(a) can vary in 
number from 2 to more than 40 copies; the number of repeats is inversely associated 
with the plasma levels of lipoprotein(a), as the largest copy numbers often are 
degraded within liver cells before secretion. Lipoprotein(a) concentrations can be 
reported as lipoprotein(a) total mass (mg/dL), particle number (nmol/L), or 
lipoprotein(a) cholesterol mass (mg/dL or mmol/L).

Sizable fluctuations are observed in the median/mean levels of lipoprotein(a) 
among different studies, and apart from the genetic differences such as race or sex, 
many of these fluctuations can probably be ascribed to the use of different assays in 
laboratories. In the first studies, it was the standard to report lipoprotein(a) levels as 
total mass and most assays were based on an antigen–antibody complex using an 
immunoassay; however, an increasing number of assays now report in particle num-
ber. A problem in measuring lipoprotein(a) is the variable size of KIV2  in 
apolipoprotein(a), and when assays use polyclonal antibodies directed at 
apolipoprotein(a), results can thereby vary in signal due to the size. Optimally, 

Fig. 16.1 Structure of lipoprotein(a). Lipoprotein(a) consists of an LDL-like particle with one 
apolipoprotein(a) covalently bound to apolipoprotein B via a disulfide bridge. Apolipoprotein(a) 
contains an inactive protease region similar to plasminogen and a variable number of kringle- 
shaped protein structures called kringle IV types 1–10 where type 2 (KIV2) varies from 2 to >40 
number of repeats
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monoclonal antibodies directed at one particular binding site at apolipoprotein(a) 
outside of KIV2 are preferred; however, these are expensive to develop and use. 
Instead, an alternative is to use polyclonal antibodies that are latex-enhanced and 
also to use several calibrators at different levels of plasma lipoprotein(a) and thus 
different numbers of KIV2 to indirectly adjust for the variability in the size of the 
particle. Most commonly, an assay will have a joint gold standard reference material 
most often reported as particle number, in order to compare between  different 
assays. The size heterogeneity of lipoprotein(a) causes problems with the reference 
method for these assays. Furthermore, lipoprotein(a) has been shown to be altered 
when frozen at −80 °C for several years, at least for some assays.

Plasma levels of lipoprotein(a) are mainly genetically determined, and up to 
80–90% of the variation can be ascribed to the LPA gene coding for apolipoprotein(a). 
One important LPA variant is the KIV2 copy number variant, where every segment is 
5.6 kb long. It can, e.g., be measured by real-time polymerase chain reaction (PCR) 
determining the total number of copies on both alleles; alternatively, labor- intensive 
isoelectric focusing of plasma can exactly determine which two alleles of KIV2 are 
expressed. Furthermore, a number of single-nucleotide polymorphisms (SNPs), 
associated with both plasma lipoprotein(a) levels and the KIV2 variant, are found.

 Population Distribution

Levels of lipoprotein(a) vary greatly in the general population, and the distribution 
is highly skewed with a tail toward the right reaching values as high as >400 mg/dL 
(Fig.  16.2). In addition, levels differ among ethnicities/race, and compared to 
Whites, Blacks have up to four times higher median and mean lipoprotein(a) levels 
as shown in large population studies and clinical trials. Some studies have also 
found that Asians and Hispanics have higher levels than Whites but lower levels 
than Blacks. The distribution of plasma lipoprotein(a) levels varies among ethnici-
ties, where Whites, Asians, and Hispanics have the right-skewed distribution, 
whereas Blacks have a more symmetrical distribution. Also, the variation in the 
number of repeats in apolipoprotein(a) is greatly varied among ethnicities and the 
KIV2 copy number variant allele frequency explains from 17% of plasma 
lipoprotein(a) levels in Blacks (Sudanese), through 27% in Whites (Danes), and up 
to 77% in Asians (Malays). Importantly, when measuring the KIV2 number of 
repeats, repeats on both alleles are often combined, and it is therefore not possible 
to distinguish whether there are differences between the two alleles of an individual, 
and thus these measurements cannot reflect the dominant allele. In both Whites and 
Blacks, the variants found in the LPA gene are major determinants of lipoprotein(a) 
levels, and the low number of KIV2 repeats associated with high lipoprotein(a) 
levels is much more dominant in Whites than in Blacks. Two SNPs (rs10455872 and 
rs3798220) in the LPA gene discovered in 2009 (Clarke et al. 2009) explain 25% 
and 8% of the variation in total plasma lipoprotein(a) levels. Further, many other 
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SNPs in or close to the LPA gene have been found to be less important determinants 
of plasma lipoprotein(a) levels. Lipoprotein(a) is highly genetically determined, and 
this makes this lipoprotein very suitable for analyses of causality by, for example, 
Mendelian randomization analyses.

 Influencing Factors

Most lipoproteins are highly affected by physiological and lifestyle factors; how-
ever, plasma lipoprotein(a) levels being mainly genetically determined remain quiet 
stable from childhood to old age. That said, some factors do have a minimal effect.

Not many studies have examined the effect of age on lipoprotein(a) levels; how-
ever, some have found no association and others have found increasing lipoprotein(a) 
levels with increasing age (Enkhmaa et  al. 2016). In 70,000 individuals in the 
Copenhagen General Population Study, the median levels of lipoprotein(a) increased 
slightly from 8.4 mg/dL at age 20 years to 10.3 mg/dL at age 85 years (Fig. 16.3). 
Some studies have also found that the mean lipoprotein(a) levels were higher in 
women than in men and this was most significant in individuals with established 
coronary artery disease. However, these higher levels seen in women could be due 

Fig. 16.2 Distribution of plasma lipoprotein(a) in the general population of Whites. Plasma con-
centrations of lipoprotein(a) in 70,000 individuals from the Copenhagen General Population 
Study. The top 20% represents individuals at increased cardiovascular risk and corresponds to a 
lipoprotein(a) level of 42 mg/dL (88 nmol/L) or higher. Conversion from mg/dL to nmol/L was 
done by the following equation based on 13,900 individuals with measurements in both mg/dL and 
nmol/L: lipoprotein(a) in nmol/L = 2.18*(lipoprotein(a) in mg/dL)–3.83
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to an increase in levels during menopause. In the Copenhagen General Population 
Study, levels were higher in women from 50 to 80 years but similar at age < 50 and 
> 80 years (Fig. 16.3). Several smaller studies have shown different minor effects on 
lipoprotein(a) levels with different types of diets in subpopulations; some have 
found increases in lipoprotein(a) levels with protein-rich diets, while others have 
not, and some have found increases in lipoprotein(a) levels with low-fat high- 
carbohydrate diets; however, in a large study on the general population, the associa-
tion of habitual food intake with lipoprotein(a) levels was modest and nonsignificant. 
Lipoprotein(a) has been shown to be modestly higher with higher levels of C-reactive 
protein (CRP); however, findings from observational studies do not clarify whether 
elevated lipoprotein(a) levels lead to low-grade inflammation/elevated CRP levels 
or whether low-grade inflammation leads to increased levels of lipoprotein(a). In 
a genetic Mendelian randomization analysis, it seems that there is no causal associa-
tion between high lipoprotein(a) levels and low-grade inflammation.

Kidney disease is one disease that markedly influences lipoprotein(a) levels 
(Kronenberg and Utermann 2013). Higher levels are observed in individuals suffer-
ing from nephrotic syndrome, end-stage renal disease, or receiving dialysis. Higher 
lipoprotein(a) plasma levels are observed with lower glomerular filtration rate, and 
levels start to increase in chronic kidney patients even before the glomerular filtra-
tion rate is affected.

The liver synthesizes apolipoprotein(a), and the rate of synthesis is the main 
determinant of lipoprotein(a) levels. Diseases affecting the liver can thereby poten-
tially influence lipoprotein(a) levels, and low levels of lipoprotein(a) have been 
observed in individuals with hepatocellular damage in a dose-dependent manner; 
therefore, compared to healthy individuals, patients with hepatitis and liver cirrhosis 
have lower lipoprotein(a) levels.

Fig. 16.3 Levels of lipoprotein(a) according to age and sex based on 70,000 individuals from the 
Copenhagen General Population Study of White Danish descent. Conversion from mg/dL to 
nmol/L was done by the following equation based on 13,900 individuals with measurements in 
both mg/dL and nmol/L: lipoprotein(a) in nmol/L = 2.18*(lipoprotein(a) in mg/dL)–3.83
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 Myocardial Infarction

Up until today,  a large amount of evidence exists from both epidemiological and 
genetic studies to show that high lipoprotein(a) levels are observationally and caus-
ally associated with increased risk of myocardial infarction. The first case–control 
studies found that individuals with myocardial infarction had higher levels of 
lipoprotein(a) after the event, compared to individuals without an event, and, later, 
several case–control studies found similar results. In a meta-analysis from 2000, 17 
out of 19 prospective studies found higher risk of coronary heart disease, when 
comparing top versus bottom tertile of lipoprotein(a) (Danesh et al. 2000). The risk 
ratio when combining all 19 prospective studies was 1.7 (95% confidence interval, 
1.4–1.9). The same meta-analysis also found increased risk when combining nine 
studies including individuals with already established cardiovascular disease. An 
explanation to why not all studies individually find an association between high 
lipoprotein(a) levels and increased risk of cardiovascular disease could be because 
of difficulties in measurement of lipoprotein(a), mainly due to the varying isoform 
size of apolipoprotein(a). Furthermore, many studies did not examine risk at 
extremely high levels, where the most significant risk is present. In 2009, the 
Emerging Risk Factors Collaboration included 36 prospective studies in analyses 
and found a 1.5-fold higher risk of myocardial infarction and coronary death for 
individuals with lipoprotein(a) levels >100 mg/dL compared to those with levels 
<4 mg/dL (Emerging Risk Factors et al. 2009). Also, in the Copenhagen General 
Population Study, there was a 2.4-fold increased risk of myocardial infarction for 
individuals with lipoprotein(a) levels >100 mg/dL compared to those with levels 
<5 mg/dL (Nordestgaard and Langsted 2016). The first genetic evidence linking 
lipoprotein(a) to the risk of cardiovascular disease was published several years ago 
by the group of Gerd Utermann; in addition, very large studies on this topic were 
published in 2009. One large study used a gene chip including 48,742 single- 
nucleotide polymorphisms (SNPs) in 2100 genes to test for associations in subjects 
with coronary disease and control subjects. In this study, they found two variants in 
the LPA gene that were highly associated with both increased levels of lipoprotein(a) 
and an increased risk of coronary disease (Clarke et al. 2009). A second study from 
2009 using three cohorts from the Danish population found that increasing levels of 
lipoprotein(a) were associated with increased risk of myocardial infarction and that 
decreasing number of KIV2 repeats associated with elevated levels of lipoprotein(a) 
were also associated with increased risk of myocardial infarction (Kamstrup et al. 
2009). For risk of myocardial infarction in 108,000 individuals from the Copenhagen 
General Population Study, a doubling in lipoprotein(a) levels resulted in a hazard 
ratio of 1.09 (95% confidence interval, 1.07–1.12) for plasma lipoprotein(a), and 
from instrumental variable analyses, a causal risk ratio of 1.15 (1.11–1.20) for LPA 
KIV2 and 1.10 (1.06–1.13) for LPA rs10455872 (Fig. 16.4). In the same population, 
myocardial infarction events per 10,000 person-years were 39 in individuals with 
lipoprotein(a) levels of 0–9 mg/dL (0–16 nmol/L) and 64 in individuals with levels 
≥94 mg/dL (≥200 nmol/L) (Fig. 16.5). Findings are consistent with a causal asso-
ciation of elevated lipoprotein(a) levels with increased risk of myocardial infarction.
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Fig. 16.4 Risk of myocardial infarction and aortic valve stenosis for a doubling in lipoprotein(a) 
levels based on 108,000 individuals from the Copenhagen General Population Study of White 
Danish descent. Observational analyses of plasma lipoprotein(a) levels were done by Cox propor-
tional hazard regression models and were adjusted for age and sex. Genetic analyses for causal risk 
ratios for LPA KIV2 and LPA rs10455872 were done by instrumental variable analyses also 
adjusted for age and sex

Fig. 16.5 Myocardial infarction and aortic valve stenosis events per 10,000 person-years based on 
108,000 individuals from the Copenhagen General Population Study of White Danish descent. 
Events per 10,000 person-years in groups of plasma lipoprotein(a): 0–9 mg/dL (0–16 nmol/L), 
10–39 mg/dL (17–81 nmol/L), 40–93 mg/dL (82–199 nmol/L), and ≥ 94 mg/dL (≥200 nmol/L)
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Many studies have followed these landmark studies examining the risk of myo-
cardial infarction, both observationally and from genetics, and the vast majority of 
these studies find a clear association between high levels of lipoprotein(a) and 
increased risk of myocardial infarction.

 Aortic Valve Stenosis

High lipoprotein(a) levels are also a risk factor for aortic valve stenosis. The first 
study on lipoprotein(a) and risk of aortic valve stenosis was published in 1995 and 
found that in a Japanese population, increasing age and elevated lipoprotein(a) were 
the main determinants for risk of aortic valve stenosis. Another study found that in 
the older US population, age, male sex, and lipoprotein(a) levels were significantly 
higher in individuals with aortic valve stenosis compared to healthy controls. 
Genetic evidence was obtained in 2013 from a genome-wide association study 
examining the presence of aortic valve calcification by computed tomography (CT) 
scanning; one SNP in the LPA gene (the same as was found for myocardial infarc-
tion (Clarke et al. 2009)) reached significance for the presence of aortic valve calci-
fication (Thanassoulis et  al. 2013). This finding was further replicated in White 
European, African American, and Hispanic-American cohorts. Another study from 
the Copenhagen General Population Study published in 2014 combined the two 
SNPs found in the paper from 2009 (Clarke et al. 2009) and the KIV2 number of 
repeats and found that plasma lipoprotein(a) as well as genetically elevated 
lipoprotein(a) levels resulted in an increased risk of aortic valve stenosis (Kamstrup 
et  al. 2014). For risk of aortic valve stenosis in 108,000 individuals from the 
Copenhagen General Population Study, a doubling in lipoprotein(a) levels resulted 
in a hazard ratio of 1.14 (95% CI, 1.08–1.20) for plasma lipoprotein(a), and from 
instrumental variable analyses, a causal risk ratio of 1.13 (1.04–1.22) for LPA KIV2 
and 1.21 (1.14–1.29) for LPA rs10455872 (Fig. 16.4). In the same population, aortic 
valve stenosis events per 10,000 person-years were 18  in individuals with 
lipoprotein(a) levels 0–9 mg/dL (0–16 nmol/L) and 38  in individuals with levels 
≥94  mg/dL (≥200  nmol/L) (Fig.  16.5). Taken together, these studies and others 
have confirmed that high lipoprotein(a) levels are one of the most important causal 
risk factors for aortic valve stenosis, and risk estimates for identical lipoprotein(a) 
levels are found to be slightly higher than those for myocardial infarction.

 Venous Thromboembolism

One of the proposed pathophysiological pathways of lipoprotein(a) is through inter-
ference with normal fibrinolysis and thereby indirectly increased thrombosis. 
Therefore, and because of lipoprotein(a)‘s causal association with myocardial 
infarction, it seems logical that lipoprotein(a) could be causally associated with the 
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risk of deep venous thrombosis and pulmonary embolism. However, it has only 
been shown that extremely high lipoprotein(a) levels are associated with a modest 
risk of venous thromboembolism. In an observational prospective study, top versus 
bottom tertile of lipoprotein(a) was not associated with increased risk, whereas the 
top 5% was associated with increased risk of venous thromboembolism. In a meta- 
analysis of case–control studies, three studies found high lipoprotein(a) levels to be 
associated with increased risk, whereas three studies found no association. Several 
large genetic studies including the two abovementioned SNPs and KIV2 number of 
repeats found no association of LPA risk scores with risk of thromboembolism. 
There might be a minor observational increased risk of venous thromboembolism at 
extremely high levels of lipoprotein(a); however, the risk does not seem to be causal 
as genetic studies have found no association.

 Diabetes Mellitus

The association of lipoprotein(a) levels with risk of type 2 diabetes was first exam-
ined in 2010  in the Women’s Health Study, which showed that low levels of 
lipoprotein(a) were associated with an increased risk of diabetes (Mora et al. 2010), 
and this finding was replicated in the Copenhagen City Heart Study. Following this 
finding, genetic studies were performed to examine whether this surprising associa-
tion was causal. In a large Mendelian randomization study, it was found that high 
KIV2 number of repeats, associated with low levels of plasma lipoprotein(a), was 
associated with an increased risk of diabetes; however, for the other genetic instru-
ment, this study found no association (Kamstrup and Nordestgaard 2013). In a large 
Icelandic case–control study, it was found that both low plasma lipoprotein(a) levels 
and genetically low lipoprotein(a) based on SNPs and two loss-of-function muta-
tions were associated with an increased risk of diabetes, indicating that this associa-
tion could be causal (Gudbjartsson et al. 2019). There has been concern that when 
lowering lipoprotein(a) for prevention of cardiovascular risk, a harmful effect could 
be an increase in the risk of diabetes. However, the risk of diabetes at low 
lipoprotein(a) levels is only observed at extremely low levels, and, therefore, for 
now it seems safe to lower levels from high to median population levels for cardio-
vascular protection without increasing the risk of diabetes. That said, evidence from 
large phase 3 randomized trials will provide the final answer.

 Heart Failure

Heart failure can be caused by previous myocardial infarction events or the pres-
ences of aortic valve stenosis, and the role of lipoprotein(a) in heart failure has 
been examined accordingly. Combining the Copenhagen General Population 
Study and the Copenhagen City Heart Study, high levels of lipoprotein(a) were 
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both observationally and genetically associated with high risk of incident heart 
failure. Furthermore, mediation analyses, excluding individuals with previous 
myocardial infarction or aortic valve stenosis, found that 63% of heart failure risk 
from lipoprotein(a) was mediated through myocardial infarction and aortic valve 
stenosis combined. Also, in the Atherosclerosis Risk in Communities (ARIC) 
study, individuals in the highest quintile of lipoprotein(a) had a higher risk of hos-
pitalization due to heart failure compared to those in the lowest quintile. When 
excluding individuals with previous myocardial infarction, results attenuated and 
became nonsignificant.

 Ischemic Stroke

The association of lipoprotein(a) with risk of ischemic stroke has been examined in 
several studies, and results are somewhat conflicting. Two large prospective studies, 
the Prospective Epidemiological Study of Myocardial Infarction (PRIME) from 
France and Northern Ireland and the European Prospective Investigation into Cancer 
(EPIC)-Norfolk from the UK, found no association with high plasma lipoprotein(a) 
levels and risk of ischemic stroke. On the contrary, the ARIC study, a prospective 
study on Black and White adults in the United States, supports an observational 
association between high plasma lipoprotein(a) levels and high risk of ischemic 
stroke, and, also, a large meta-analyses from the Emerging Risk Factors Collaboration 
combining 24 studies found an association (Emerging Risk Factors et al. 2009). For 
genetic associations, the Heart Protection Study from the UK found no association 
between the two most common lipoprotein(a)-increasing SNPs and risk of ischemic 
stroke. On the contrary, results from the Copenhagen General Population Study 
from Denmark indicated both an observational and a causal role for lipoprotein(a) 
in the risk of ischemic stroke, as both high plasma lipoprotein(a) levels and LPA risk 
genotypes significantly increased the risk in individuals in the general population 
(Langsted et  al. 2019). Also, a large study including participants from the UK 
Biobank found that genetically lowered lipoprotein(a) resulted in an 13% lower risk 
of stroke (Emdin et al. 2016).

Risk estimates for high lipoprotein(a) levels or genetic variants for risk of isch-
emic stroke are smaller than those found for myocardial infarction and aortic valve 
stenosis, where individuals with high lipoprotein(a) levels have up to three- to four-
fold higher risk than individuals with low levels.

 Mortality

As high lipoprotein(a) levels are a well-established risk factor for myocardial infarc-
tion and aortic valve stenosis, the potential of reducing lipoprotein(a) levels might 
result in reducing mortality as well. In a meta-analysis including 24 studies, the 
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Emerging Risk Factors Collaboration found that high lipoprotein(a) levels were 
observationally associated with increased risk of cardiovascular mortality (Emerging 
Risk Factors et al. 2009), and several other studies have also reported this associa-
tion. However, other studies found no association of high plasma lipoprotein(a) 
levels with the risk of either cardiovascular or all-cause mortality. A study from the 
Copenhagen General Population Study found an increased risk of cardiovascular 
and all-cause mortality, both from high plasma lipoprotein(a) levels and via KIV2 
genetically elevated lipoprotein(a); however, no association was found for the 
abovementioned SNP strongly associated with high lipoprotein(a) levels (Langsted 
et  al. 2018). Both the SNP and KIV2 are associated with levels of plasma 
lipoprotein(a) and with the risk of myocardial infarction and aortic valve stenosis; 
however, it might seem that different mechanisms affect morbidity and mortality.

 Familial Hypercholesterolemia

Familial hypercholesterolemia (FH) is a common autosomal genetic disease where 
individuals have extremely high levels of LDL cholesterol and thereby are at an 
extremely high risk of cardiovascular events. The risk of myocardial infarction in 
individuals with FH is roughly 50% for men by the age of 50 and 30% for women 
by the age of 60 if LDL cholesterol levels are left untreated. Most commonly, a 
mutation in the LDL receptor results in deficient removal of LDL cholesterol from 
the blood; however, other mutations have also been identified. If an individual is 
homozygous for the mutations, atherosclerosis develops from early childhood and 
myocardial infarction events occur even before the age of 20. Studies have shown 
that individuals with heterozygous and homozygous FH have high levels of 
lipoprotein(a) compared to healthy controls. However, while LDL cholesterol levels 
are high due to less removal by the defective LDL receptor, lipoprotein(a) has been 
shown not to be removed by the LDL receptor and therefore the mechanism must be 
different.

When measuring LDL cholesterol by standard hospital assays, lipoprotein(a) 
cholesterol will be included in this measurement. In the Copenhagen General 
Population Study, it was found that 25% of all individuals diagnosed with clinical 
FH are diagnosed because of high lipoprotein(a) levels (Langsted et  al. 2016). 
Further, the study found that individuals with FH who are already at very high risk 
of cardiovascular disease because of high LDL cholesterol levels have an even 
higher risk of myocardial infarction if they also have high lipoprotein(a) levels 
(Fig.  16.6). The European Atherosclerosis Society consensus panel recommends 
screening of all FH patients for high lipoprotein(a) in order to identify those at the 
highest risk of cardiovascular disease (Nordestgaard et al. 2010); a similar recom-
mendation comes from the US National Lipid Association.
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 Mechanism of Action

Even though the evidence supporting lipoprotein(a) as a causal risk factor for car-
diovascular disease is overwhelming and robust, the exact (patho-)physiological 
mechanisms behind these findings have not yet been established. Before the causal 
association of high lipoprotein(a) with high risk of cardiovascular disease was 
established, it was proposed by Brown and Goldstein that lipoprotein(a) might play 
a part in wound healing as a survival function (Brown and Goldstein 1987). The 
repeated copies of KIV2 present in the apolipoprotein(a) part of lipoprotein(a) are 
similar to those of kringles found in plasminogen. In plasminogen, KIV is the active 
part and exhibits fibrinolytic activity of plasmin to facilitate removal of already 
formed blood clots in the circulation; however, in lipoprotein(a), KIV is not proteo-
lytically active and therefore theoretically could prevent plasminogen/plasmin from 
carrying out its normal fibrinolytic function via competitive inhibition. Plasminogen 
plays a key role in the fibrinolysis cascade, and it circulates as a closed, activation- 
resistant conformation. When it binds to fibrin clots, or to cell surfaces, plasmino-
gen converts to an open form that can transform into active plasmin with help from 
different enzymes, including tissue plasminogen activator. At sites of injury, and on 
cell surfaces in general, fibrin clots display receptors with affinity to both 

Fig. 16.6 Cumulative incidences of myocardial infarction by age and as a function of clinical 
familial hypercholesterolemia and lipoprotein(a) concentrations based on 46,200 White individu-
als from the Copenhagen General Population Study with lipoprotein(a) measurements. Diagnosis 
of clinical familial hypercholesterolemia was based on the Dutch Lipid Clinic Network criteria, 
and the definition included participants with possible, probable, or definite familial hypercholes-
terolemia. The cumulative incidences by age 80 years are shown by dashed lines. (Adapted from 
Langsted et al. (2016); with permission from Elsevier)
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plasminogen and apolipoprotein(a), and studies have shown that lipoprotein(a) 
inhibits conversion of plasminogen to plasmin on endothelial cell surfaces. 
Lipoprotein(a) has also been suggested to play a role in clot biology at other points, 
such as overproduction of plasminogen activator inhibitor-1 (PAI-1) induced by 
oxidized lipoprotein(a), promotion of tissue factor expression in monocytes, and 
binding and inhibition of tissue factor pathway inhibitor. In vitro and animal studies 
have shown competitive inhibition of plasmin activation and function by 
lipoprotein(a); however, in vivo, this competitive inhibition may not be active, per-
haps because of the large amount of plasminogen compared to lipoprotein(a) in the 
human circulation.

This proposed mechanism that lipoprotein(a) plays a role in wound healing by 
binding to fibrin by the kringles and inhibiting fibrinolysis would imply that high 
levels of lipoprotein(a) would be associated with low risk of bleeding. This has, 
however, not been convincingly shown, but one study found that high lipoprotein(a) 
levels were associated with observational and genetic low risk of bleedings in the 
brain and airways (Langsted et al. 2017).

As a pathophysiological pathway, this proposed plasminogen-associated mecha-
nism could also lead to thrombosis and thereby other related diseases. It could be 
that lipoprotein(a) is attached to fibrin and thereby transported to vulnerable plaques 
and adding to cholesterol at these sites, resulting in narrowing of atherosclerotic 
stenoses. Further, it might be transported to sites of turbulent blood flow, leading to 
acceleration of aortic valve stenosis.

Another possible pathophysiological mechanism is that since lipoprotein(a) 
partly consists of an LDL-like particle containing cholesterol, it could promote ath-
erosclerosis via the same pathways as established for LDL cholesterol. It might be 
that lipoprotein(a) has higher affinity toward binding in the extracellular intima and 
thereby to a greater extent than LDL cholesterol gets trapped in the arterial wall. 
The apolipoprotein(a) and apolipoprotein B100 parts of lipoprotein(a) might inter-
act and bind to proteins and proteoglycans found in the atherosclerotic lesions. 
Contradicting this is the fact that in most individuals even at high lipoprotein(a) 
levels, the amount of cholesterol present in LDL particles largely exceeds that of 
cholesterol present in lipoprotein(a).

In 108,000 individuals from the Copenhagen General Population Study compar-
ing the risk of myocardial infarction per 1 mmol/l (39 mg/dl) increase in cholesterol 
in LDL, remnant, and lipoprotein(a), there was a higher risk for lipoprotein(a) cho-
lesterol compared to that of LDL cholesterol or remnant cholesterol (Fig. 16.7). 
This supports that lipoprotein(a) might have pathophysiological properties beyond 
that of its cholesterol content.

Finally, lipoprotein(a) has been shown to carry oxidized phospholipids, which 
might play an important role in inflammation and consequently atherosclerosis. The 
oxidized phospholipids are primarily found on apolipoprotein B100 and are posi-
tively correlated with the plasma levels of lipoprotein(a).
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 Current Treatment Options

During the past decades, lipoprotein(a) has been firmly established as a causal risk 
factor for cardiovascular disease, and the need to find therapies to lower lipoprotein(a) 
becomes increasingly essential. The first step is to find a therapy that lowers 
lipoprotein(a) in an effective and safe manner, and the next step is to show that low-
ering of lipoprotein(a) in fact lowers the risk of cardiovascular disease; however, to 
date, this has not been shown. Several potential therapies have been suggested, and 
a few will hopefully turn out to be effective and safe (Table 16.1).

Statins effectively and safely lower LDL cholesterol and thereby also lower the 
risk of cardiovascular disease mainly by upregulating the expression of the LDL 
receptor. As lipoprotein(a) partly consists of an LDL particle, it is suggested that 
lipoprotein(a) could be removed by the LDL receptor. However, post hoc analyses 
of major randomized trials using statins have found no effect on lowering of 
lipoprotein(a), and the LDL receptor does not seem to be a major contributor to the 
removal of lipoprotein(a).

Niacin has been shown to lower lipoprotein(a) by up to 20%. Niacin has a posi-
tive effect on atherogenic lipids and the proposed mechanism is by reducing tran-
scription of apolipoprotein(a) or by reducing secretion of apolipoprotein B. Two 

Fig. 16.7 Comparison of the risk of myocardial infarction with increasing levels of LDL choles-
terol, remnant cholesterol, or lipoprotein(a) cholesterol according to observational and genetic 
study data in 108,000 individuals in the Copenhagen General Population Study. CI confidence 
interval. (Adapted from Nordestgaard et al. (2018))
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large randomized controlled niacin trials in statin-treated patients found no reduc-
tion of cardiovascular event rates despite lowering of lipoprotein(a). Moreover, 
importantly, both studies found increased serious adverse events such as bleeding, 
infections, and gastrointestinal problems. Niacin is no longer available in the 
European market; however, it is still available in the United States.

Cholesteryl ester transfer protein (CETP) inhibitors were originally developed to 
raise HDL cholesterol levels; however, as low HDL cholesterol levels were found 
not to be causal for cardiovascular disease, other areas of therapy have been sug-
gested, and among these is the lowering of lipoprotein(a). CETP inhibitors may 
lower lipoprotein(a) by up to ≈30%, but CETP inhibitors also lower LDL choles-
terol to some extent.

Proprotein convertase subtilisin kexin type 9 (PCSK9) inhibitors are monoclo-
nal antibodies that lead to increased availability of the LDL receptor and have 
shown to lower LDL cholesterol by roughly 60% when applied on top of statins. 
PCSK9 inhibitors also lower lipoprotein(a) levels by around 25%; however, in indi-
viduals with high lipoprotein(a) levels, the effect is lower. Since lipoprotein(a) is 
not cleared via the LDL receptor, the mechanism must be different and it is pro-
posed that this could be due to the impact on the rate of apolipoprotein B synthesis. 
PCSK9 inhibitors do not seem to be able to lower lipoprotein(a) enough to achieve 
a cardiovascular benefit; however, they may be a useful supplement in individuals 
with familial hypercholesterolemia with progressive cardiovascular disease and 
high lipoprotein(a) levels.

Lipoprotein apheresis is a very effective method to remove apoB-containing 
lipoproteins including lipoprotein(a) and has been shown to reduce lipoprotein(a) 
levels by up to 70% right after apheresis, with mean reductions of 35 % over the 
entire period from one apheresis to the next . Furthermore, smaller uncontrolled 
studies have found that the rate of major adverse coronary events was reduced in 
individuals with elevated lipoprotein(a) levels receiving apheresis every other week; 
however, other risk factors such as LDL cholesterol were also reduced. Apheresis is 
not only very effective but also very expensive and time-consuming, and, further, 
individuals receiving therapy every other week experience spikes of high 
lipoprotein(a) levels in-between sessions, which is possibly a risk factor for cardio-
vascular disease.

Table 16.1 Potential lipoprotein(a)-lowering therapies and their mechanisms and problems

Therapy Effect on Lp(a) Mechanism/problem

Statins 0% to +7% No effect
Niacin −25% Side effects
CETP inhibitor 0% to −50% Attenuation of apoB lipidation
PCSK9 inhibitor −25% Decreased Lp(a) formation?
Apheresis −35% Removal of apoB-containing lipoproteins
Apo(a) antisense −90% Decreased hepatic apo(a) synthesis
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 Future Treatment Options

A very promising lipoprotein(a)-lowering therapy is the antisense oligonucle-
otide binding to hepatic LPA mRNA, thereby reducing production of 
apolipoprotein(a). The first studies were conducted in gene-modulated mice since 
lipoprotein(a) is only present in humans, apes, old-world monkeys, and hedge-
hogs. Later, it was tested in monkeys and both studies found a substantial lower-
ing of lipoprotein(a).

The first human study was a phase 1 randomized double-blind placebo- 
controlled single-dose/multi-dose trial. There was a dose-dependent reduction in 
lipoprotein(a), and the largest reduction was seen in the multi-dose arm lowering 
lipoprotein(a) by 79%. No serious adverse events were observed in this study. In a 
phase 2 study, individuals with elevated levels of lipoprotein(a) were assigned 
dose-ranging of the study drug and lipoprotein(a) levels were lowered by 72%; 
again, no serious adverse events were recorded. After this, the study drug was mod-
ified to induce quick and specific uptake by the liver where apolipoprotein(a) is 
produced and again lipoprotein(a) was safely lowered by 85% in the highest-dose 
group with no effect on the liver parameters. Recently, a phase 2 study of this modi-
fied drug has shown up to 80% reductions in lipoprotein(a) levels with no safety 
concerns regarding liver function or bleeding risk (Viney et al. 2016). Overall, the 
newest modified antisense oligonucleotide seems promising in the treatment of 
high lipoprotein(a) levels. However, no study on reduction in cardiovascular dis-
ease events has yet been conducted, but currently a phase 3 study named 
Lp(a)HORIZON is being conducted with cardiovascular disease as outcome, and 
results will hopefully show that this drug lowers not only lipoprotein(a) but also the 
risk of cardiovascular disease.

At the moment, treatment options for high lipoprotein(a) levels are limited and 
the focus must be on lowering other modifiable risk factors for cardiovascular dis-
ease. For individuals at high risk and with high lipoprotein(a) levels, aggressive 
therapy to lower LDL cholesterol must be applied; lowering of blood pressure and 
lifestyle changes must be recommended. In individuals with very high lipoprotein(a) 
levels, LDL cholesterol cannot be treated to very low levels because lipoprotein(a) 
cholesterol is comeasured in LDL cholesterol.

 Conclusions

Lipoprotein(a) has been the focus of cardiovascular research since its discovery in 
1963, with the most interest in the last decade. High levels of lipoprotein(a) have 
now been causally associated with increased risk of atherosclerotic stenosis (angina 
pectoris and claudication), myocardial infarction, aortic valve stenosis, heart 
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failure, ischemic stroke, and cardiovascular and all-cause mortality (Fig.  16.8). 
Studies have found observational associations, and, further, Mendelian randomiza-
tion studies have found that these associations are causal through human genetics. 
Currently, lipoprotein(a) is not a major focus at the general clinic, mainly because 
no sufficient treatment option is available to lower lipoprotein(a) levels; however, 
several major guidelines now recommend measuring lipoprotein(a) (Table 16.2). It 
is recommended to measure lipoprotein(a) in individuals at high risk such as in 
individuals with familial hypercholesterolemia, with a family history of premature 
cardiovascular disease, or with high LDL cholesterol despite aggressive treatment. 
Importantly, the latest European guidelines on cardiovascular disease prevention 
recommend that plasma lipoprotein(a) should be measured once in all individuals, 
as this is a genetic condition just like familial hypercholesterolemia. Currently, a 
phase 3 trial assessing the impact of lipoprotein(a) lowering on cardiovascular risk 
in high-risk patients is recruiting, and, hopefully, this will show that lowering of 
lipoprotein(a) by 80% also lowers the risk of cardiovascular disease – if this is docu-
mented, then the focus of elevated lipoprotein(a) risk will most likely be more 
general.

Fig. 16.8 High lipoprotein(a) levels and risk of cardiovascular disease. Lipoprotein(a) is observa-
tionally and causally associated with the risk of atherosclerotic stenosis, myocardial infarction, 
aortic valve stenosis, ischemic stroke, and all-cause mortality
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Chapter 17
High-Sensitivity C-Reactive Protein

David I. Feldman, Roger S. Blumenthal, and Ty J. Gluckman

 Introduction

 The Role of Inflammation in Atherogenesis

Atherosclerosis, or the accumulation of lipids and fibrous elements in large arteries, 
underlies the development of atherosclerotic cardiovascular disease (ASCVD), 
including coronary heart disease (CHD) and stroke. While once believed to be a 
process driven predominantly by lipids such as low-density lipoprotein cholesterol 
(LDL-C), our understanding of the pathobiology of this condition has evolved to 
one that also recognizes the importance of growth factors, proliferation of smooth 
muscle cells, and inflammation.

Early in atherogenesis, the deposition of lipids and recruitment of inflammatory 
cells, such as T lymphocytes and macrophages, leads to the development of an early 
atheroma consisting of a thick fibrous cap surrounding a lipid-rich core. Progression 
of atherogenesis depends, in part, on plasma concentrations of cholesterol as well as 
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mediators of inflammation such as high-sensitivity C-reactive protein (hsCRP), 
interleukin-1 (IL-1), interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α).

With adequate control of these mediators, a stabilized plaque develops with a 
small lipid pool, a thick fibrous cap, and a preserved lumen. With inadequate con-
trol, however, a vulnerable plaque can manifest that is characterized by a thin 
fibrous cap, a large lipid pool, and many inflammatory cells. While multiple trig-
gers exist, exposure to ongoing inflammation can lead to plaque disruption and 
thrombosis, resulting in progressive arterial narrowing and/or a major adverse car-
diovascular event (MACE), such as a myocardial infarction (MI) (Fig.  17.1) 
(Libby 2002).

Acknowledging the widely accepted role of LDL-C in atherogenesis (Ridker 
2012), accrued basic science and translational and clinical research have further 
elucidated multiple inflammatory pathways involved in ASCVD (Lawler et  al. 
2020). This has resulted in a paradigm shift for risk assessment and prevention, with 
recognition that a diverse group of inflammatory mediators may contribute to (a) 
progression of atherosclerosis in the clinically stable phase of ASCVD, (b) destabi-
lization of plaque, prompting an acute coronary syndrome (ACS), and (c) extension 
of injury, following cardiomyocyte death with an MI. Therefore, if critical compo-
nents of the innate and adaptive immune systems contribute to atherogenesis, then 
they may represent an important target for patients with ASCVD (Hansson and 
Libby 2006).
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Fig. 17.1 Development and progression of atherosclerosis
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 Markers of Inflammation: High-Sensitivity C-Reactive Protein

The identification of specific markers of inflammation has been critical to improved 
understanding of atherosclerosis (Libby et al. 2009). A wide range of markers have 
been identified to date, including biomarkers (myeloperoxidase, lipoprotein- 
associated phospholipase A2, pentraxin-3), cytokines (interleukins, TNF-α), prote-
ases (matrix metalloproteinase-9), adhesion molecules (intracellular adhesion 
molecule-1, vascular cellular adhesion molecule-1), and acute-phase reactants 
(C-reactive protein and fibrinogen).

C-reactive protein (CRP) is an annular, pentameric glycoprotein (23 kDa sub-
units). It is released into the circulation by hepatocytes in response to cytokine 
release (IL-6) and by macrophages and T cells in the setting of infection, trauma, or 
other acute inflammatory stimuli (Libby et al. 2009). Upstream mediators of CRP, 
including IL-6, also become activated following exposure to cholesterol or urate 
crystals, bacterial proteins, regional hypoxia, and local hemodynamic triggers at the 
site of an atheroma (Ridker 2016a).

In 1930, CRP was first identified as a blood protein that binds to the 
C-polysaccharide of pneumococcus in patients with pneumonia (Tillett and Francis 
1930). CRP is usually quantified by assays with standard sensitivity. However, 
among individuals with chronic, low-level elevation, CRP may be detected by high- 
sensitivity assays (hsCRP).

CRP increases cytokine and adhesion molecule production, inhibits the survival 
and function of endothelial progenitor cells, induces endothelial cell apoptosis, 
decreases nitric oxide production, increases endothelin levels, and inhibits fibrino-
lysis through its effects on tissue plasminogen activator and plasminogen activator 
inhibitor-1 (Ridker et al. 2004). Despite this, it appears to have a less direct causal 
role in ASCVD and instead likely represents a by-product of upstream inflammation 
(Lawler et al. 2020). In fact, when measuring the concentration of various inflam-
matory markers at the site of a coronary occlusion, levels of CRP are typically not 
increased (Maier et al. 2005).

Nonetheless, hsCRP is widely accepted as the most common inflammatory bio-
marker used in the assessment of ASCVD risk. This, in part, is based on availability 
of a clinical assay with a well-described association between elevated levels and asso-
ciated risk (Ridker 2016b). Currently, commercial assays for hsCRP are widely avail-
able and standardized for use in both outpatient and inpatient settings (Ridker et al. 
2004). Of note, hsCRP is a distinct test from CRP, where the latter is typically utilized 
as part of a general evaluation during an infectious or rheumatologic disease workup.

 Measurement of High-Sensitivity C-Reactive Protein: Cutpoints, 
Laboratory Testing, and Variation

In 2003, informed by data from multiple large, prospective cohort studies (Ridker 
et al. 1997, 2000, 2001a, b, 2002; Tracy et al. 1997; Koenig et al. 1999; Danesh et al. 
2000), the Centers for Disease Control and Prevention and the American Heart 
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Association (AHA) issued the first clinical guideline incorporating hsCRP into the 
assessment of global risk. It was suggested that hsCRP levels <1, 1 to <3, 
and ≥ 3 mg/L be used to delineate groups as low, moderate, and high vascular risk, 
respectively (Pearson et al. 2003). While these cutpoints differ from those used in 
the Women’s Health Study (<0.5, 0.5–1.0, 1.0–3.0, 3.0–5.0, >5  mg/L), both 
approaches improve risk discrimination (Ridker and Cook 2004).

Levels of hsCRP >10 mg/L suggest other underlying inflammatory processes. 
For these individuals, it is recommended that the hsCRP level be rechecked. If it 
persists in this range, then these individuals are still felt to be at increased cardiovas-
cular (CV) risk. In fact, prospective data suggest that the predictive value of hsCRP 
is linear across a wide range of values, even in the presence of collagen vascular 
disease or other underlying chronic systemic inflammatory diseases (Ridker and 
Cook 2004).

Levels of hsCRP can vary but are not affected by fasting. Repeat or serial mea-
surement of hsCRP does improve the predictive value but may be limited by finan-
cial cost (~$30 per test) and inconvenience (repeat blood draw). Ideally, hsCRP 
should be measured at times when other forms of inflammation are stable. However, 
as an acute-phase reactant, the levels of hsCRP can fluctuate widely based on the 
metabolic and inflammatory state of a given individual.

To improve hsCRP’s value in refining ASCVD risk, factors that contribute to 
individual variability should be considered. Importantly, multiple factors influence 
hsCRP levels, including gender (women > men), race/ethnicity (African American 
> Latinos > South Asian > Caucasian > East Asian), age, geographic region, and 
education status (Woloshin and Schwartz 2005; Lakoski et al. 2006; Albert et al. 
2004). Body mass index (BMI), diabetes status, blood pressure, and certain infec-
tions have also been shown to have an effect (Libby et al. 2002; Visser et al. 1999), 
with potentially significant alteration by physical exercise, dietary patterns, smok-
ing, alcohol use, and exposure to environmental pollutants (LaMonte et al. 2002; 
Clark et al. 2011). In fact, environmental factors likely account for roughly 20% and 
30% of interindividual hsCRP variability in women and men, respectively, with the 
remainder attributed to genetic differences (Pankow et al. 2001).

 Risk Association of High-Sensitivity C-Reactive Protein

One of the first studies to describe an association between elevated levels of hsCRP 
and incident CV disease in primary prevention came from the Physicians’ Health 
Study. Among the 1086 male participants, those in the highest quartile (hsCRP 
level ≥ 2.11 mg/L) of hsCRP had a 2.9-fold greater risk of MI (p < 0.001) and 1.9- 
fold greater risk of stroke (p = 0.02) compared to those in the lowest quartile (hsCRP 
level ≤  0.55  mg/L) independent of traditional risk factors (Ridker et  al. 1997). 
Likewise, in a nested case–control analysis from the Women’s Health Study, each 
increase in quartile of plasma hsCRP was associated with a 1.5-fold increased risk 
of death from CHD, MI, stroke, or coronary revascularization (Ridker et al. 2000).
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Further validation of the predictive value of hsCRP stems from a large 2010 
meta-analysis of over 160,000 individuals without ASCVD.  In this study, every 
standard deviation increase in log-normalized hsCRP was associated with a 37% 
increase in adjusted relative risk (RR) for CHD (RR 1.37, 95% confidence interval 
(CI) 1.27–1.48) – a magnitude comparable to other traditional risk factors, including 
non-high-density lipoprotein cholesterol (RR 1.28, 95% CI, 1.16–1.40) and systolic 
blood pressure (RR 1.35, 95% CI, 1.25–1.45) (Emerging Risk Factors Collaboration 
et  al. 2010). Similar findings were noted for ischemic stroke (RR 1.27, 95% CI, 
1.15–1.40) and CV disease mortality (RR 1.55, 95% CI, 1.37–1.76), even after 
adjustment for traditional risk factors including age, sex, systolic blood pressure, 
smoking, history of diabetes, BMI, triglycerides, and total cholesterol level 
(Emerging Risk Factors Collaboration et al. 2010).

In contrast to its use in primary prevention, the value afforded by measurement 
of hsCRP in secondary prevention is less well established (Koenig 2013). Data have, 
however, shown that hsCRP can help predict ASCVD events (including MI, revas-
cularization, stroke, heart failure, and mortality) in individuals with stable coronary 
artery disease (CAD) and ACS (Liuzzo et al. 1994; Haverkate et al. 1997; Morrow 
et al. 1998, 2006; Sabatine et al. 2002; Aguilar et al. 2006; Arroyo- Espliguero et al. 
2009; Horne et al. 2000; Sattar et al. 2007; de Winter et al. 2002; Zebrack et al. 
2002; Blake and Ridker 2002; Haidari et al. 2001). For those who have been revas-
cularized, it can also help predict the risk of coronary artery bypass graft failure or 
in-stent restenosis (Kangasniemi et al. 2006; Hong et al. 2006). Finally, among sec-
ondary prevention patients treated with proprotein convertase subtilisin/kexin type 
9 (PCSK9) inhibitors, hsCRP can help refine residual risk (Bohula et  al. 2018; 
Pradhan et al. 2018).

 Risk Discrimination, Reclassification, and Accuracy 
of High- Sensitivity C-Reactive Protein

Of key importance is understanding the ability of hsCRP to inform clinical decision- 
making above and beyond that provided by traditional risk factors. The American 
Heart Association released a scientific statement in 2010, outlining the criteria for 
evaluation of novel markers of CV risk (Hlatky et al. 2009). The six phases include 
proof of concept, prospective validation, incremental value, clinical utility, clinical 
outcomes, and cost-effectiveness.

Both proof of concept and prospective validation depend on a marker’s ability to 
discriminate between those with and those without clinical events. Traditionally, 
this has been assessed using the C-statistic or the area under the curve (AUC) in a 
receiver operating characteristic (ROC) plot, comparing sensitivity to 1 – specificity 
(or true positives to true negatives).

In a 2006 analysis, global ASCVD risk prediction models were compared with 
and without hsCRP (Cook et al. 2006). The authors concluded that among healthy 
women without diabetes aged 45 years and older, hsCRP improved ASCVD risk 
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classification, particularly in those with a 10-year Framingham Risk Score (FRS) of 
5–20%. However, adding hsCRP to the Framingham risk model, which includes 
variables like age, total cholesterol, high-density lipoprotein cholesterol, smoking, 
and blood pressure, only improved the AUC from 0.813 to 0.815 – a level less than 
the 0.05 increase in the AUC threshold set for moderate improvement in predictive 
ability (Lloyd-Jones et al. 2006).

Years later, a similar analysis was performed using data from the Multi-Ethnic 
Study of Atherosclerosis (MESA), where risk markers including hsCRP were stud-
ied to determine improvement in prediction of incident CHD and cardiovascular 
disease (CVD) among intermediate-risk participants (FRS 5–20%) (Yeboah et al. 
2012). Very modest increases in predictive value were observed from addition of 
hsCRP to the FRS compared to the FRS alone for incident CHD (AUC 0.640 vs. 
0.623) and CVD (AUC 0.637 vs 0.627), respectively (Fig. 17.2). Comparable find-
ings were observed in an analysis of the Emerging Risk Factors Collaboration, 
where a small, clinically insignificant 0.004 increase in the AUC was noted (p < 0.05) 
(Emerging Risk Factors Collaboration et al. 2012).

Although discrimination is an important metric to consider when evaluating a 
novel risk marker, AUC alone may be too insensitive of a measure to assess the 
incremental value of adding a variable to a risk prediction model. For example, 
despite the significant role of lipids and blood pressure in risk prediction, they only 
modestly improve the AUC in risk models (Ridker et al. 2006).

It is also important to test a biomarker’s ability to provide clinically meaningful 
reclassification of risk. In the Women’s Health Study, when hsCRP was added to the 
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Adult Treatment Panel III (ATP III) CHD risk score, approximately 40% of 
intermediate- risk women were reclassified into higher- or lower-risk categories 
(Cook et al. 2006). This led to development of the net reclassification index (NRI), 
which reflects changes in both risk classification and accuracy (Cook and 
Ridker 2009).

The NRI quantifies how many individuals are reclassified into a different risk 
group when adding a risk marker like hsCRP and appropriateness of the reclassifica-
tion. Ultimately, the NRI is determined by net appropriate (reclassification into a 
higher-risk group followed by an event) and inappropriate (reclassification into a 
lower-risk group followed by an event) reclassifications.

The NRI for hsCRP has been evaluated in multiple older studies and has ranged 
from ~1 to 12%, depending on the clinical outcome. In the Framingham Heart 
Study, the NRI was 11.8% (p = 0.009) for CHD events and 5.6% (p = 0.014) for total 
CVD events (Wilson et al. 2005). A separate analysis of the Women’s Health Study 
demonstrated an NRI of 5.7% (Cook 2008). Finally, in a case–control study from 
the European Prospective Investigation into Cancer and Nutrition in Norfolk, the 
NRI with addition of hsCRP was 12% for CHD events (Rana et al. 2009).

More recently, the NRIs from the Rotterdam (Kavousi et al. 2012) and MESA 
(Yeboah et al. 2012) studies have been 2% and 7.9% for CHD events, respectively. 
This was followed by a large meta-analysis of individuals without ASCVD, where 
addition of hsCRP to traditional risk factors yielded an NRI of only 1.5% for fatal 
and nonfatal CVD events (p < 0.02), corresponding to a very high number needed to 
test (400–500) to prevent one CVD event over 10 years (Emerging Risk Factors 
Collaboration et al. 2012).

In response to perceived limitations of the FRS and incremental value afforded 
by measurement of hsCRP, the Reynolds Risk Score (RRS) was developed. Addition 
of hsCRP (and family history of premature CHD) to traditional risk factors resulted 
in a risk score with better discrimination, calibration, and reclassification (Ridker 
et  al. 2007). The contribution of hsCRP was small, however, compared to age, 
smoking, systolic blood pressure, and cholesterol. For context, a doubling of the 
hsCRP level equates roughly to a 3 mmHg increase in systolic blood pressure.

Additional analyses have been performed using the RRS. In a study that com-
pared the RRS to the FRS for global CVD prediction in the Women’s Health 
Initiative (Cook et al. 2012), the Framingham CVD model largely overestimated the 
risk for major CVD events. Not only did the RRS have adequate calibration but also 
it modestly improved discrimination (AUC 0.765 vs. 0.757) and increased the NRI 
(12.9% and 5.9%).

A separate analysis involving the MESA dataset utilized the FRS and RRS to 
predict the development and progression of subclinical atherosclerosis as assessed 
by coronary artery calcium (CAC) (DeFilippis et al. 2011). While the FRS and RRS 
were both significantly predictive of incident CAC and CAC progression, only the 
RRS consistently added predictive value for the incidence and progression of CAC 
when discordance between scoring systems was present.

Collectively, these data informed the 2013 American College of Cardiology/
American Heart Association Guideline on the Assessment of Cardiovascular Risk 
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(Goff Jr et al. 2013). Even though a major portion of that document revolved around 
the introduction of the Pooled Cohort Equations (PCEs), measurement of hsCRP 
(along with other risk markers) was left as an option if risk-based treatment decision- 
making was uncertain following quantitative risk assessment.

 A Review of the Evidence: Inflammatory Markers

Statin therapy represents the mainstay of ASCVD risk reduction in primary preven-
tion (Shepherd et  al. 1995; Downs et  al. 1998; Sever et  al. 2003). Despite this, 
ASCVD events continue to occur frequently, even among individuals with con-
trolled LDL-C (Baigent et al. 2005). Hypotheses for additional targets of residual 
ASCVD risk include inadequately lowered LDL-C, other elevated lipoproteins 
(e.g., Lp(a)), hypertriglyceridemia, thrombosis, and systemic inflammation (Lawler 
et al. 2020).

In 2008, in an effort to determine whether additional LDL-C and hsCRP lower-
ing with statin therapy could further reduce ASCVD risk, the Justification for the 
Use of Statins in Primary Prevention: An Intervention Trial Evaluating Rosuvastatin 
(JUPITER) was conducted (Ridker et  al. 2008). This study followed a post hoc 
analysis of the Air Force/Texas Coronary Atherosclerosis Prevention Study where 
treatment with lovastatin conveyed a 42% relative risk reduction in fatal or nonfatal 
MI, unstable angina, or sudden death from cardiac causes among primary preven-
tion patients with an LDL-C < 149 mg/dL and hsCRP >1.6 mg/L compared to pla-
cebo (p = 0.04) (Ridker et al. 2001a).

 The JUPITER Trial

JUPITER enrolled 17,802 individuals without known ASCVD or diabetes, an 
LDL-C < 130 mg/dL, and an hsCRP ≥2 mg/L, randomizing them to rosuvastatin 
(20 mg daily) or placebo. Rosuvastatin reduced the levels of LDL-C and hsCRP by 
50% and 37%, respectively. The trial was stopped prematurely after a median of 
1.9 years because of differences in the CV event rate. Rates of the primary endpoint 
(MI, stroke, unstable angina, CV death, or revascularization) per 100 person-years 
were 0.77 and 1.36 in those receiving rosuvastatin and placebo, respectively (hazard 
ratio (HR), for rosuvastatin 0.56; 95% CI, 0.46–0.69, p < 0.00001).

While benefits from statin therapy are thought to largely result from reduction of 
LDL-C, on-treatment levels of LDL-C and hsCRP are, in fact, prognostically equiv-
alent (Ridker et  al. 1998, 2001a, 2005; Morrow et  al. 2006; Nissen et  al. 2005; 
Bohula et al. 2015). Even though findings from the JUPITER trial validate the ben-
efits of high-intensity statin therapy in apparently healthy individuals with LDL-C 
levels <130 mg/dL and hsCRP levels ≥2 mg/L, secondary analyses have revealed 
several limitations. First, baseline hsCRP levels did not independently predict a 
preferential benefit with statin therapy (Kaul et al. 2010). In addition, the relative 
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risk reduction from rosuvastatin was consistent across three separate hsCRP cut-
points (Kaul et  al. 2010). Second, interaction testing between hsCRP levels and 
benefits from statin therapy was negative. Third, treatment response with rosuvas-
tatin was limited to those with elevated hsCRP levels along with at least one tradi-
tional risk factor. This not only reinforces the importance of traditional risk factors 
in ASCVD risk assessment but also highlights the link between absolute risk and 
benefit with statin therapy.

In an attempt to further improve risk assessment, CAC scores were used to iden-
tify a JUPITER-like subgroup most likely to benefit from statin therapy in MESA 
(Blaha et al. 2011). Among 950 participants in this analysis, CAC scores further 
stratified risk and helped identify those likely to derive the greatest absolute benefit. 
For CHD events, the predicted 5-year number needed to treat (NNT) for CAC scores 
of 0 and > 100 was 549 and 24, respectively. For CVD events, the predicted 5-year 
NNT for CAC scores of 0 and > 100 was 124 and 19, respectively. Thus, CAC scor-
ing provides a much more effective means to identify JUPITER-like patients most 
likely to benefit from high-intensity statin therapy.

 The Low-Dose Colchicine (LoDoCo) Trial

While most commonly used for the treatment of gout and pericarditis, colchicine is 
a microtubule inhibitor that also interferes with the NOD-, LRR-, and pyrin domain- 
containing protein 3 (NLRP3) inflammasome/IL-1ß signaling pathway. In the Low- 
Dose Colchicine (LoDoCo) trial, 532 patients with stable CHD on antiplatelet and 
statin therapy were randomized to colchicine (0.5 mg/day) or placebo for a median 
of 3 years (Nidorf et al. 2013). Rates of the primary composite endpoint of ACS, 
out-of-hospital cardiac arrest, or noncardioembolic ischemic stroke were 5.4% and 
16.0% among those receiving colchicine or placebo, respectively (HR 0.33, 95% CI, 
0.18–0.59, p < 0.001). In a prespecified secondary on-treatment analysis excluding 
patients unable to tolerate or start colchicine, rates of the primary composite out-
come occurred in 4.5% and 16.0% of those receiving colchicine or placebo, respec-
tively (HR 0.29, 95% CI, 0.15–0.56, p < 0.001).

Most of colchicine’s benefits were driven by a reduction in nonfatal CV events. 
The exact mechanism underlying its benefits is not completely clear, as inflamma-
tory markers, including hsCRP, were not collected. Importantly, 11% of patients 
treated with colchicine stopped therapy after a mean of 2.4 years, most commonly 
for gastrointestinal intolerance.

 The CANTOS Trial

The Canakinumab Anti-Inflammatory Thrombosis Outcomes Study (CANTOS) 
sought to expand available therapies targeting residual inflammation in patients with 
ASCVD on statin therapy (Ridker et al. 2017a). Canakinumab, a therapeutic mono-
clonal antibody targeting IL-1ß, exerts its effects upstream in the inflammatory 
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signaling pathway, ultimately reducing IL-6 and CRP production. CANTOS 
enrolled 10,061 patients with previous MI and an hsCRP level ≥ 2 mg/L, random-
izing them to subcutaneous canakinumab at one of three doses (50 mg, 150 mg, or 
300 mg) or placebo every 3 months. Median hsCRP levels were reduced by 26–41% 
in the canakinumab group compared to those receiving placebo.

During a follow-up of 3.7 years, rates of the primary composite endpoint of non-
fatal MI, nonfatal stroke, or CVD death were 4.1, 3.9, 3.9, and 4.5 per 100 person- 
years among those receiving the 50 mg, 150 mg, and 300 mg doses of canakinumab 
or placebo, respectively. The HRs for canakinumab compared to placebo at the 
50 mg, 150 mg, and 300 mg doses were 0.93 (95% CI, 0.80–1.07, p = 0.30), 0.85 
(95% CI, 0.74–0.98, p  =  0.021), and 0.86 (95% CI, 0.75–0.99, p  =  0.031), 
respectively.

The relative risk reduction for the primary composite endpoint was most pro-
nounced among those who attained an hsCRP in the lowest tertile on canakinumab 
(HR 0.73, 95% CI, 0.62–0.85, p < 0.0001). There was also a strong relationship 
between reduction in the levels of IL-6 and CV benefits. Treatment with canakinumab 
was, however, associated with a higher incidence of fatal infection (incidence rate, 
0.31 vs. 0.18 events per 100 person-years, p = 0.02).

CANTOS represents the first large outcomes study to validate the importance of 
attenuating inflammation in those with ASCVD already receiving statin therapy 
(Ridker et  al. 2018a). Given the absence of any effect on LDL-C, the benefit of 
canakinumab directly results from a reduction in the levels of IL-6 and hsCRP 
(Ridker et al. 2018b, 2018c). Importantly, the effect size with canakinumab is com-
parable to that observed with PCSK9 inhibitors – a therapy capable of producing 
large reductions in LDL-C, but no appreciable decrease in IL-6 and hsCRP (Ridker 
et al. 2018a).

Further support for this approach is provided by the Further Cardiovascular 
Outcomes Research With PCSK9 Inhibition in Subjects with Elevated Risk 
(FOURIER) and Studies of PCSK9 Inhibition and the Reduction of Vascular Events 
(SPIRE) trials (Bohula et al. 2018; Pradhan et al. 2018). In these studies, persistence 
of elevated hsCRP among those with LDL-C levels ≤20  mg/dL on a statin and 
PCSK9 inhibitor was associated with significant residual risk.

 The Cardiovascular Inflammation Reduction Trial (CIRT)

Additional studies have sought to reduce CV risk through use of alternative anti- 
inflammatory therapies. One such example is methotrexate, which has been associ-
ated with fewer MACEs when used in patients with psoriatic and rheumatoid 
arthritis (Choi et al. 2002; Westlake et al. 2010; Micha et al. 2011). This was the 
basis for the Cardiovascular Inflammation Reduction Trial (CIRT), which random-
ized 4786 participants with previous MI or multivessel CAD along with either dia-
betes or metabolic syndrome to low-dose methotrexate (target dose of 15–20 mg 
weekly) or placebo for a median of 2.3 years (Ridker et al. 2019).
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Patients randomized to methotrexate, however, did not achieve lower levels of 
IL-1ß, IL-6, or hsCRP compared to placebo. Accordingly, occurrence of the primary 
endpoint, a composite of nonfatal MI, nonfatal stroke, CV death, or hospitalization 
for unstable angina that led to urgent revascularization, was not significantly differ-
ent (incidence rate, 4.13 vs. 4.31 per 100 person-years for methotrexate and placebo 
arms, respectively; HR 0.96, 95% CI, 0.79–1.16). Patients receiving methotrexate, 
however, did experience an elevation in hepatic transaminases, reduction in leuko-
cyte count and hematocrit, and a higher incidence of nonbasal cell skin cancer.

Various explanations have been put forth about the disappointing results of 
CIRT. While individuals included in the study had known ASCVD with additional 
CV risk factors, residual inflammatory risk with an elevated hsCRP level was not 
required for enrollment. As such, some believe that the negative findings relate to 
the absence of an enrichment strategy with hsCRP.

Reflective of this, the baseline median hsCRP levels in CIRT and CANTOS were 
1.6 mg/L and 4.2 mg/L, respectively. While methotrexate can provide benefits in 
inflammatory conditions, its use in the CIRT did not result in decreased levels of 
measured inflammatory biomarkers (Lawler et al. 2020), underscoring the need to 
target specific inflammatory pathways in order to achieve CV benefits (Ridker 2020).

 The Colchicine Cardiovascular Outcomes Trial (COLCOT)

In 2019, following discordant trial findings with CANTOS and CIRT, the Colchicine 
Cardiovascular Outcomes Trial (COLCOT) was published (Tardif et al. 2019). This 
study randomized 4745 patients within a median of 14 days following an acute MI 
to either low-dose colchicine (0.5 mg once daily) or placebo. After a median of 
~2 years, treatment with colchicine was associated with a significant reduction in 
the primary composite endpoint of death from CV causes, resuscitated cardiac 
arrest, MI, stroke, or urgent hospitalization for angina leading to coronary revascu-
larization. This was noted in 5.5% of those treated with colchicine and in 7.1% of 
those treated with placebo (HR 0.77, 95% CI, 0.61–0.96, p = 0.02). The greatest 
effect with colchicine was on rates of stroke (HR 0.26, 95% CI, 0.10–0.70) and 
urgent hospitalization for angina leading to coronary revascularization (HR 0.50, 
95% CI, 0.31–0.81). Importantly, pneumonia was observed more often in those 
receiving colchicine (0.9% vs. 0.4%, p = 0.03).

While hsCRP and IL-6 levels were not measured in the COLCOT, they were 
assessed in a subgroup of the Colchicine in Percutaneous Coronary Intervention 
(COLCHICINE-PCI) study, which randomized patients referred for possible percu-
taneous coronary intervention (PCI) to acute preprocedural oral colchicine (1.8 mg) 
or placebo (Shah et al. 2020). Among 280 individuals included in this nested inflam-
matory biomarker substudy, there was no change in IL-6 concentrations 1 hour post 
PCI. After 24 hours, however, treatment with colchicine resulted in a less- pronounced 
increase in the levels of both IL-6 (76% vs. 338%, p = 0.02) and hsCRP (11% vs. 
66%, p = 0.001) compared to placebo.

17 High-Sensitivity C-Reactive Protein



358

 The LoDoCo2 Trial

Building off of favorable effects with colchicine in those with an acute MI, the 
LoDoCo2 trial sought to evaluate colchicine’s impact on a large cohort of patients 
with stable ischemic heart disease. The study randomized 5522 patients with chronic 
CHD to daily colchicine (0.5 mg) or placebo for a median of 29 months (Nidorf 
et al. 2020). Rates of the primary composite endpoint of CV death, spontaneous 
(nonprocedural) MI, ischemic stroke, or ischemia-driven coronary revascularization 
occurred in 6.8% and 9.6% of those receiving colchicine or placebo, respectively 
(incidence rate, 2.5 vs. 3.6 events per 100 person-years; HR 0.69, 95% CI, 0.57–0.83, 
p < 0.001). Colchicine also significantly reduced multiple secondary composite end-
points including CV death, MI, or ischemic stroke (HR 0.72, 95% CI, 0.57–0.92, 
p = 0.007).

Treatment with colchicine, however, was associated with a strong trend toward 
increased risk of non-CV death (HR 1.51, 95% CI, 0.99–2.31) and a significantly 
higher rate of myalgia (HR 1.15, 95% CI, 1.01–1.31). Similar to findings observed 
in the original LoDoCo trial, 15.4% of patients enrolled in the run-in phase did not 
undergo randomization because of intolerance to colchicine, most commonly from 
gastrointestinal upset. Also, without baseline data on lipids and inflammatory mark-
ers, the benefits of colchicine could not be correlated with risk factor control. 
Accordingly, more investigation is needed to fully determine the populations most 
likely to benefit from its use in secondary prevention.

 hsCRP and Inflammatory Markers in Clinical Practice

Although data from JUPITER, LoDoCo, CANTOS, COLCOT, and LoDOCo2 sup-
port a role for targeted anti-inflammatory therapy (Fig.  17.3), multiple questions 
persist as it relates to regular adoption in clinical practice. Importantly, there is a 
need to further understand how these biomarkers should be used to identify patients 
warranting treatment initiation and intensification (Yousuf et al. 2013).

Advocates for use of anti-inflammatory therapy to mitigate risk note that clini-
cians must first measure it. Simply put, without measuring hsCRP, it is difficult to 
identify those most likely to benefit from its lowering (Ridker et  al. 2020). To 
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Fig. 17.3 Landmark anti-inflammatory and cardiovascular outcome trials
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address hesitation about the expense associated with routinely incorporating hsCRP 
into clinical practice, recommendations have been proposed (Ridker et al. 2020).

In primary prevention, hsCRP represents an established risk enhancer that can 
help guide treatment decisions in individuals at borderline risk. Data suggest, how-
ever, that it is less useful than a zero CAC score (Fig. 17.4). Nonetheless, the pres-
ence of an hsCRP level ≥ 2 mg/L suggests ongoing inflammation of a sufficient 
degree so as to warrant reclassification of an individual’s ASCVD risk, with consid-
eration of statin therapy.

In secondary prevention, a personalized approach to identify residual risk through 
judicious use of biomarker measurement can offer potential value. Because 
canakinumab is not Food and Drug Administration (FDA) approved for CV risk 
reduction and the benefit of colchicine in LoDoCo, COLCOT, and LoDoCo2 was 
not based on hsCRP levels, further trial data are needed to guide decision-making.

To gauge the prevalence of residual inflammatory risk in secondary prevention, 
populations from the Pravastatin or Atorvastatin Evaluation and Infection Therapy 
(PROVE-IT) (high-intensity statin therapy), Improved Reduction of Outcomes: 
Vytorin Efficacy International Trial (IMPROVE-IT) (moderate-intensity statin ther-
apy + ezetimibe), and SPIRE-1/SPIRE-2 (high-intensity statin therapy + PCSK9 
inhibitor) trials were analyzed. Individuals in these studies were stratified based on 
(a) residual inflammatory risk (an hsCRP ≥2 mg/L), (b) residual cholesterol risk (an 
LDL-C ≥ 70 mg/dL), (c) residual inflammatory and cholesterol risk, or (d) neither 
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(Ridker 2018; Murphy et al. 2009; Cannon et al. 2015; Ridker et al. 2017b). The 
prevalence of residual inflammatory risk alone was 29–37%; the prevalence of 
residual inflammatory or cholesterol risk approached 50%.

While the search for novel anti-inflammatory therapies to reduce CV risk persists 
(Table 17.1), statin therapy represents the mainstay for all at-risk individuals in pri-
mary and secondary prevention. To date, studies have demonstrated an ~17–21% 

Table 17.1 Anti-inflammatory drugs, their mechanism of action, and trial data highlighting a 
possible role in targeting inflammatory risk in CVD

Drug Mechanism of action Trial data

Allopurinol Purine analogue inhibiting 
xanthine oxidase

PGRx MI group: (Grimaldi-Bensouda et al. 2015)
   Reduction in recurrent MI
Rentoukas et al.: (Rentoukas et al. 2010).
   Reduction in CV events following ST-elevation 

myocardial infarction (STEMI)
Anakinra Humanized monoclonal 

antibody against IL-1
Reduction in hsCRP and IL-6 following non-ST- 
elevation myocardial infarction (NSTEMI)
VCU-ART/VCU-ART 2: (Abbate et al. 2010; Abbate 
et al. 2013).
   Reduction in left ventricular remodeling and 

heart failure following STEMI
Canakinumab Fully human monoclonal 

antibody against IL-1ß
CANTOS: (Ridker et al. 2017a).
   10,061 patients with previous MI and high 

hsCRP (≥2 mg/L) randomized to 3 doses of 
canakinumab or placebo

   Reduction in hsCRP ranging from 26 to 41%; no 
reduction in LDL-C

   Significant reduction in nonfatal MI, nonfatal 
stroke, CV death, or hospitalization for unstable 
angina leading to urgent revascularization with 
canakinumab (150 mg every 3 months)

Colchicine Inhibits microtubule 
polymerization
Prevents activation of the 
NLRP3 inflammasome
Reduces release of IL-1ß

Reduction in hsCRP, IL-1ß, IL-6, and IL-18 (Nidorf 
and Thompson 2007; Martínez et al. 2015)
LoDoCo: (Nidorf et al. 2013).
   532 patients with stable CAD randomized to 

colchicine (0.5 mg/day) or placebo
   Significant reduction in ACS, noncardioembolic 

stroke, or out-of-hospital cardiac arrest
COLCOT: (Tardif et al. 2019).
   4745 patients within 30 days of MI randomized 

to colchicine (0.5 mg/day) or placebo
   Significant reduction in the composite endpoint 

of death from CV causes, resuscitated cardiac 
arrest, MI, stroke, or urgent hospitalization for 
angina leading to coronary revascularization

LoDoCo2: (Nidorf et al. 2020).
   5522 patients with chronic coronary disease 

randomized to colchicine (0.5 mg/day) or placebo
   Significant reduction in CV death, spontaneous 

MI, ischemic stroke, or ischemia-driven coronary 
revascularization
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reduction in hsCRP concentrations with moderate-intensity statin therapy and an 
~37% reduction with high-intensity statin therapy (Ridker et al. 2001a; Albert et al. 
2001; Ridker et al. 2009). Bempedoic acid, which inhibits adenosine triphosphate 
citrate lyase, has been shown to significantly reduce both LDL-C and hsCRP by 
~16% and ~ 19%, respectively (Goldberg et al. 2019; Ray et al. 2019). The impact 
of other nonstatin therapies, including ezetimibe and PCSK9 inhibitors, on hsCRP 
levels has been much more modest (Fig. 17.5) (Pradhan et al. 2018; Bohula et al. 
2015, 2018).

Table 17.1 (continued)

Drug Mechanism of action Trial data

Methotrexate Folic acid antagonist
Reduced T-cell 
proliferation
Reduced cytokine release
Reduced expression of 
cell-surface adhesion 
molecules

CIRT: (Ridker et al. 2019).
   4786 patients with previous MI or multivessel 

CAD and either type 2 diabetes mellitus or 
metabolic syndrome randomized to low-dose 
methotrexate (target dose of 15–20 mg weekly) 
or placebo

   Methotrexate did not lower IL-1ß, IL-6, or CRP
   Methotrexate did not result in fewer CV events

MLN1202 Neutralizing monoclonal 
antibody against 
CC-chemokine receptor 2 
(CCR2)

MLN1202 Study Group: (Gilbert et al. 2011).
   Reduction in hsCRP

Salsalate NF-kB inhibitor TINSAL-T2D: (Goldfine et al. 2013a).
   No reduction in hsCRP
TINSAL-FMD: (Goldfine et al. 2013b).
   No impact on flow-mediated dilation
TINSAL-CVD: (Hauser et al. 2016).
   No change in hsCRP or coronary plaque volume

Sarilumab Monoclonal antibody 
against IL-6

Kawashiri et al.: (Kawashiri et al. 2011).
   Reduction in hsCRP

Tocilizumab Monoclonal antibody 
against IL-6

Kleveland et al.: (Kleveland et al. 2016).
Increased clearance of hsCRP after acute NSTEMI
Holte et al.: (Holte et al. 2017).
No change in coronary flow reserve after NSTEMI
ENTRACTE: (Giles et al. 2020).
   3080 patients with active seropositive rheumatoid 

arthritis +1 CV risk factor randomized to 
tocilizumab (8 mg/kg/month) or etanercept 
(50 mg/week)

   Increased LDL-C, HDL-C, and triglyceride levels
   Noninferior to TNF-α inhibitor in the occurrence 

of major adverse CV events

CAD coronary artery disease, CCR2 chemokine CC receptor type 2, CV cardiovascular, CVD car-
diovascular disease, hsCRP high-sensitivity C-reactive protein, IL interleukin, LDL-C low-density 
lipoprotein cholesterol, MI myocardial infarction, NLRP3 NOD-, LRR-, and pyrin domain- 
containing protein 3, NSTEMI non-ST-elevation myocardial infarction, STEMI ST-elevation myo-
cardial infarction, TNF tumor necrosis factor
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 hsCRP and Inflammatory Markers: The Guidelines

For more than a decade, varying recommendations have been issued related to the 
measurement of hsCRP for CV risk assessment (Table 17.2).

 The US Preventive Services Task Force (2009)

In 2009, the US Preventive Services Task Force (USPSTF) released its first set of 
guidelines related to use of hsCRP in follow-up to the JUPITER trial (U.S. Preventive 
Services Task Force 2009). They stated that (a) hsCRP is associated with incident 
CHD (strong evidence); (b) hsCRP improves risk stratification of intermediate-risk 
patients (moderate evidence); and (c) reducing hsCRP can prevent CHD events 
(insufficient evidence) (Buckley et al. 2009).

Despite moderate evidence supporting the use of hsCRP for risk stratification, 
the USPSTF did not formally endorse hsCRP testing in this capacity (Helfand et al. 
2009). They, along with the Canadian Cardiovascular Society, instead emphasized 
the significant correlation between hsCRP and traditional risk factors, noting that 
there was minimal incremental value afforded by hsCRP testing (Genest et al. 2009).

 American College of Cardiology Foundation (ACCF)/American Heart 
Association (AHA) (2010)

Similar to the USPSTF, the 2010 ACCF/AHA Guideline provided a Class III (no 
benefit) recommendation for the measurement of hsCRP as part of CV risk assess-
ment in asymptomatic high-risk adults as well as low-risk men ≤50 years of age and 
women ≤60 years of age (Greenland et al. 2010). A slightly higher Class IIb (may 
be considered) recommendation was given to the measurement of hsCRP in asymp-
tomatic intermediate-risk men ≤50 years of age and women ≤60 years of age.
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Table 17.2 Guideline recommendations for measuring hsCRP for cardiovascular risk assessment

Guideline Year Recommendations

USPSTF 2009 hsCRP is associated with incident CHD
   Strong evidence
hsCRP improves risk stratification of intermediate-risk patients
   Moderate evidence
Reducing hsCRP can prevent CHD events
   Insufficient evidence

ACCF/AHA 2010 In men ≥50 years of age and women ≥60 years of age with an 
LDL-C < 130 mg/dL, not on lipid-lowering therapy, and without clinical 
CHD, diabetes, chronic kidney disease, severe inflammatory conditions, 
or contraindications to statin therapy, measurement of hsCRP can be 
useful in the selection of patients for statin therapy
   Class IIa recommendation
In asymptomatic intermediate-risk men ≤50 years of age and women 
≤60 years of age, measurement of hsCRP may be reasonable for 
cardiovascular risk assessment
   Class IIb recommendation
In asymptomatic high-risk adults, measurement of hsCRP is not 
recommended for CV risk assessment
   Class III recommendation
In low-risk men ≤50 years of age and women ≤60 years of age, 
measurement of hsCRP is not recommended for CV risk assessment
   Class III recommendation

ACC/AHA 2013 In primary prevention adults not on statin therapy with an LDL-C 
70–189 mg/dL, without diabetes, and a 10-year ASCVD risk estimate of 
5 to <7.5% or ≥ 7.5%, if the decision to initiate statin therapy is unclear, 
then the clinician–patient discussion should consider an hsCRP ≥2 mg/L 
to support revising risk assessment upward and help guide further 
management
   Class IIb recommendation

AHA/ACC 
Multisociety

2018 In primary prevention adults not on statin therapy with an LDL-C 
70–189 mg/dL, without diabetes, and a 10-year ASCVD risk estimate of 
5 to <7.5% or ≥ 7.5%, the risk discussion should consider ASCVD risk 
enhancers, including an hsCRP ≥2 mg/L in selected individuals if 
measured
In intermediate risk (≥7.5 to <20%), the presence of risk enhancers 
favors initiating moderate-intensity statin therapy to reduce LDL-C by 
30–49%
   Class I recommendation
In borderline risk (5 to <7.5%), if a risk enhancer is present, then a risk 
discussion regarding moderate-intensity statin therapy should be 
considered
   Class IIb recommendation

(continued)
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The most notable difference between these two guidelines, however, revolves 
around use of hsCRP in individuals meeting the JUPITER trial enrollment criteria. 
This includes men ≥50  years of age and women ≥60  years of age with an 
LDL-C < 130 mg/dL that were not on lipid-lowering therapy and without clinical 
CHD, diabetes, chronic kidney disease, severe inflammatory conditions, or statin 
contraindications. In this population, the ACCF/AHA guideline gave a Class IIa (it 
is reasonable) recommendation to measure hsCRP as part of guiding the determina-
tion of statin therapy initiation.

 The ACC/AHA Prevention Guidelines (2013)

In 2013, the PCE was introduced, providing sex- and race-specific estimates of 
10-year risk for fatal and nonfatal MI and stroke among African American and 
White men and women 40–79 years of age (Goff Jr et al. 2013; Stone et al. 2013). 
Because the PCE does not include hsCRP, it is not considered part of routine CV 
risk assessment. It was, however, included as an optional screening test when risk- 
based decisions regarding initiation of statin therapy were uncertain following quan-
titative risk assessment. Class IIb recommendations (may be considered) were 
provided to both (a) revise risk assessment upward with hsCRP levels ≥2 mg/L and 
(b) to not revise risk assessment with hsCRP levels <2 mg/L.

 The AHA/ACC Multisociety Blood Cholesterol Guideline (2018)

The 2018 AHA/ACC Multisociety Blood Cholesterol Guideline recommended that 
CV risk assessment begins with the PCE for men and women aged 40–75 years, 
without ASCVD or diabetes and with LDL-C levels between 70 and 189 mg/dL 

Table 17.2 (continued)

Guideline Year Recommendations

ACC/AHA 2019 In primary prevention adults not on statin therapy with an LDL-C 
70–189 mg/dL, without diabetes, and a 10-year ASCVD risk estimate of 
5 to <7.5% or ≥ 7.5%, the risk discussion should consider ASCVD risk 
enhancers, including an hsCRP ≥2 mg/L in selected individuals if 
measured
In intermediate risk (≥7.5 to <20%), the presence of risk enhancers 
favors initiating moderate-intensity statin therapy to reduce LDL-C by 
30–49%
   Class I recommendation
In borderline risk (5 to <7.5%), if a risk enhancer is present, then a risk 
discussion regarding moderate-intensity statin therapy should be 
considered
   Class IIb recommendation

ACC American College of Cardiology, ACCF American College of Cardiology Foundation, AHA 
American Heart Association, ASCVD atherosclerotic cardiovascular disease, CHD coronary heart 
disease, CV cardiovascular, hsCRP high-sensitivity, LDL-C low-density lipoprotein cholesterol, 
USPSTF United States Preventive Services Task Force
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(Grundy et al. 2018). Risk enhancers, including an hsCRP level ≥ 2 mg/L, may be 
considered in those estimated to be at borderline (5 to <7.5%) or intermediate (≥7.5 
to <20%) risk to help guide initiation of statin therapy (Class I for those at interme-
diate risk and Class IIb for those at borderline risk).

 The ACC/AHA Primary Prevention Guideline (2019)

The 2019 ACC/AHA Primary Prevention Guideline recommended that individual 
risk assessment begins with estimation of 10-year ASCVD risk to guide decision- 
making. Similar to the 2018 AHA/ACC Multisociety Blood Cholesterol Guideline, 
adults at borderline or intermediate risk for ASCVD should consider additional risk- 
enhancing factors, including an hsCRP level ≥ 2 mg/L, to better inform use of pre-
ventive interventions such as statin therapy (Arnett et al. 2019).

 Future Directions

To date, development of cholesterol-lowering and anti-inflammatory therapies to 
reduce CV risk has largely occurred separately. While statins represent the mainstay 
of treatment, further studies evaluating novel therapies affecting one or both path-
ways are needed. This would best be studied in a 2 × 2 factorial trial with one arm 
targeting LDL-C production directly and another arm targeting IL-1, IL-6, or the 
NLRP3 inflammasome (Fig. 17.6) (Ridker 2020; Yousuf et al. 2013).

Inflammatory pathway

NLRP3 inflammasome caspase-1

Pro-IL-18

Activated IL-18 Activated IL-1β

Pro-IL-1β
NLRP3

inhibitors

IL-18 inhibitors

IL-6 inhibitors
Tocilizumab
Sarilumab
Sirukumab
Olokizumab

IL-1 inhibitors
Canakinumab
Gevokizumad
Rilonacept
Anakinra

Microtubule
polymerization
inhibitors
Colchicine

IL-18

IL-6

IL-1β

LIVER

Fig. 17.6 The inflammatory pathway – inflammatory biomarkers and targeted pharmacotherapies. 
CRP C-reactive protein, IL interleukin, NLRP3 NOD-, LRR-, and pyrin domain-containing 
protein 3
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One therapeutic option currently being evaluated in an outcomes trial is bempe-
doic acid, which lowers both LDL-C and hsCRP. Beyond this, a number of other 
therapies are being investigated; most either lower LDL-C (e.g., small-interfering 
RNA to PCSK9 (inclisiran)) or reduce inflammation (e.g., IL-1 inhibitors 
(canakinumab, gevokizumab, anakinra, rilonacept) and IL-6 inhibitors (tocilizumab, 
sarilumab, sirukumab, olokizumab)). Future studies will be needed to determine the 
optimal use of these agents either alone or in combination.

 Conclusions

For over 30 years, hsCRP has been used to refine risk prediction given its ability to 
independently predict future CV events. In primary prevention, it serves as a risk 
enhancer, helping guide decision-making around statin use. In secondary preven-
tion, it can help identify residual inflammatory risk among those treated with opti-
mal medical therapy. While statin therapy remains the first-line treatment to help 
mitigate CV risk, a number of anti-inflammatory therapies have the potential to help 
as well. Additional data around efficacy, safety, and cost-effectiveness will be 
needed, however, before routinely incorporating these therapies into clinical 
practice.
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Chapter 18
Apolipoprotein B in Primary Prevention: 
Ready for Time Prime?

Renato Quispe, Bibin Varghese, and Seth S. Martin

 Introduction

Over a century ago, Nikolai Anitschkow proposed the role of cholesterol deposition 
carried by atherogenic lipoproteins, in particular low-density lipoprotein (LDL), for 
the initiation and progression of atherosclerosis. This hypothesis has prevailed since 
then, supported by a large body of evidence ranging from conventional epidemio-
logical studies to genetic studies to large-scale randomized clinical trials. As such, 
major guidelines on primary prevention and cholesterol management worldwide 
recommend the use of LDL cholesterol (LDL-C) as a primary target of therapy and 
multiple effective therapies are now available (Jacobson et al. 2014; Jellinger et al. 
2017; Mach et al. 2020; Grundy et al. 2019).

It is postulated that trapping of atherogenic apolipoprotein B (apoB)-containing 
lipoproteins, of which LDL is the primary lipoprotein representing ~90% of total 
circulating apoB, is a critical step in the formation of atherogenesis. The cholesterol 
content within each of these apoB-containing lipoproteins can vary over the lifetime 
course of these particles. Therefore, discordance can arise between apoB and 

R. Quispe · B. Varghese
Johns Hopkins Ciccarone Center for the Prevention of Cardiovascular Disease,  
Baltimore, MD, USA
e-mail: jquispe1@jhmi.edu; bibin.varghese@vumc.org 

S. S. Martin (*) 
Johns Hopkins Ciccarone Center for the Prevention of Cardiovascular Disease, Division  
of Cardiology, Department of Medicine, Johns Hopkins University School of Medicine, 
Baltimore, MD, USA 

Welch Center, Johns Hopkins Bloomberg School of Public Health, Baltimore, MD, USA
e-mail: smart100@jhmi.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-98824-1_18&domain=pdf
https://doi.org/10.1007/978-3-030-98824-1_18#DOI
mailto:jquispe1@jhmi.edu
mailto:bibin.varghese@vumc.org
mailto:smart100@jhmi.edu


378

cholesterol- based measures, such as LDL-C or non-high-density lipoprotein choles-
terol (non-HDL-C).

In this chapter, we will review the pathophysiology of apoB in the context of 
related cholesterol-based measures, as well as the evidence that supports its role in 
prediction of cardiovascular events. Finally, we will review recommendations by 
major worldwide clinical guidelines for its use and indications for measurement.

 Apolipoprotein B and Metabolism of Cholesterol

ApoB-containing lipoproteins include very low-density lipoprotein (VLDL), 
intermediate- density lipoprotein (IDL), LDL and lipoprotein (a) [Lp(a)] particles, 
as well as chylomicrons (Sniderman et al. 2019). Their surface is enveloped by one 
apoB molecule per particle (apoB 48 in the case of chylomicrons and apoB100 in 
the rest of particles); therefore, plasma level of apoB represents the concentration of 
these particles. Under most circumstances, the total number of apoB48 particles is 
much smaller than apoB100 particles, for which apoB assays mostly measure 
apoB100 particles (Sniderman et al. 2019).

The core of apoB-containing particles is constituted by cholesterol esters (CE) 
and triglycerides (TG), which significantly vary throughout their metabolic lifetime 
(Elovson et al. 1988). By action of the CE transfer protein (CETP), TG can be trans-
ferred from VLDL to an LDL particle in exchange of CE. This metabolic process 
occurs more frequently in the presence of hypertriglyceridemia (Griffin et al. 1990), 
and results in a cholesterol-enriched VLDL particle and a TG-enriched LDL parti-
cle (Fig. 18.1). The latter undergo hydrolysis of the TG content by action of hepatic 
lipase, which produces smaller (a.k.a. “dense”) cholesterol-depleted LDL particles 
(Berneis and Krauss 2002).

The circulating levels of LDL-C and non-HDL-C, estimated from the standard 
lipid panel, represent the sum of the cholesterol content in LDL and all non-HDL 
particles, respectively, at a given point in time. These levels are the result of multiple 
dynamic and complex interacting metabolic processes, such as the rates at which 
TG are hydrolyzed or CE and TG are exchanged among lipoproteins. On the other 
hand, the apoB molecule remains on each of the apoB-containing lipoprotein for 
their lifetime.

 Evidence from Epidemiological Studies

Major guidelines generally use total cholesterol and HDL cholesterol (HDL-C) in 
estimating cardiovascular risk, following evidence from epidemiologic studies. 
An example is the Pooled Cohort Equations in the AHA/ACC prevention guide-
lines. The risk estimate serves as a key step in guiding shared decision-making 
through clinician–patient discussion on lipid-lowering therapy. This is a critically 
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important step as the absolute risk reduction with therapy depends on the absolute 
cardiovascular risk. It also depends on the amount of LDL-C lowering, or athero-
genic lipoprotein lowering, that can be achieved with therapy. Thus, estimating 
risk at baseline and treating a target are fundamentally different, but related, 
endeavors.

An increasingly challenging aspect of interpreting such literature is the introduc-
tion of effective LDL-C lowering therapies during the course of participant 
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Fig. 18.1 Cholesteryl ester transfer protein (CETP) exchange and the atherogenic lipoprotein 
phenotype. CE cholesterol ester, TG triglycerides, LDL low-density lipoprotein, VLDL very low- 
density lipoprotein, HL hepatic lipase, PLA2 phospholipase A2, CETP cholesteryl ester transfer 
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follow- up and the inability to fully account for this in analyses. That is, if a certain 
individual with high baseline LDL-C is not on statin therapy at baseline and then is 
started on a statin during follow-up, the reduction of risk from statin therapy will 
lower the probability of that individual having a cardiovascular event below what 
would have been the natural association. This can make the epidemiological evi-
dence more difficult to interpret.

With caveats such as this in mind, a number of studies have sought to under-
stand the risk prediction performance of LDL-C, non-HDL-C, and apoB. Overall, 
each of the markers is typically highly related and is an important predictor of 
cardiovascular risk. In many of the epidemiological studies, the point estimates 
for risk are fairly similar and confidence intervals are overlapping. However, 
some studies have documented apoB’s unique strength in risk prediction and its 
ability to potentially provide information beyond lipoprotein cholesterol levels. 
This was first suggested in a cross-sectional study that showed that apoB was a 
particularly strong predictive risk factor in patients who experienced a myocardial 
infarction (Avogaro et al. 1979). This has been further supported by the prospec-
tive observational studies including the Quebec Cardiovascular Study, the 
Apolipoprotein-related MOrtality RISk (AMORIS) Study, the Thrombo Study, 
the Thrombo Metabolic Syndrome Study, the Northwick park Heart Study, the 
Nurses’ Health Study, and patients with type 2 diabetes in the Health Professional’s 
Follow-up Study (Barter et  al. 2006; Sniderman et  al. 1980; Sniderman and 
Robinson 2019).

Among 18- to 30-year-old individuals free of ASCVD from the CARDIA study, 
a discordantly high apoB level was strongly predictive of coronary artery calcifica-
tion in midlife (Wilkins et al. 2016). Analysis of the Framingham Offspring Cohort 
study suggested that apoB levels had an association with risk of coronary events 
beyond LDL-C or non-HDL-C (Pencina et al. 2015). In the Quebec cardiovascular 
study following 2155 men ages 45–76 for 5 years, apoB levels were independently 
linked to ischemic heart disease (Lamarche et  al. 1996). In the AMORIS Study 
including 175,553 participants who were followed for greater than 3 years, apoB 
levels added power to traditional lipid markers to predict fatal myocardial infarction 
(Walldius et al. 2001).

However, contrary to the prior studies that suggested additional utility with 
apoB, a few studies suggested that apoB did not enhance risk prediction over non- 
HDL- C. In the Emerging Risk Factor Collaboration (ERFC), 302,430 patients with-
out vascular disease from 68 prospective studies were included. In this study, 
non-HDL-C and apoB were equivalent predictors of risk (Emerging Risk Factors 
et al. 2009). In the Copenhagen City Heart Study, 9231 Danish patients were fol-
lowed for 8 years. While apoB was superior to LDL-C in predictive ability, it was 
equivalent to non-HDL-C in predicting risk (Benn et  al. 2007). Similarly, in the 
Women’s Health Study including 27,673 initially healthy women who were fol-
lowed for 11 years, and the UK Biobank study including 346,686 patients, apoB 
was equivalent to non-HDL-C which were both superior to LDL-C (Mora et  al. 
2009; Welsh et al. 2019). In order to clearly delineate the additional value of apoB 
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from non-HDL-C and LDL-C, Mendelian randomization studies and randomized 
controlled trials (RCT) were necessary.

 Evidence from Randomized Clinical Trials and Mendelian 
Randomization Studies

Several large RCTs have shown that LDL-C lowering, with a combination of statins, 
ezetimibe, and proprotein convertase subtilisin/kexin 9 (PCSK9) inhibitors, can sig-
nificantly lower cardiovascular risk (Ference et  al. 2017). In the Cholesterol 
Treatment Trialists’ data, pooling individual level data from statin trials, the reduc-
tion in cardiovascular risk is closely tied to the amount of LDL-C lowering, with a 
~25% relative risk reduction per ~40 mg/dL lowering in LDL-C (Collins et al. 2016).

There has also been interest assessing the risk reduction related to non-HDL-C 
and apoB. In a meta-analysis of individual patient data from 8 randomized statin 
trials including 38,153 patients, non-HDL-C seemed to have a stronger association 
than LDL-C and apoB with cardiovascular risk reduction (Boekholdt et al. 2012). 
There was no significant difference between apoB and LDL-C (Boekholdt et  al. 
2012). In a Bayesian random effect trial-level meta-analysis that included 25 statin 
trials with 131,134 participants, each 10 mg/dL decrease in apoB was associated 
with a 9% decreased risk of coronary artery disease (CAD), but no decrease in 
stroke risk, which is surprising given that Cholesterol Treatment Trialist data clearly 
link LDL-C reduction with stroke reduction. The addition of apoB reduction to 
LDL-C and non-HDL-C reduction improved the accuracy of predicting coronary 
heart disease events, although this did not hold for overall cardiovascular risk or 
stroke risk (Robinson et al. 2012).

Yet another meta-analysis of seven statin trials employing frequentist biostatisti-
cal methodology suggested that apoB was more strongly associated with risk than 
LDL-C and non-HDL-C, including risk of coronary artery disease (CAD) and over-
all cardiovascular disease (Thanassoulis et al. 2014). In an attempt to further delin-
eate the role of apoB, an analysis of the Simvastatin plus Fenofibrate for Combined 
Hyperlipidemia (SAFARI) trial assessed the association of non-HDL-C and LDL-C 
with apoB in patients treated with simvastatin and/or fenofibrate (Grundy et  al. 
2009). Non-HDL-C and LDL-C seemed to correlate highly with apoB in patients 
with lower rather than higher TG levels (Grundy et al. 2009) and as such, the value 
of apoB may be greatest in patients with higher TG levels (Grundy et al. 2009).

Mendelian randomization studies serve as “nature’s RCTs” comparing inherited 
variants of a gene (Thanassoulis and O’Donnell 2009). The “randomization” is 
achieved through the random assortment of the gene variants from parents to off-
spring during gamete formation and conception, which can provide insight into 
mechanistic links in disease processes. For example, genetic variants that lead to 
higher LDL-C are associated with increased cardiovascular risk (Linsel-Nitschke 
et al. 2008). Two recent studies have suggested that CAD risk is proportional to 
apoB (Richardson et  al. 2020; Ference et  al. 2019). Genome-wide association 
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studies (GWAS) that combine genomic profiling with molecular measurement to 
evaluate genetic regulation of molecular processes have also suggested that apoB 
levels are a primary determinant of CAD (Zuber et al. 2021).

 Apolipoprotein Versus Traditional Cholesterol Measures: 
The Relevance of Discordance

 ApoB Versus LDL-C

LDL particles (each of which has one molecule of apoB100) represent ~90% of 
total circulating apoB. In a majority of patients, apoB correlates closely with LDL- 
C. However, discordance between LDL-C and apoB (i.e., high apoB without neces-
sarily having high LDL-C) may occur in the presence of small cholesterol-depleted 
LDL particles that typically predominate in patients with hypertriglyceridemia and/
or metabolic syndrome/diabetes mellitus (Fig. 18.2). Generally, when apoB is dis-
cordantly higher, cardiovascular may be higher. This suggests the strength and com-
plementary information that apoB can provide and opens the possibility that patients 
with discordantly elevated apoB may benefit from more intensive treatment (Lawler 
et al. 2017a; Mora et al. 2014). It is important to note, however, that much of the 
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Fig. 18.2 Pathophysiological basis for discordance analysis (PMID: 26791067; Wilkins et  al). 
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literature has focused on LDL-C estimated by the Friedewald equation, which is 
now known to underestimate LDL-C. This can create discordance between LDL-C 
and apoB, not due to inherent discordance, but due to inaccurate estimation of LDL- 
C. A newer method to estimate LDL-C is now available, providing better accuracy 
in LDL-C estimation and correlating more strongly with apoB (Brownstein and 
Martin 2020; Whelton et al. 2017).

LDL particle number (LDL-P), as opposed to LDL-C, represents a measure of 
particle concentration and not of cholesterol content. Therefore, LDL-P and LDL-C 
can be discordant by the same mechanisms seen in apoB vs. LDL-C discordance 
(i.e., effect of hypertriglyceridemia and statin use). The definition of discordance 
varies from study to study. When a difference of 12 population percentile units or 
more was used as the definition of discordance, ~50% of ASCVD-free individuals 
from the Multi-Ethnic Study of Atherosclerosis (MESA) were discordant between 
LDL-C and LDL-P (Otvos et  al. 2011). Like many studies, this MESA study is 
limited by the use of Friedewald LDL-C. Given the predominance of LDL particles 
in plasma, apoB and LDL-P are usually expected to be discordant (Garvey et al. 
2003), depending on the quality of measurement. However, patients with type III 
hyperlipidemia have a larger proportion of apoB48 particles because of the remark-
ably elevated concentration of remnant lipoproteins (Sniderman et  al. 2018). In 
these patients, apoB100 particles (including LDL) represent ~50% of the total apoB 
particles, which increases the magnitude of discordance between apoB and LDL-P 
(Sniderman et al. 2007).

 ApoB Versus Non-HDL-C

Non-HDL-C represents the aggregate cholesterol content within all the apoB- 
containing particles known to cause ASCVD, and can be easily calculated from the 
standard lipid profile as TC minus HDL-C. Non-HDL-C includes LDL-C as well as 
the cholesterol content in TG-rich VLDL and chylomicron-derived apoB48- 
containing particles (Langlois et al. 2020; Nordestgaard 2017). The ERFC showed 
that hazard ratios for coronary heart disease risk were similar for both non-HDL-C 
and apoB (Emerging Risk Factors et al. 2009). On the other hand, a recent large- 
scale meta-analysis suggested that apoB had better predictive power than LDL-C 
and non-HDL-C (Sniderman et al. 2011).

Although plasma apoB and non-HDL-C are strongly correlated at a population- 
scale, discordance may still arise at an individual-level because they represent dif-
ferent measures (cholesterol vs. particle) (Langlois and Sniderman 2020; Langlois 
et al. 2018). Discordance between non-HDL-C and apoB may be even more com-
mon in patients taking medications that reduce non-HDL-C to a greater extent than 
apoB (i.e., statins, PCSK9 inhibitors) (Rosenson et  al. 2016; Ridker et  al. 2016; 
Sniderman 2008), with on-treatment levels of LDL and VLDL particles that remain 
elevated and can explain residual risk (Lawler et al. 2017b; Mora et al. 2015).
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Non-HDL-C may carry some disadvantages. First, non-HDL-C can be affected 
by metabolic fluctuations in cholesterol content within non-HDL lipoproteins and if 
there is a preponderance of small dense particles, then non-HDL-C may underesti-
mate the risk due to elevated atherogenic lipoproteins. Second, non-HDL-C itself 
does not differentiate between its components, for which it may not accurately rep-
resent or distinguish phenotypes of individuals with (a) high LDL-C but normal 
remnant and Lp(a)-C, (b) low LDL-C but high Lp(a)-C, (c) low LDL-C but high 
remnant cholesterol (Fig. 18.3).

 Apolipoprotein B for Precision Diagnosis 
of Dyslipidemia Phenotypes

Fredrickson, Levy, and Lees (FLL) first defined the five familial lipoprotein pheno-
types (types I–V) in 1967 based on the presence of lipoprotein classes and their 
associated clinical manifestations (Fredrickson et al. 1967). For example, types I 
and V, which were characterized by elevated chylomicrons, were associated with 
high pancreatitis risk, whereas type IIb and type III which were characterized by 
elevated cholesterol and triglyceride enriched particles were associated with prema-
ture CAD and acute coronary syndrome. However, part of the challenge in identify-
ing these disorders is the requirement for ultracentrifugation, gel electrophoresis, 
and genetic testing that is not readily available.
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Sniderman et al. have developed an algorithm using an apoB level and a tradi-
tional lipid panel to differentiate the five lipoprotein phenotypes with high sensitiv-
ity and specificity (de Graaf et al. 2008). Of these, elevated apoB levels generally 
correlate with elevated cardiovascular risk, as seen with familial hypercholesterol-
emia (type IIa) and familial combined hypercholesterolemia (type IIb). The excep-
tion to the rule is hyperlipoproteinemia type III (HLP3). HLP3, or familial 
dysbetalipoproteinemia, is characterized by cholesterol and triglyceride enriched 
remnant cholesterol particles and is associated with high risk of premature CAD 
and peripheral artery disease. However, patients with HLP3 have normal apoB lev-
els, and the disorder cannot be diagnosed using a traditional lipid panel. In a study 
of 128,485 patients, the apoB algorithm was shown to reliably identify the HLP3 
phenotype with high specificity even in patients with mild mixed hyperlipidemia 
(Varghese et al. 2021). Although multiple algorithms to screen for HLP3 have been 
proposed (Varghese et al. 2021), the apoB algorithm allows assessment of the five 
FLL phenotypes using an apoB level and a lipid panel.

 Apolipoprotein B in Contemporary Clinical Guidelines

In light of evidence supporting the role of apoB in atherosclerosis and risk predic-
tion, worldwide guidelines have incorporated apoB in their recommendations, 
although with different emphases and/or cutpoints. In general, cutpoints for apoB to 
guide clinical management are less well established than for LDL-C and differ con-
siderably between the various recommendations of professional societies around 
the globe.

The 2018 American Heart Association/American College of Cardiology (AHA/
ACC) multisociety Cholesterol Guideline uses LDL-C as the main lipid target for 
primary prevention (Grundy et al. 2019). As opposed to prior guidelines, the most 
recent iteration introduced elevated apoB as a risk-enhancing factor, and gave a 
relative indication for apoB measurement when TG levels are ≥200 mg/dL. The 
AHA/ACC multisociety guideline favors initiation of statin therapy for apoB levels 
≥130 mg/dL in primary prevention. Of note, they do not recommend measurement 
of apoB to determine efficacy of therapy. Based on NHANES III data, AHA/ACC 
guidelines state that the corresponding cutpoint for apoB of 130 mg/dL would be 
160 mg/dL for LDL-C (Grundy et al. 2019).

On the other hand, the National Lipid Association (NLA) introduced apoB goals: 
<80  mg/dL for high-risk patients and <90  mg/dL for primary prevention. 
Additionally, the NLA expert guidance suggests that an apoB level of 110 mg/dL 
corresponds approximately to an LDL-C level of 130 mg/dL (Jacobson et al. 2014). 
The American Association of Clinical Endocrinologists (AACE) recommended 
slightly higher apoB goals for therapy: <90 mg/dL for patients at high risk, <80 mg/
dL for patients at very high risk, and <70 mg/dL for patients at extreme risk (Jellinger 
et al. 2017).
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The European Society of Cardiology and the European Atherosclerosis Society 
(ESC/EAS) guidelines proposed apoB targets for very high- and high-risk patients 
of <65 and <80 mg/dL, respectively (Mach et al. 2020). Of note, these apoB goals 
are higher than their population equivalent levels of LDL-C. For instance, the rec-
ommended apoB goal for high-risk patients corresponds to ~25th percentile of the 
population, whereas an LDL-C of 70 mg/dL corresponds to seventh to ninth percen-
tiles (Sathiyakumar et al. 2018) for which apoB targets may need to be readjusted 
to, for instance, the population equivalent level for LDL-C (Langlois et al. 2020). 
For further reference, percentiles of LDL-C, non-HDL-C, and apoB estimated from 
NHANES 2015–2016 are shown in Table 18.1.

As apoB is progressively incorporated into worldwide guidelines, it is still not a 
part of routine clinical practice. A cost-analysis study suggested that using apoB in 
patients’ care would only produce a trivial increase in the cost of care (Kohli-Lynch 
et al. 2020). However, the main limitations for its widespread implementation are 
lack of clinician familiarity, lack of randomized trial evidence, and concern that 
measurement has not been adequately standardized to date.

 Apolipoprotein B Measurement

To date, a key barrier to increasing the utilization of apoB is the lack of standardized 
methods (Contois and Delatour 2018). A recent study from MESA showed a signifi-
cant discordance in three apoB assay results at apoB >100 mg/dL (Cao et al. 2018). 
Another study showed that measurement across ten laboratories were not equivalent 
for assays of non-HDL particles and apoB100, and suggested that liquid chroma-
tography–mass spectrometry/mass spectrometry may be the most accurate method 
(Delatour et al. 2018).

Although currently there is no apoB reference method, clinical laboratories typi-
cally measure apoB using an immunonephelometry assay (INA), which is based on 
light scattering measurements following apoB antigen–antibody complex forma-
tion. However, given that all apoB-containing lipoproteins have different sizes and 
compositions, INA results may not be highly accurate because apoB antigenic sites 
may be masked on larger particles.

Due to these reasons, accuracy and improved between-method comparability 
require standardized calibration and result traceability to the International System 
of Units. In the 1990s, the International Federation for Clinical Chemistry (IFCC) 

Table 18.1 Estimated percentiles of LDL-C, non-HDL-C, and apoB from NHANES 2015–2016

Percentiles
5th 10th 25th 50th 75th 90th 95th

LDL-C (mg/dL) 59 67 83 106 132 156 172
Non-HDL-C (mg/dL) 72 81 100 126 155 186 206
ApoB (mg/dL) 54 60 72 88 106 126 138
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and the World Heart Organization (WHO) developed a reference material aiming to 
standardize and harmonize apoB measurements. A working group of the IFCC, 
Apolipoprotein Standardization by Mass Spectrometry is addressing this issue 
(International Federation for Clinical Chemistry (IFCC) 2017).

 Conclusions

We reviewed the metabolism of apoB-containing lipoproteins, supporting evidence 
for their role in cardiovascular risk prediction, and the current guideline’s recom-
mendations for use and implementation of apoB in clinical care. Atherogenic lipo-
protein particle concentration – represented apoB – has a central role in atherogenesis. 
Epidemiological studies and lipid-lowering trials have shown that cardiovascular 
risk tracks with apoB, and it may provide additional risk information when discor-
dant with LDL-C and non-HDL-C. ApoB also may aid in diagnostic assessment of 
dyslipidemic phenotypes when used along with triglycerides and total cholesterol. 
While apoB has been incorporated in various recommendations/guidelines of pro-
fessional societies, views on clinically meaningful cutpoints differ considerably. 
Expanding apoB’s role in the primary prevention of cardiovascular disease will 
require increased clinician familiarity and appreciation of the value that apoB can 
add beyond the standard lipid profile and improved standardization of 
measurement.
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Chapter 19
Social Determinants of Cardiovascular 
Health

Melvin R. Echols, Rachel M. Bond, and Keith C. Ferdinand

 Introduction

Cardiovascular disease (CVD) is the leading cause of death worldwide and is 
expected to cause over 22 million deaths by 2030 (Virani et al. 2020). Although 
CVD mortality has significantly declined over several decades in the United States, 
the burden remains high and may even increase in the future, partly due to increas-
ing burden of uncontrolled hypertension, overweight/obesity, physical inactivity, 
and type 2 diabetes (T2D) over recent decades. There are several social and environ-
mental circumstances that influence mortality and outcomes related to the progres-
sion of CVD. Thus, understanding the relationship between social determinants of 
health (SDoH) and CVD is crucial in developing measures to manage and prevent 
adverse outcomes (Brondolo et al. 2011a; Reshetnyak et al. 2020; Moen et al. 2020; 
Suglia et al. 2020; Promotion. OoDPaH 2020; Pinheiro et al. 2020) (Fig. 19.1). The 
predominance of data documents essential relationships between the adverse effects 
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of lower socioeconomic status on CVD in the United States and other high-income 
countries (HICs) (Schultz et al. 2018). Recent data also emphasize more novel vari-
ables of the SDoH that afford a greater understanding of lesser-known predictors of 
CVD outcomes (Milner and Franz 2020; Serchen et  al. 2020; Churchwell et  al. 
2020). More recent research suggests that society’s behavioral effects, such as struc-
tural or systemic racism, may also play a crucial role in SDoH-related CVD out-
comes. The purpose of this chapter is to summarize the current knowledge of SDoH 
concerning CVD health and suggest an understanding of how these factors impact 
the management of CVD, strategies for prevention, and future research directions.

 Definitions of Social Determinants of Health

The World Health Organization (WHO) has defined SDoH as the circumstances in 
which people are born, grow, live, work, and age (WHO 2020). Economic influ-
ences, power, and other resources determine many of these circumstances on a local 
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and global level. The 2015 American Heart Association (AHA) Scientific Statement 
denotes that socioeconomic position (SEP), which encompasses wealth and income, 
education, and employment/occupational status, is instrumental in affecting CVD 
outcomes (Havranek et al. 2015). Other factors such as race/ethnicity, social sup-
port, culture, access to medical care, and residential environments are also addi-
tional SDoH-related factors and are essential in the discussion of overall CVD 
health. The components of SDoH are not mutually exclusive factors, but rather 
interrelated based on local/global resources and distribution availability. 
Furthermore, measures of SDoH are likely multidimensional and require models 
that adequately reflect the complex relationships.

The Vulnerable Populations model of SDoH, developed by Flaskerud in 1998, 
was a concept linking resource availability, health status, and relative risk to disease 
outcomes (Flaskerud and Winslow 1998). The relationship between resource avail-
ability and relative risk was described as inversely proportional to one another, sug-
gesting the lack of resources increased the relative risk for the disease outcomes of 
interest. Thus, the socioeconomic factors of resource availability heavily influence 
the avoidable risk of a population. The relationship of relative risk and health status 
is also an inverse proportion, suggesting that the increased exposure to risk will 
decrease a population’s health and increase the mortality and morbidity of the 
related disease state. The final relationship of health status and resource availability 
suggests that the burden of mortality and morbidity of a disease within a community 
will likely inhibit the societal population’s potential efforts to secure resources. This 
concept reflects in the ability, or lack thereof, of racial/ethnic minority populations 
to secure human capital. For example, the national poverty rates according to 2019 
Census data are highest for Hispanics and blacks, with blacks also suffering from 
the highest rates of CVD mortality (Semaga et  al. 2020). The markers of SEP 
include race and ethnicity, wealth and income, education, employment/occupational 
status, social connections, political voice, environment, and physical insecurity 
(Havranek et  al. 2015). However, the importance of socioeconomic status (SES) 
often differs between race and ethnicity, culture, and/or location. Individual markers 
of SEP and production systems within the economy often determine the ability to 
define a population’s SES. The measures of education, income, and occupation are 
well studied in their relationship to CVD. Moreover, the other areas such as race and 
ethnicity, political voice, and social connections may have key similarities that may 
contribute to racism, defined as the deliberate preferential treatment of one race or 
ethnicity over another. To an extent, this chapter will also explore the evidence of 
racism as a SDoH and how structural inequities contribute to CVD.

 Socioeconomic Status and Cardiovascular Disease

Although many socioeconomic factors may associate with CVD outcomes, there 
are four markers of SEP/SES that have most consistently demonstrated associations 
with CVD in HICs: education, income, employment status, and environmental 
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factors. Although low- and middle-income countries (LMICs) have the highest 
global burden of CVD, the associations between SES are described with limitations 
and contain conflicting data (Schultz et al. 2018). This chapter, therefore, reviews 
and analyzes the data primarily from the United States and other HICs. Although 
the SDoH may impact CVD globally regardless of specific regions, in order to bet-
ter understand the relationship of various CVD risk factors, the text will focus on 
HICs with reasonably similar environmental conditions.

 Education

Educational attainment has an inverse relationship with CVD in HICs. Recent data 
from the United States suggest that educational attainment is associated with lower 
CVD risk, regardless of other SES markers. A large study by Kubota et al. in 2017 
analyzed the associations of educational attainment with CVD in the Atherosclerosis 
Risk in Communities (ARIC) study (Kubota et al. 2017). In this study of 13,948 
white and black individuals, aged 45 to 64 at baseline, the authors found a signifi-
cant association with a higher lifetime risk for CVD between those individuals com-
pleting as compared to not completing high school. Specifically lifetime risk of 
CVD for men were 59.0% (95% CI, 54.0–64.1%) for grade school vs. 50.9% (95% 
CI, 47.3–53.9%) for high school graduation. Moreover, lifetime risk of CVD for 
women were 50.8% (95% CI, 45.7–55.8%) for grade school vs. 36.3% (95% CI, 
33.4–39.1%) for high school graduation. Educational attainment was inversely 
associated with CVD, even within family income, income change, occupation, or 
parental educational level (Kubota et al. 2017).

Other studies have related educational attainment to important physiological 
CVD risk factors, such as hypertension (HTN), type 2 diabetes (DM), and obesity 
(Reshetnyak et al. 2020; Barnason et al. 2017; Dégano et al. 2017; Kershaw et al. 
2013). Degano and colleagues analyzed data from the REgistre GIroni del COR, 
Catalan for Girona Heart Registry (REGICOR) study evaluating the effects of edu-
cational attainment with CVD incidence in a population cohort of 11,158 individu-
als (Dégano et al. 2017). Participants with a university degree had a 49% lower risk 
of CVD events over the study duration than participants with primary or lower edu-
cation (HR 0.51, 95% CI, 0.30–0.85). The association between educational level 
and CVD was mediated by HTN, DM, and body mass index (BMI), which com-
prised approximately 26% of the association. Moreover, HTN was the most promi-
nent mediator of the three risk factors (Dégano et al. 2017). The findings of these 
and other studies suggest educational attainment may adversely affect health 
through interrelated associations of health literacy and individual insight into the 
management of significant CVD risk factors.

The level of educational attainment a person achieves may be heavily correlated 
to health literacy, as individuals with low health literacy may not connect the rea-
soning of risk factor management through medication adherence and lifestyle inter-
ventions. Other behavioral risk factors such as smoking and physical inactivity are 
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also likely related to elevated CVD risk in those with lower educational levels 
(Kershaw et al. 2013). Research designed to improve health literacy in a low SES 
population may significantly reveal best practices to unlock the power of preventive 
efforts. Nevertheless, further investigations are required to understand how educa-
tional attainment specifically relates with biological risk factors.

 Income Level

The current peer-reviewed literature well delineates the inverse association of 
income level with CVD.  Compared with lower-income neighborhoods, higher- 
income groups reportedly have lower stress levels, lower rates of obesity, and fewer 
comorbidities (White-Williams et al. 2020). In 2016, Mosquera and colleagues ana-
lyzed data from a large Swedish cohort of 44,039 individuals followed for two 
decades, which recorded the first time to hospitalization for CVD events and aver-
aged earned income (Mosquera et al. 2016). Although education and employment 
status played more dominant roles in explaining the inequalities related to health in 
the early observations, the role of stable income and age became more dominant in 
CVD events as the cohort matured. This study displayed the dynamic role of spe-
cific SEP markers and will require further investigations to determine how these 
markers’ penetrance changes over time.

Although many studies display the significance of income inequality related to 
CVD, few data address interventions to change these findings. In a recent US study 
published in 2019 of low- and moderately low-income participants, Zhang and col-
leagues demonstrated that the expansion of federal funding may be useful in provid-
ing more health care access and management for chronic conditions (Zhang et al. 
2019). In a nationally representative sample of 2866 nonpregnant hypertensive indi-
viduals aged 18 to 64 years with income up to 138% of the federal poverty level 
(FPL), both low- and moderately low-income groups, newly eligible for Medicaid, 
were associated with higher health care services use ($13,085 compared with $7582 
without Medicaid) (Zhang et  al. 2019). These data suggest that federal funding 
interventions in low-income populations can support the management of chronic 
CVD conditions and possibly decrease adverse events downstream.

 Employment Status

Although the data are robust on the relationship between income and CVD, the rela-
tionship between employment status or employment type is less well defined. Data 
analyzed from the National Health and Nutrition Examination Survey (NHANES) of 
6928 workers aged 20 years or older from 40 occupational groups reported protective 
service workers ranked among the lowest in awareness (50.6%), treatment (79.3%), 
and control (47.7%) of HTN management compared with executive/administrative/
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managerial workers (Davila et al. 2012). In 2020, Mendy and colleagues analyzed 
combined 2013, 2015, and 2017 data from the Mississippi Behavioral Risk Factor 
Surveillance System for 6965 workers in ten Standard Occupational Classification 
System significant groups (Mendy et al. 2020). The study revealed that the preva-
lence of HTN was 31.4%, with a higher likelihood of HTN seen among workers aged 
30–44  years, 45–64  years, blacks, and those classified as overweight and obese 
workers compared to their counterparts. The likelihood of having HTN among work-
ers in the fields of installation, repair, maintenance (APR, 1.26; 95% CI, 1.03–1.55) 
and production (APR 1.33; 95% CI, 1.11–1.58) was higher when these workers were 
compared with workers in all other occupational groups (Mendy et al. 2020). The 
findings of this study continue to emphasize the need for innovative community-
based or linked programs that may reduce the risk of HTN in targeted workers.

Some data suggest that diet may also play a crucial role CVD development of 
working individuals. Bortkiewicz et al. evaluated the differences in 243 occupation-
ally active men admitted for an indexed myocardial infarction (MI) in Poland with 
a reference group of 473 men of various occupations without hospitalization for MI 
over 1 year. The MI patients reported significantly less fruit consumption, raw veg-
etables, cheese, vegetable oils, and fish. The consumption of salty (p = 0.0226) or 
fatty (p < 0.0001) foods was significantly higher in the workers who suffered MI 
during the observation period. After adjusting for age, education, and the type of 
work, the daily consumption of fish, salads, cooked vegetables, fruit, and vegetable 
oils, significantly reduced the risk of MI (Bortkiewicz et al. 2019). Therefore, this 
study indicated the importance of prevention activities and proper dietary habits 
among working people. However, other studies in other HICs suggest an elevated 
risk in the employed office working individual, possibly related to a higher risk of 
physical inactivity (Okuda et al. 2019; Strauss et al. 2020). Although the data sug-
gest varying cardiovascular risk across the type of employment, prevention factors 
are likely beneficial for people of all occupations. Ideally, these prevention mea-
sures include proper dietary habits and physical activity and control of other risk 
factors such as HTN, hyperlipidemia, and smoking cessation.

In the United States, the differences between employment status and income in 
the form of federal assistance and their relationship to CVD events are also an 
understudied area that will require further investigations. Federally funded income 
in the form of unemployment assistance may not have the same inverse relationship 
with CVD as with employment income, possibly related to physical inactivity in 
those with federally funded income. Thus, the answer to this hypothesis may con-
tradict the findings of studies that suggest federal funding in the form of medical 
healthcare and access may reduce outcomes related to CVD (Zhang et al. 2019).

 Environment

Environmental factors, including neighborhood socioeconomic characteristics, are 
well-documented concerning CVD and mortality risk (Schultz et al. 2018; Powell- 
Wiley et al. 2013; Claudel et al. 2018; Mayne et al. 2018; Xiao et al. 2018; Andrews 
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et al. 2021). In a recent study, Xiao and colleagues examined the 10-year change in 
neighborhood socioeconomic deprivation with the mortality rate among 288,555 
participants aged 51–70 who enrolled in the National Institutes of Health-AARP 
Diet and Health Study in 1995–1996 (baseline) and did not move to another neigh-
borhood during the study (Xiao et al. 2018). Data for all-cause mortality, cardiovas-
cular disease, and cancer deaths were attained through linkage to the Social Security 
Administration Death Master File between 2000 and 2011. The study results sug-
gested that improvement in neighborhood socioeconomic status was associated 
with a lower mortality rate, while deterioration was associated with a higher mortal-
ity rate (Xiao et al. 2018).

Neighborhood safety, or the perception thereof, may also contribute to CVD risk. 
Mayne and colleagues recently evaluated longitudinal data from 528 participants of 
the Multi-Ethnic Study of Atherosclerosis (aged 45–84, normotensive at baseline) 
who lived in Chicago, Illinois. The investigators examined associations of changes 
in individual-level perceived safety, aggregated neighborhood-level perceived 
safety, and past-year rates of police-recorded crime in a 1, ½, or ¼ mile buffer per 
1000 population with changes in systolic and diastolic BPs using fixed-effects linear 
regression. A standard deviation increase in individual-level perceived safety was 
associated with a nonsignificant 1.54 mm Hg reduction in systolic BP overall (95% 
confidence interval [CI]: 0.25, 2.83), and with a 1.24 mm Hg reduction in diastolic 
BP among women only (95% CI: 0.37, 2.12) in adjusted models (Mayne et  al. 
2018). Thus, increased neighborhood-level safety was not associated with BP 
change. An increase in police-recorded crime was associated with a reduction in 
systolic and diastolic BPs among women only, but results were sensitive to the 
neighborhood buffer size. These results suggest that individual perception of neigh-
borhood safety may be particularly salient for systolic BP reduction relative to more 
objective neighborhood exposures (Mayne et al. 2018). As neighborhood variables 
can change with time, some studies suggest increased risk factors for CVD with 
other risk characteristics such as obesity, physical inactivity, and health care utiliza-
tion (Powell-Wiley et al. 2013; Powell-Wiley et al. 2017; Claudel et al. 2019; Ceasar 
et al. 2020).

 Race and Ethnicity, Structural Racism, and Social 
Determinants of Health

Although previous studies document the relationship between racial and ethnic dif-
ferences in CVD outcomes, the impact of racism toward CVD burden in specific 
groups is less clear. Yet, the association of race and racism with SDoH likely has 
devastating effects on CVD (Fig.  19.2). While studies have investigated links 
between certain CVD conditions and racial discrimination, the studies evaluating 
HTN-related outcomes suggest higher blood pressure and cardiovascular reactivity 
among those with significant self-reported racism experiences (Brondolo et  al. 
2011a; Havranek et al. 2015; Brondolo et al. 2008; Brondolo et al. 2011b; Greer 
et al. 2014). The data are less defined in the link between observed and objective 
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overt racism and CVD. More recently, the concept of lifetime discrimination among 
various racial and ethnic groups has revealed significant findings related to ambula-
tory blood pressure (ABP) and overall CVD risk. In a study from Beatty-Moody 
et al., the investigators evaluated the link between lifetime discrimination exposure 
and ambulatory blood pressure using Perceived Ethnic Discrimination Questionnaire- 
Community Version (PEDQ-CV). The study evaluated the ambulatory blood pres-
sure of 607 black (n  = 318) and Hispanic (n  = 289) adults after completing the 
PEDQ-CV. The participants were outfitted with an ABP monitor to assess systolic 
and diastolic blood pressure (SBP, DBP) across a 24-hr period. The statistical analy-
sis of mixed-level modeling examined potential interactive effects of lifetime dis-
crimination and age to 24-hr, daytime, and nighttime ABP after adjustment for 
demographic, socioeconomic, personality and life stress characteristics, and sub-
stance consumption covariates (e.g., smoking, alcohol). The study results were sig-
nificant between the interactions of age and lifetime discrimination on 24-hr and 
daytime DBP (p ≤ 0.04), as well as significant interactions for the assessments of 
the social exclusion component of lifetime discrimination (Beatty Moody et  al. 
2016). Thus, lifetime discrimination may impose a negative association with noc-
turnal blood pressure, not moderated by the effects of age.

Other studies suggest health inequalities and quality of life significantly correlate 
to racism exposure of individuals living in the United States (Milner and Franz 
2020; Bailey et al. 2017; Brondolo 2018; Molina et al. 2019). In a recent systematic 
review of 84 studies between 1984 and 2017, 86% of the reviewed studies demon-
strated a link between cardiovascular disease and socially stigmatized groups (Panza 
et al. 2019). Although most of these studies are cross-sectional, most stigmatization 
emphasized racial discrimination (79%) with various measurements assessing 
social discrimination and cardiovascular health. These data emphasize the need for 
further investigations to include more longitudinal assessments of racial and ethnic 
discrimination in CVD.  To this end, several health organizations are now 
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recognizing the detrimental effects of racism on the psychological, physical, and 
environmental conditions that increase CVD risk.

More recent data also suggest a greater burden of SDoH is associated with a 
graded increase in risk of incident coronary heart disease (CHD), particularly in 
blacks. Safford and colleagues analyzed data from the prospective longitudinal 
Reasons for Geographic and Racial Differences in Stroke cohort study, a national 
US population-based sample of community-dwelling black and white adults 
≥45 years of age from 2003 to 2007 (Safford et al. 2021). Seven of the SDoH sub-
domains from the five Health People 2020 domains included black race, social iso-
lation (Social and Community Context), educational attainment (Education), annual 
household income (Economic Stability), living in an area with high prevalence of 
poverty (Neighborhood and Built Environment), and no health insurance, living in 
an area with poor health infrastructure (Health and Healthcare) were associated 
with fatal incident CHD and MI. In individuals with fewer SDoH, there was signifi-
cantly less fatal incident CHD. Compared to those without SDoH, the adjusted risk 
was significantly higher among those with ≥3 SDoH factors (HR 1.67, 95% CI, 
1.18–2.37). Three or more SDoH were found in 84.5% of the black population, 
which comprised 42% of the entire cohort. These data provide hypothesis- provoking 
findings possibly related to structural racism that exists in relation to the presents of 
SDoH, particularly in blacks. However, further investigation is warranted to corre-
late these findings to other underrepresented populations.

The 2020 American College of Physicians scientific statement addresses some 
sources of institutional racism and harm through transparency and accountability 
measures in SDoH, which is the first of many steps required to begin correcting 
historical racial injustices (Serchen et al. 2020). Likely, other professional organiza-
tions may soon follow suit as public injustices related to racism and discrimination 
are highlighted over time. As recent as November 2020, the American Heart 
Association (AHA) published a call to action which emphasized structural racism 
as a fundamental driver of health disparities (Churchwell et al. 2020). This AHA 
report recognizes that the path forward will require a commitment to transforming 
the conditions of historically marginalized environments of racial and ethnic minor-
ities, which in part will target the improvement of housing quality, neighborhood 
environments, as well as advocating for policies that eliminate inequities of eco-
nomic opportunities, quality education, and health care (Churchwell et al. 2020).

 Age and Sex–Gender Relationships to Cardiovascular Health

 Age

At times, the extremes of age are most impacted by the conditions in the social and 
physical environments in which they are born, live, and work (Schultz et al. 2018; 
Havranek et al. 2015). Early milestones in life from childhood, adolescents, and 
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even young adulthood provide the physical, cognitive, and social-emotional founda-
tion for lifelong health, learning, and well-being. The history of exposure to adverse 
childhood experiences, including exposure to violence and maltreatment, is associ-
ated with health risk behaviors such as smoking, alcohol, drug use, and chronic 
health problems such as obesity, diabetes, and CVD (Suglia et  al. 2020). Black, 
Hispanic, and all children of lower SES have a higher prevalence of the more com-
mon CVD risk factors such as obesity, diabetes, and HTN (Goff Jr. et al. 2019). Age 
disparities also exist, beyond the obvious effects of physiology with aging, with the 
incidence of CVD, increasingly for those adults over the age of 65. For instance, 
older people may have more severe disease and may be prone to adverse effects of 
social isolation and other SDOH that would portend poor cardiovascular outcomes 
(Díez-Villanueva and Alfonso 2016). The availability of community-based resources 
is imperative, even in the United States, as two-thirds of Americans ≥65 years of 
age have low health literacy skills (Cuthbertson et al. 2018). Particularly for older 
adults, access or availability to other support services such as healthier food avail-
ability, transportation options for food, and medical care procurement can positively 
affect their health status. Studies have shown that increased social support levels are 
associated with a lower risk for chronic disease or mortality from CVD conditions 
(Havranek et al. 2015). However, frequently, little or no support is available to assist 
such vulnerable populations as the elderly, at least beyond the initial transition from 
a hospital or rehabilitation facility. This situation presents an obstacle for patients 
living with chronic conditions like CVD, suggesting the need for newer roles to sup-
port an aging population’s needs (Table 19.1).
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 Sex-Related Cardiovascular Health

Sex and gender are increasingly important determinants of health for women and 
men. Although aspects of sex will not vary substantially between different human 
societies, the aspects of gender may vary greatly; they both impact health outcomes, 
especially for chronic conditions (World Health Organization 2010). Multiple sex 
differences in disease prevalence, manifestation, and treatment response are rooted 
in the genetic differences between men and women (Mauvais-Jarvis et al. 2020). 
Women often have sex-specific risk factors for CVD, including adverse pregnancy 
outcomes, higher rates of rheumatic autoimmune disease, mental health disorders, 
and cancer therapies that may be cardiotoxic. However, more traditional cardiovas-
cular risk factors clearly define the strength of this association. For example, HTN, 
smoking, obesity, and T2D are associated with higher hazard ratios for MI in women 
than in men (Millett et al. 2018).

To the same point, ischemic heart disease (IHD) is the most recognized example 
of distinct disease outcomes based on sex. Men are more likely to be affected by 
obstructive coronary artery disease (CAD) of large vessels. In contrast, the more 
diffuse, nonobstructive, or microvascular disease has a higher prevalence in women 
(Bairey Merz et al. 2017). Compared with men, women suffering from IHD present 
at an older age, which historically relates to endogenous estrogens’ potential protec-
tive effects (Mehta et al. 2016). Furthermore, a meta-analysis looking at symptoms 
at presentation of acute MI demonstrated that both sexes most often presented with 
chest pain, but compared with men, women were more likely to present with the 
atypical pain symptoms between the shoulder blades, nausea or vomiting, and short-
ness of breath. Beyond the biological sex differences, gender roles, norms, and 
behavior influence how women, men, girls, and boys access health services and how 
health systems respond to their different needs. Gender inequality leads to health 
risks for women and girls globally and is clearly defined when it comes to CVD 
(Suglia et al. 2020).

Women suffering from IHD are underdiagnosed (Bugiardini et al. 2017; Dreyer 
et al. 2013), with gender bias appearing to be responsible for the absence of recogni-
tion of IHD in women with higher mortality rates. Women tend to suffer more from 
acute MI adverse effects when treated by male emergency medicine physicians 
(Greenwood et al. 2018). Other studies suggest both men and women with IHD who 
score high on feminine roles and personality traits are at an equally increased risk 
of recurrent ischemic heart disease, independent of female sex (Pelletier et al. 2016).

Studies also reveal that male physicians are more effective at treating female 
patients with acute MI when working with female colleagues and have experience 
in treating female patients (Mauvais-Jarvis et al. 2020). Therefore, diversifying the 
cardiology workforce may correct emergency recognition of ST-elevation myocar-
dial infarction in women and accelerate the use of percutaneous coronary interven-
tion or other reperfusion strategies (Roswell et al. 2017). Addressing these sex and 
gender roles may lead to a better understanding of how the social construction of 
identity and unbalanced power relations between men and women affect the risks, 
health-seeking behavior, and health outcomes of men and women in different groups.
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 Sexual Minority and Cardiovascular Disease

There is mounting evidence that sexual minorities such as lesbian, gay, bisexual, 
transgender, and queer or questioning (LGBTQ) adults experience more disparities 
across several cardiovascular risk factors than their cisgender (individuals with a gen-
der identity that matches their sex assigned at birth) heterosexual peers (Caceres et al. 
2020). These disparities are thought to be primarily driven by exposure to psychoso-
cial stressors across the life span. While the cardiovascular risks and outcomes on 
sexual and gender minority groups are an evolving research area with limited infor-
mation to date, a few risk factors stand out from existing data. For one, LGBTQ adults 
are more likely to report tobacco, alcohol, and substance use than their cisgender 
heterosexual peers, with lesbian and bisexual women reporting a higher prevalence of 
obesity (McCabe et al. 2019). A study found that transgender individuals taking gen-
der-affirming hormones had greater body satisfaction and was associated with higher 
physical activity (Jones et al. 2018). These data suggest that gender-affirming care 
might play a role in promoting physical activity among transgender people.

Although studies have identified an increased risk for venous thromboembolism 
among transgender women taking estrogen (Roswell et  al. 2017), data on other 
CVD outcomes and their causes are limited. Data are conflicting, with some data 
suggesting that changes in lipid profiles are related to the use of gender-affirming 
hormones. Systematic reviews demonstrate higher triglyceride levels in transgender 
women and men taking gender-affirming hormones, lower high-density lipopro-
teins and low-density lipoproteins in transgender men, while others demonstrate no 
change in lipid profiles (Connelly et  al. 2019; Maraka et  al. 2017). To the same 
point, when looking at blood pressure and glycemic control, there are studies more 
recently demonstrating a potential increase in both systolic and diastolic BP, along 
with greater risk for poorer glycemic control in transgender men and women on 
gender-affirming hormones (Roswell et al. 2017). Although evidence remains lim-
ited, and the data are generally inconsistent, this information highlights the crucial 
need for future investigation on CVD outcomes in these marginalized populations.

One consistent theme in the sexual and gender minorities is strong evidence link-
ing discrimination with poor cardiovascular health in racial and ethnic minorities 
(Maraka et al. 2017). With sexual minority women, interpersonal violence is associ-
ated with higher obesity, hypertension, and diabetes (Caceres et al. 2019). As such, 
discriminatory policies evaluating antidiscrimination laws and interpersonal dis-
crimination and intrapersonal stressors should be the focus, in part, of future SDoH 
research in the population.

 Social Support and Cardiovascular Disease

Social support, best defined as information leading the subject to believe that he/she 
is cared for, loved, esteemed, and a member of a network of mutual obligations 
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(Havranek et al. 2015) involves lively emotional exchange linked to better cardio-
vascular health outcomes. The concept of social networks overlaps with the concept 
of social support but differs in that it focuses on a group of individuals rather than a 
single individual. The best examples include churches and houses of worship, 
beauty salons or barbershops, and social media networks.

 Physical Networks

Environmental, behavioral, and psychosocial factors play a more significant role 
than genetics in the higher prevalence of CVD in particular patient populations. 
While at times challenging to implement, community-based interventions have 
been proven successful in increasing trust, engagement, and access to adequate care 
and self-management. Although classically, individuals might use members of their 
social networks for material assistance, such as for transportation, fulfilling obliga-
tions while hospitalized, or accessing health expertise, social networks also influ-
ence health through behavior.

Two prominent examples of community-based interventions using social net-
works came from two National Heart, Lung, and Blood Institute (NHLBI) projects. 
The first, Faith-based Approaches in the Treatment of Hypertension (FAITH) in 
Blacks study (Schoenthaler et al. 2018), was a church-based program in New York 
that randomized 32 Black churches to 1 of 2 church-based interventions with 
trained fellow parishioners or outside health experts. These interventions focused 
on behavioral changes. After the 6-month program, participants had a notable 
improvement in systolic blood pressure with their fellow parishioners compared to 
the outside health expert group. The second, the Los Angeles Barbershop Blood 
Pressure (LABBP) study (Victor et al. 2018), demonstrated successful BP control 
in a difficult-to-reach population. This study enrolled males who attended barber-
shops with a systolic blood pressure of 140 mm Hg or more and randomly assigned 
them to a pharmacist-led intervention site vs. collaboration and routine follow-up 
care with the participants’ primary care providers. Within the community, trusted 
barbers encouraged meetings with specialty-trained pharmacists who prescribed 
drug therapy under a collaborative practice agreement with the participants’ doc-
tors, compared with an active behavioral control approach in which barbers encour-
aged lifestyle modification and doctor appointments. This 6-month trial led to a 
stunning 21.6 mm Hg difference in SBP and an additional 14.9 mm Hg difference 
in DBP between the intervention and control groups, sustained for a year (Victor 
et al. 2018). Despite the notable differences in the trials, both significantly advanced 
the field of community-based interventions, leading to a better understanding of 
potentially successful intervention research. Ultimately, future community-based 
interventions of this nature may improve health outcomes, especially of the high-
est-risk populations through the use of trusted members of their community social 
network.
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 Social Media

As social media utilization and online social networking continue to increase, it is 
becoming apparent how vital access to mass media and emerging technologies such 
as cell phones, the internet, and social media can play a role in the SDOH. Internet 
use is not limited to the millennial generation, as many seniors participate in online 
activities, especially to access health information (Chen and Schulz 2016). A sys-
tematic review of over 98 publications on the use of social media found significant 
benefits when used in medicine such as increased meaningful interactions with col-
leagues; more available, tailored, and shared information; increased accessibility 
and widening access to health information; increased peer/emotional/social sup-
port; public health surveillance; and potential to influence healthcare policy 
(Moorhead et al. 2013). There are countless websites and apps dispensing health 
information, tracking nutrition and fitness, offering encouragement and inspiration, 
linking people to support one another, even providing real-time medical advice.

The rapidly expanding growth of social media presents opportunities for public 
health to increase the influence and impact on the social determinants of health and 
health equity (Cushman et al. 2020). Public health may increase awareness of CVD 
in the most-at-risk populations through online campaigns. These efforts, such as 
those shown with the AHA’s Go Red for Women Campaign using the #GoRed to 
change public perception, give investigators some direction on conducting outreach 
for chronic diseases more effective public health campaigns. The campaign has seen 
a notable increase in women’s social media posting about heart disease after the 
initial launch in 2004. However, unfortunately, a recent report released by the AHA 
in September 2020 demonstrated that heart disease, the leading cause of death for 
women, declined from 2009 to 2019, yet CVD mortality was not as strongly affected 
in Hispanic, non-Hispanic black, and younger women (Ndumbe-Eyoh and 
Mazzucco 2016). Therefore, an opportunity is available where social media’s efforts 
can be more potent by explicitly targeting these vulnerable populations, including 
those in low socioeconomic strata and lower health literacy, to improve health 
equity (Zwas 2018).

 Health Literacy

Education, the most used indicator of socioeconomic status (SES) in the United 
States, provides the most consistent data in CVD-related SDoH outcomes. 
Furthermore, although those with less than a high school education also tend to have 
lower health literacy (Berkman et al. 2011), health literacy remains an independent 
predictor of CVD outcomes as well. Health literacy is best defined by the US 
Department of Health and Human Services (HHS) as the degree to which individu-
als can obtain, process, and understand necessary health information needed to 
make appropriate health decisions (National action plan to improve health literacy 
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2010). Many factors may influence an individual’s health literacy, including living 
in poverty, education, race/ethnicity, age, and disability. For adults living below the 
poverty level, they are more likely to have lower health literacy than those living 
above it (Promotion. OoDPaH 2020). Specific characteristics influenced by poverty, 
including insurance status, may impact health literacy in that uninsured and publicly 
insured (e.g., Medicaid) individuals are at higher risk of having low health literacy. 
Individuals with low health literacy have higher medical costs, increased emergency 
room visits and hospital admissions, and decreased healthcare access.

Interventions that improve self-care behavior, risk factor control, or cardiovascu-
lar outcomes in low health literacy are generally lacking (Goff Jr. et  al. 2019). 
However, interventions are indicated for the most at-risk groups where the most 
significant health literacy disparities occur among racial and ethnic minority groups 
from different cultural backgrounds and those who do not speak English as a first 
language.

 Culture and Language

Linguistic and cultural differences contribute to poorer cardiovascular health, most 
notably in the most marginalized groups. People with limited English proficiency 
are twice as likely as individuals without to report low health status. One study 
found that 74% of Spanish-speaking patients have less-than-adequate health liter-
acy versus 7% of English-speaking patients (National action plan to improve health 
literacy 2010). Culture, perhaps best described as a system of beliefs and behaviors 
characteristic of a definable group that transmits without biological inheritance, 
may also impact communication between patients and providers and affect a 
patient’s ability to understand or follow a clinician’s instructions (Havranek 
et al. 2015).

To counteract this, the US Department of HHS has published a revised version of 
its National Standards for Culturally and Linguistically Appropriate Services in 
Health and Health Care (US Department of Health and Human Services OoMH 
2013). Of these revised standards, healthcare providers must inform and offer lan-
guage assistance options to individuals who have limited English proficiency or 
other communication needs, at no cost to the patient, to facilitate timely access to all 
healthcare and services.

Other ways to counteract language barriers at the community level involve train-
ing laypeople who are members of the target population with similar cultural and 
linguistic practices to prevent and control CVD (Brownstein et al. 2005). Community 
health workers have contributed to significant improvements in community mem-
bers’ access to and continuity of care and adherence to treatment to control hyper-
tension, as documented with the NHBLI studies FAITH (Caceres et al. 2019) and 
LABBP (Schoenthaler et al. 2018). These community health workers assume mul-
tiple roles, including educating patients and communities, counseling patients, 
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monitoring patient health status, linking people with health and social services, and 
enhancing provider–patient communication, trust, and adherence to care.

 Access to Care

Healthy People 2020 and the Institute of Medicine define access to health services 
as the timely use of personal health services to achieve the best possible health out-
comes (Press 1993). Access to care is a complex concept that incorporates five char-
acteristics or dimensions: approachability, acceptability, availability and 
accommodation, affordability, and appropriateness (Havranek et al. 2015). These 
concepts can lead to disparities in access and delays in cardiovascular care.

 Approachability

Approachability captures one’s ability to identify the existence of healthcare ser-
vices and the potential health impact of service use; it places that responsibility on 
the patient to utilize this health, and many times, preventive services by being trans-
parent and educating them on the importance of screening and follow-up (Havranek 
et al. 2015).

 Availability, Accommodation, Affordability, Acceptability

Availability and accommodation involve the existence of healthcare services that 
are physically available and convenient to one’s geographic location, flexible hours 
of opening, availability, and timing of appointments. For example, a study analyz-
ing the cardiology workforce found an uneven geographic distribution of cardiolo-
gists, with many rural regions having poor local access.

Affordability represents an individual’s economic capacity to spend resources 
and time on healthcare— direct, indirect, and opportunity costs (Levesque et  al. 
2013). Apart from this, affordability relates to access and healthcare quality. Public 
health insurance plans such as Medicaid with low reimbursement may exacerbate 
disparities as some clinicians do not favor seeing such patients (Havranek et  al. 
2015). However, clinicians have also voiced a bias, implicit or explicit, toward such 
patients identifying them as more likely to miss appointments and be less adherent 
with treatment (Press 1993). Although universal healthcare is one solution to target-
ing SDoH and poor CV outcomes, it is probably not sufficient on its own.

Up-front costs often deter high-risk, vulnerable patients from initially filling nec-
essary prescriptions, especially when dealing with chronic medical conditions like 
cardiovascular disease, specifically congestive heart failure. Some cost-sharing 
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programs have reduced out-of-pocket costs, but reduced costs have had little impact 
on long-term access to medications (White-Williams et al. 2020). Social workers/
case managers can evaluate patient eligibility for different programs to make a pre-
scribed regimen affordable. Acceptability involves cultural and social factors shap-
ing an individual’s perception of the various aspects of services and appropriateness 
of care services (Brownstein et  al. 2005). One important example in the current 
political climate is Hispanic undocumented immigrants who may be more fearful of 
using health services due to their immigration status, possible language barrier, and 
fear of perceived racial bias. These challenges are multifaceted and will require 
improved provisions of insurance coverage and a better distribution of services. 
These challenges will continue to depend on the value placed on appropriate health-
care for society in light of ever-changing political, economic, and cultural 
adaptations.

 COVID-19, Social Determinants of Health, 
and Cardiovascular Disease

The Coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) has had a profound, but unfortunately disparate 
effect on hospitalization, mortality and economic distress in the United States. Among 
necessary interventions to overcome this pandemic, especially in HIC, the growth 
policies which focus on telemedicine may help control CVD risk, even in areas where 
the population density does not support specialists (Aneja et al. 2011), something par-
ticularly more feasible in the days of the novel pandemic. Other interventions included 
targeted culturally sensitive, literacy-level appropriate education of continued social 
distancing, wearing masks, and hand washing to minimize exposure (Ferdinand and 
Nasser 2020), and now effective vaccinations. Although the long-term effects of 
COVID-19 on the complex relationship of SDoH and CVD are yet undefined, it is 
likely the pandemic will continue to affect this relationship for decades to come.

 Summary

The associations of SDoH and CVD are complex and continue to evolve in relation 
to ongoing investigations. There are well-delineated data for various areas of focus, 
yet more research is warranted for others in order to fully establish the role of con-
temporary findings. Although descriptive findings are essential to understand the 
relationship between SDoH and CVD, further study of innovative interventions are 
likely to become the focus of future investigations. As this chapter focused primar-
ily on HICs, work to further define the SDoH–CVD relation in LMICs will likely 
provide insight into the goals of care for all populations.
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Chapter 20
Stress and Cardiovascular Disease

B. S. Rishab Revankar, Koushik R. Reddy, and Kavitha M. Chinnaiyan

 Introduction

Cardiovascular disease (CVD) is the leading global cause of death. As of 2019, it 
accounts for over 17.8 million deaths per year, which is approximately 20% higher 
than in 2007 (Virani et al. 2021). Furthermore, the burden of risk factors for CVD 
continues to remain alarmingly high. While there are ample data on common risk 
factors such as diabetes, hypertension, smoking, and others, the increase in global 
CVD mortality suggests that novel risk factors and targets for intervention need to 
be identified. There is growing evidence to suggest that psychosocial stress is sig-
nificantly associated with CVD. A number of studies have demonstrated the role of 
stress in both the progression of CVD and the precipitation of acute CVD events.

However, psychosocial stress is complex and heterogeneous, arising from inter-
personal relationships, previous trauma, financial constraints, employment-related 
issues, politics, and discrimination based on race, and gender and other perceived 
disparities (Fig. 20.1) (Hatch and Dohrenwend 2007; Sternthal et al. 2011).

Even though the association between psychosocial stress and CVD is being 
increasingly recognized, there continues to be a lack of its adoption in clinical prac-
tice as well as development of effective and scalable interventions.
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 The Effect of Stress on Heart Disease

In general, there is greater evidence for acute mental stress as a trigger for CVD 
events, including angina, acute myocardial infarction, arrhythmias, and sudden car-
diac death (Smyth et al. 2017; Smeijers et al. 2017; Mostofsky et al. 2014; Dimsdale 
2008). On the other hand, data for stress as a risk factor for developing CVD or 
influencing outcomes are less robust and gradually increasing.

The INTERHEART Study was a large case-control study that examined 11,119 
patients with a first myocardial infarction to 13,648 age- and sex-matched controls 
in 52 countries (Rosengren et  al. 2004). Compared to controls, individuals who 
sustained a myocardial infarction had a higher prevalence of stress at work, at home, 
financial stress, and major life events within the preceding year. Individuals who 
sustained a myocardial infarction reported a higher prevalence of all four stressors 
compared to controls in the preceding year (p < 0.001). Psychosocial stress carried 
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an odds ratio of 3.49 (99% CI 2.41–5.04) in women and 2.58 (95% CI 2.11–3.14) 
in men after adjustment for age, sex, and geographic region. In the presence of 
multiple risk factors such as active smoking status, hypertension, diabetes, ApoB/
ApoA1 ratio, and abdominal obesity, the addition of psychosocial stress was associ-
ated with an odds ratio of 182.9 (99% CI 132.6–252.2) for an acute myocardial 
infarction (Fig. 20.2) (Yusuf et al. 2004).

In the Swedish National Patient Registry with a long-term follow-up of 27 years 
in 136,637 individuals, the hazard ratio for any cardiovascular disease was 1.64 
(95% CI 1.45–1.84) during the first year after the diagnosis of a stress-related con-
dition (Song et al. 2019).

In patients with stable coronary heart disease, persistent moderate or greater 
psychological stress is associated with significantly higher cardiovascular (HR 
3.94, 95% CI 2.05–7.56, p  <  0.001) and all-cause mortality (HR 2.85, 95% CI 
1.74–4.66, p < 0.001) (Stewart et al. 2017). Mental stress-induced myocardial isch-
emia is associated with a doubling of the risk of total mortality (Wei et al. 2014). 
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Fig. 20.2 Risk of acute myocardial infarction associated with exposure to multiple risk factors in 
the Interheart Study. (Reproduced with permission (Yusuf et al. 2004)). Smk smoking, DM diabe-
tes mellitus, HTN hypertension, Obes abdominal obesity, PS psychosocial, RF risk factors. Note 
the doubling scale on the y axis. The odds ratios are based on current never smoking, top vs. lowest 
tertile for abdominal obesity, and top vs. lowest quintile for ApoB/ApoA1. If these three are sub-
stituted by current and former smoking, top two tertiles for abdominal obesity and top four quin-
tiles for ApoB/ApoA1, then the odds ratio for the combined risk factor is 129·20 (99% CI 
90·24–184·99)
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Increasing levels and types of stress appear to contribute to worse CVD outcomes. 
In chronic coronary syndromes, a history of depression is associated with a twofold 
higher rate of mortality, higher major adverse cardiac events, and worse quality of 
life (De Luca et al. 2021).

Among cardiovascular disorders, the role of psychological stress appears to be 
more prominent in its association with arrhythmias such as atrial fibrillation and 
ventricular tachyarrhythmias. Atrial fibrillation is associated with negative emo-
tions such as anxiety, anger, stress, and sadness (Lampert et  al. 2014), whereas 
decreased anxiety and depression scores may be associated with a diminished AF 
burden in patients undergoing yoga training (Lakkireddy et al. 2013). Arrhythmias, 
including atrial fibrillation, supraventricular tachycardia, and nonsustained ventric-
ular tachycardia, were significantly associated with stressful events such as the US 
Presidential Elections (Rosman et al. 2021).

In patients with implantable cardioverter-defibrillators, ventricular tachyarrhyth-
mias are found to be significantly increased after terrorist attacks (Steinberg et al. 
2004). Ventricular arrhythmias are associated with emotional distress and other 
events that increase the sympathetic tone, with an increase in sudden death related 
to watching stressful sporting matches (Katz et al. 2006).

In patients with heart failure, high perceived stress and anger were associated 
with poorer functional status (Endrighi et al. 2019). More than half of the patients 
presenting with stress cardiomyopathy have neurologic and psychiatric disorders 
compared to those with acute coronary syndromes (Templin et al. 2015). While no 
large-scale data are available on the correlation between psychosocial factors and 
heart failure, there appears to be a bidirectional association with depression. 
Individuals with depression had a significantly higher risk of developing new-onset 
heart failure (HR 2.08, 95% CI 1.89–2.28) and those with heart failure had an 
increased risk for new-onset depression (HR 1.34, CI 1.17–1.54) (Bobo et al. 2020).

Additionally, stress has indirect effects on CVD through the adoption of unfavor-
able lifestyles, lower self-care with delays in seeking care for symptoms of acute 
cardiac events, reduced compliance with medications, lower likelihood of adher-
ence to favorable lifestyle changes, and successful participation in cardiac rehabili-
tation (Kivimäki and Steptoe 2018; Chinnaiyan 2019). Work stress is associated 
with greater physical inactivity and smoking (Griep et al. 2015), and in the British 
Whitehall II study, individuals with long-term stress were less likely to adhere to a 
healthy diet (Chandola et al. 2008).

Mental illness is also significantly associated with cardiovascular disease (De 
Hert et al. 2018). Schizophrenia, bipolar disorder, major depressive disorder, anxi-
ety, persistent or intense stress, or post-traumatic stress disorders (PTSD) are inde-
pendently associated with an increased risk for CVD. Conversely, these conditions 
are common in patients with CVD and may contribute to an increased risk of mor-
bidity and mortality. Nearly 20% of patients with acute coronary syndromes have 
an associated acute stress disorder, which can evolve into post-traumatic stress dis-
order (Ginzburg et al. 2003; Edmondson et al. 2012).

Disorders such as anxiety and depression present an increased risk for CVD risk 
factors such as hypertension as well as higher cardiovascular disease mortality than 
hypertension alone (Ho et al. 2015). Additionally, mental disorders in conjunction 

B. S. Rishab Revankar et al.



417

with hypertension result in increased healthcare resource utilization with a para-
doxical contribution to more rapid blood pressure control. Moreover, depressive 
symptoms are associated with reduced cardiac output, cardiac index, stroke vol-
ume, and stroke volume index even after controlling for all associated factors 
(Vargas et  al. 2021). Mental disorders have significant implications on return to 
work and quality of life. In one large systematic review, patients were more likely 
to return to work after myocardial infarction when they evaluated their general and 
mental health highly and had fewer mental health issues (Sun et al. 2021).

An important area of consideration is that of the cardiovascular implications of 
psychosocial stress resulting from chronic illness. In one study of 3267 adult survi-
vors of childhood cancer, stress and distress were associated with hypertension, 
new-onset dysrhythmia, and metabolic syndrome independent of known cardiovas-
cular risk factors (Lubas et al. 2021).

 COVID-19 Pandemic, Isolation, Stress, and CVD

The COVID-19 pandemic has had many implications on CVD and CVD risk. 
Significantly worse cardiovascular risk factor control and outcomes have been asso-
ciated with a combined effect of two phenomena (Lau and McAlister 2021). For 
one, more patients defer routine risk factor management as a result of a shift from 
in-person office visits. Second, the unprecedented curtailment of social and eco-
nomic interaction has led to income loss, unemployment, social isolation, decreased 
physical activity, as well as increased frequency of depression and anxiety.

The pandemic in turn is associated with worsening of mental health in patients 
with CVD (Lim et al. 2020). Additionally, a significant increase in the incidence 
of Takotsubo syndrome or stress cardiomyopathy has been noted during the pan-
demic. In one systematic review, a 4.5-fold increase in the incidence of Takotsubo 
syndrome was noted during the COVID-19 pandemic even in individuals with-
out severe acute respiratory syndrome coronavirus 2 infections (O’Keefe 
et al. 2020).

Long before the COVID-19 pandemic, increasing numbers of American elders 
were experiencing loneliness and social isolation (National Academies of Sciences 
E, Medicine 2020). Currently, 43% of US seniors are reporting feeling lonely 
(Cudjoe et al. 2020). Some US federal agencies have equated this to the risk imposed 
by smoking 15 cigarettes per day (HRSA.gov n.d.). In addition, social isolation 
increases the risk of mortality by 45% (Holt-Lunstad and Smith 2016). In a meta- 
analysis of 148 studies that included 308,849 participants, it was shown that the 
likelihood of survival goes up by 50% among individuals with strong social connec-
tions (Holt-Lunstad et al. 2010). In a recent analysis of the English Longitudinal 
Study of Ageing, it was shown that the highest levels of loneliness and social isola-
tion were associated with a 30% increased risk of a new diagnosis of CVD and a 
48% increased risk of CVD-related hospitalizations (Bu et al. 2020). Based on these 
and many other observations, screening for social isolation should be an integral 
part of the cardiovascular evaluation.
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 Pathophysiology of Stress and Resilience

The acute stress response is characterized by rapid activation of the sympathetic 
nervous system response. This includes the release of adrenaline and noradrenaline 
with a direct cardiostimulatory effect via β 1-adrenergic receptors, pressor effects 
via α1-adrenergic receptors, stimulation of the pro-inflammatory cascade via release 
of IL-6, promotion of insulin resistance, and lipolysis. The hypothalamic–pituitary–
adrenal (HPA) axis is activated in response to the acute stressor, with the release of 
cortisol that increases blood glucose levels. The autonomic nervous system and the 
HPA axis also result in increased platelet activation, fibrinogen levels, and coagula-
tion factors (Kivimäki and Steptoe 2018). Circulating catecholamines stimulate an 
inflammatory response, particularly with exposure to repeated stress.

Chronic stress-related HPA axis and autonomic nervous system tone are associ-
ated with the acceleration of atherosclerosis as well as precipitation of acute CVD 
events (McEwen 1998). Emerging data demonstrate that there are sex differences in 
the biological stress response. In the REMIT (Responses of Mental Stress–Induced 
Myocardial Ischemia to Escitalopram) study among patients with stable ischemic 
heart disease, women had higher collagen-induced platelet aggregation in response 
to mental stress compared with men, who demonstrated changes in blood pressure 
and double product (Samad et al. 2014).

Tawakol et al. reported an inverse relationship between amygdalar activity and 
arterial inflammation and baseline income among 509 individuals followed over 
4 years (Tawakol et al. 2019), suggesting that the relationship between income (low 
SES) and MACE proceeds through a pathway that includes higher amygdalar activ-
ity, bone marrow activity, and arterial inflammation. Accordingly, low income was 
associated with increased subsequent major adverse cardiac events (HR 0.67 CI 
0.47–0.96, p = 0.029) presumably through the pathway of increased bone marrow 
activity.

The association of emotional states with heart disease and other chronic illnesses 
suggests that the underlying issue is one of low resilience. Resilience is defined as 
the ability to withstand or recover quickly from difficult conditions, or resistance to 
stress (Fletcher and Sarkar 2013). However, the adaptive mechanisms to stress 
depend on the stage of development (child or adult), specific socio-cultural influ-
ences, as well as the intensity of the external stressor. Some individuals are easily 
overwhelmed with day-to-day hassles, while some remain seemingly unscathed 
even in adversities such as war and terrorist attacks. Psychological resilience is 
known to play an important role in disease development as well as its prognosis. 
High resilience is associated with a slower progression of CVD and decreased 
inflammatory response related to stress (Arrebola-Moreno et al. 2014). Cultivating 
resilience as a primary and secondary prevention measure in CVD could be effec-
tive in promoting long-term health and wellness.

While resilience is commonly thought of as a personality trait, it can also be 
cultivated over time through various approaches, some of which are discussed 
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below. Major depressive disorders, PTSD, anxiety, and other stress-related condi-
tions are thought to be the negative manifestations of resilience (Liu et al. 2018a). 
Emerging data in the biology of psychological resilience demonstrate the relation-
ship between the medial prefrontal cortex and the hippocampus with the hypothala-
mus–pituitary–adrenal axis, and the roles of various neural pathways in the stress 
response (Liu et al. 2018b).

Numerous approaches have been used to improve psychological resilience, with 
nonuniform results. Psychological, behavioral, and pharmacological therapies can 
foster resilience. However, given the wide variability in the circumstances that lead 
to lack of resilience, the effect of any of these approaches in a given individual can 
differ. Further research is needed to understand the relationship between resilience, 
lifestyle choices that are associated with CVD, and resultant clinical outcomes 
(Fig. 20.3).
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Fig. 20.3 Potential mechanisms of stress and its mitigation. Stress has a bidirectional relationship 
with cardiovascular disease, mediated by the autonomic nervous system (ANS) and the hypotha-
lamic–pituitary–adrenal (HPA) axis resulting in an inflammatory cascade. Resilience through 
stress reduction may have implications for cardiovascular disease (CVD) outcomes
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 Stress Reduction and CVD Prevention

While CVD guidelines do not endorse the use of complementary and alternative 
medicine (CAM) therapies for secondary prevention, one study demonstrated that 
nearly one-third of patients report using a CAM modality for improving their qual-
ity of life after an acute MI. This list of modalities includes mind–body, biological, 
and manipulative therapies, although though no association was found between the 
different types of CAM and health status improvement (Katz et al. 2006).

Lack of uniformity is one of the most limiting factors in examining studies of 
stress reduction and their relationship with CVD prevention. Since psychosocial 
stress is multifaceted and largely subjective, it is particularly challenging to apply 
standard measures to reduce or manage it from the standpoint of improving cardio-
vascular health.

Not only are there data for numerous stress reduction strategies but also for spe-
cific situations and lifestyles. In general, a holistic approach that takes into account 
heart-healthy behaviors is associated with better CVD outcomes. One way of 
approaching stress reduction is to examine it from the standpoint of the various 
facets of life that contribute to stress or its alleviation (Fig. 20.4).
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Fig. 20.4 Strategies for stress reduction. Stress reduction requires an examination of strategies 
applied at the societal, interpersonal, and personal levels
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 Societal

Two potential strategies are required for reducing stress: strategies that are 
population- based, and narrower targeted strategies in clinical practice. Population- 
based strategies can be considered only when stress is recognized as a universal risk 
factor (Kivimäki and Steptoe 2018). The importance of policies to improve educa-
tion, job opportunities, basic amenities, social justice, and socioeconomic reform 
cannot be overstated.

Additionally, recognizing and managing stress must be regarded as a significant 
aspect of education. Managing stress begins in early childhood through the cultiva-
tion of a broad perspective, understanding differences, accepting otherness, culti-
vating tolerance, self-sufficiency and responsibility, early recognition, and treatment 
of mental disorders.

 Interpersonal

Considering the value of spousal support, the Healing Hearts Together (HHT) inter-
vention is an attachment-based relationship enhancement program that has been 
studied for couples in which one partner has CVD. It proved beneficial for patients’ 
and partners’ relationship quality, mental health, and QoL based on Dyadic 
Adjustment Scale (DAS), Couple Satisfaction Index (CSI), Hospital Anxiety and 
Depression Scale (HADS), and the SF-36 (QoL) (Tulloch et al. 2021).

Marital status has been shown to be an important indicator of cardiovascular 
outcomes, including emergency room readmissions, heart failure recurrence, and 
self-care (Senturk et al. 2021; Baptiste et al. 2021).

In clinical practice, it is commonly noted that patients with adequate familial 
support have a more positive outlook toward their own health, are motivated to 
engage in self-care, and are more compliant with medications and lifestyle 
prescriptions.

 Personal

 Education and Self-Care

Several studies have reported a regression in atherosclerotic disease with the use of 
a comprehensive mind–body program, where stress reduction through meditation is 
a significant component. Ornish et  al. reported that, among 48 patients with 
moderate- to-severe CAD, those who were randomized to an intensive lifestyle 
intervention program had significant plaque regression at 5 years compared to those 

20 Stress and Cardiovascular Disease



422

in the standard of care arm (Ornish et al. 1990). The intensive lifestyle intervention 
program included a vegetarian diet, aerobic exercise, stress management training 
through meditation, smoking cessation, and group psychosocial support. This com-
prehensive lifestyle program (The Ornish Program) has demonstrated an improve-
ment in symptoms, cardiac biomarkers, endothelial function and lower 
hospitalizations, costs and mortality, compared to standard of care.

Numerous studies have examined the usefulness of yoga in CVD. Yoga is a 
holistic ancient Eastern Indian practice that has evolved and expanded into sev-
eral medical applications over the last three decades. Several studies have evalu-
ated the positive effects of yoga on cardiovascular disease as well as risk factors 
for heart disease such as diabetes, hypertension, smoking, and sedentary lifestyle 
(Cramer et al. 2014; Desveaux et al. 2015; Yadav et al. 2015). Yoga is also shown 
to be associated with regression of atherosclerosis (Manchanda et  al. 2000; 
Yogendra et al. 2004). Additionally, by facilitating a sense of awareness in daily 
activities, mindfulness as well as meditation and pranayama may play important 
roles in risk factor modification as well as promoting overall health and 
well-being.

Yoga-based cardiac rehabilitation (CR) has been studied primarily in India with 
mixed results. Among patients undergoing coronary artery bypass grafting, 
Raghuram et al. (2014) demonstrated a significant improvement in left ventricular 
ejection fraction, body mass index, blood glucose, perceived stress, anxiety, and 
depression over a period of 1 year in a yoga-based CR program compared to con-
ventional CR. This yoga-based CR integrated the various limbs of traditional yoga. 
These constitute the eightfold path of moral or ethical injunctions (nonviolence, 
truth, nonstealing, celibacy, and nonclinging), virtues (purity, contentment, perse-
verance, self-reflection, and devotion), body postures, regulation of breath (known 
as pranayama), and meditation. At 5 years, there was a significant improvement in 
physical, mental and environmental health, perceived stress, and negative affect 
(Amaravathi et al. 2018).

Most recently, Prabhakaran et al. sought to evaluate the effects of yoga-based CR 
(Yoga-CaRe) on major cardiovascular events and self-rated health in a multicenter 
randomized controlled trial. The trial was conducted in 24 medical centers across 
India. This study recruited 3959 patients with acute myocardial infarction with a 
median and minimum follow-up of 22 and 6 months. Patients were individually 
randomized to receive either a Yoga-CaRe program (n = 1970) or enhanced stan-
dard care involving educational advice. Yoga-CaRe improved self-rated health and 
return to preinfarct activities after acute myocardial infarction, but the trial lacked 
statistical power to show a difference in MACE (Prabhakaran et al. 2020).

In general, an increase in vagal tone and reduction in autonomic fluctuation are 
thought to be the likely mechanisms of how yoga reduces arrhythmia burden, 
improves hemodynamic parameters (such as resting HR and BP), and reduces 
symptoms (Akella et al. 2020).

In one large study, 37 randomized controlled trials were included in a systematic 
review and 32 in a meta-analysis. Compared to nonexercise controls, yoga showed 
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significant improvement for body mass index, systolic and diastolic blood pressure, 
low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, and heart 
rate but not fasting blood glucose nor glycosylated hemoglobin (Chu et al. 2016).

Decreased anxiety and depression scores noted with a 6-month yoga training 
among patients with atrial fibrillation were associated with a decreased arrhythmic 
burden (Lakkireddy et al. 2013).

Although numerous small studies have demonstrated benefits of yoga in the pre-
vention and prognosis of CVD, the data are challenging to apply in large popula-
tions because of the diversity of practices and techniques included under the 
umbrella term of “yoga.”

Similarly, numerous studies of Tai Chi have demonstrated a prognostic benefit in 
CVD such as an improvement in mindfulness (Salmoirago-Blotcher et al. 2021).

 Resilience Cultivation

Numerous studies have demonstrated the benefits of meditation, with long-standing 
effects on neurophysiology and neuroanatomy (Levine et al. 2017). Meditation has 
been shown to be associated with neuroplasticity, with the development of novel 
neural circuits and alteration in the default mode network, which is thought to be 
responsible for the constant self-referencing rumination that is the hallmark of 
stressful states. Meditation is associated with lowered blood pressure, presumably 
related to lowered sympathetic activity and other autonomic nervous system-related 
activity resulting from neuroplasticity (Levine et al. 2017). A few small studies have 
demonstrated that meditation was more effective than group counseling for smok-
ing cessation. In one randomized controlled trial among African American patients 
with established CVD, Transcendental Meditation (TM) was associated with a 48% 
risk reduction in all-cause mortality at 5.4  years compared to the control group 
(Schneider et  al. 2012). While smaller nonrandomized studies demonstrated 
improved insulin sensitivity, endothelial function, and reversal of ischemia, data on 
the association between meditation and hard CVD end-points are lacking in large, 
randomized trials.

Many significant limitations must be acknowledged in the area of research on 
meditation. The first issue relates to the availability of a range of meditation tech-
niques that differ in their effect on various psychological, neurophysiological, and 
neuroanatomical parameters. The second is that most studies are conducted by 
researchers who may have a strong belief in certain techniques and are avid medita-
tors themselves, with inadvertent introduction of bias. The third limitation is that 
there appears to be a dose–response relationship with meditation, and the benefits 
are cumulative over the long term. Therefore, although it is a low-cost intervention, 
long-term adherence is better-aided through ongoing group support and concomi-
tant coaching in other lifestyle changes such as diet and exercise; the establishment 
of such structured programs can be resource-intensive.
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Chronic and unrelenting illness like CVD can result in a rearrangement of one’s 
thinking and refocus attention on the meaning of life, purpose, and relationship to 
self, family, and community (Chinnaiyan et al. 2021). Illness can and does prompt 
the mending of relationships and reprioritizing life to align with what one holds to 
be most important. This shift of perspective can have unquantifiable effects on com-
pliance, self-care, and indirectly on clinical outcomes.

There is a significant overlap in spiritual, religious, and meditative practices 
examined above. In the Nurses’ Health Study featuring 74,534 women participants, 
attending a religious service more than once per week was associated with 33% 
lower all-cause mortality compared with those who had never attended religious 
services (HR = 0.67, 95% CI 0.62–0.71; p < 0.001) (Li et al. 2016).

Gratitude, spiritual well-being, and cultivation of psychological resilience have 
been associated with improved outcomes in heart failure and acute coronary syn-
dromes (Arrebola-Moreno et al. 2014; Mills et al. 2015).

 Clinical Implications

Despite the importance of its association with CVD, psychosocial stress is not 
included in risk scoring algorithms, with no widespread use of available measures 
in clinical cardiology practice. Moreover, there are no large or scalable interven-
tions available in clinical practice.

With the growing evidence of its potentially significant and independent associa-
tion with CVD, psychosocial stress must be included in clinical risk assessment and 
prevention counseling. Mitigating stress and cultivation of resilience should be con-
sidered routinely in CVD prevention since many of the risk factors are dependent 
on modifying behavior.

Targeted therapy in cardiology practice involves screening for stress, referral to 
psychological or behavioral therapy or to other interventions such as meditation, 
holistic self-care programs, yoga, Tai-chi, and other complementary approaches. 
Asking patients about stress, listening in a nonjudgmental fashion, not hurrying 
through clinic visits, and providing compassionate advice can be extremely helpful 
with downstream ramifications on adherence to lifestyle recommendations and 
medications, and overall clinical outcomes.

Web-based stress reduction programs can be effective and scalable, and easier to 
implement in the context of a busy clinical practice. In one meta-analysis, guided 
web-based interventions were effective for stress reduction over 6 months (Heber 
et al. 2017). Telephone-delivered positive psychology interventions can be useful, 
as demonstrated in one study of 164 post-ACS patients (Feig et al. 2021).

Larger studies with longer follow-up are needed to assess the effectiveness of 
easily implementable strategies for stress reduction.
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 Summary

Psychosocial stress is ubiquitous and multifaceted, with societal, interpersonal, and 
personal causes. There is growing evidence that psychosocial stress is both a signifi-
cant risk factor for and a result of CVD. Recognition of stress and addressing it in 
clinical practice is crucial for improving clinical outcomes and quality of life. 
Despite an increasing body of data on stress and CVD, there are no large-scale data, 
especially for scalable interventions, which are as varied as its causes. Stress miti-
gation must occur at societal, interpersonal, and personal levels. Most available data 
for stress management fall in the personal category. Larger studies are required with 
the application of standardized approaches that can be easily adopted in clinical 
practice.
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Chapter 21
Polygenic Risk Scores

Mette Christoffersen and Anne Tybjærg-Hansen

 Introduction to Polygenic Risk Scores

Atherosclerosis and coronary artery disease (CAD) are caused by the cumulative 
effects of a variety of risk factors and their interactions. Some risk factors (e.g., 
smoking status and physical inactivity) are acquired, while others are partly or com-
pletely genetically determined (e.g., gender and plasma lipoprotein(a)). Since CAD 
is highly heritable (Zdravkovic et al. 2002), genetically determined risk factors have 
long been known to play a significant role for the development and clinical manifes-
tations of atherosclerosis. The genetic basis for atherosclerosis and CAD has how-
ever until recently been limited to the classical monogenic understanding, which is 
characterized by the presence of rare genetic variants with large effects and a strong 
correlation to the risk phenotype. The technological advances over the past decade 
have enabled faster and more comprehensive genetic analysis with a simultaneous 
lowering of costs. This has resulted in a better understanding of the genetic determi-
nants of atherosclerosis and CAD – thus increasing the interest in and demands for 
polygenic risk scores (PRSs) to evaluate the genetic susceptibility for developing 
these diseases.
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 Rationale for Using Polygenic Risk Scores

In addition to the classical monogenic determinants of atherosclerosis and CAD, 
polygenic inheritance has also been shown to play a role – as it is shown for a wide 
spectrum of common diseases. Polygenic inheritance is characterized by the simul-
taneous presence of numerous common genetic variants, each with a smaller effect 
size and a weaker correlation to the risk phenotype compared to the classical mono-
genic variants. These variants can then be combined into a PRS to identify individu-
als with a high polygenic risk (Fig. 21.1).

Recent studies have demonstrated the potential impact of polygenic inheritance 
in CAD. First, the risk of having extreme LDL cholesterol levels was roughly simi-
lar in individuals with a high polygenic risk or a monogenic mutation known to 
cause familial hypercholesterolemia, but individuals with high polygenic risk were 
10 times more common. Second, polygenic inheritance accounts for an up to 20-fold 
larger proportion of individuals with CAD compared to classical monogenic vari-
ants known to cause familial hypercholesterolemia (Natarajan et al. 2018; Khera 
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et  al. 2018). These observations suggest that the polygenic risk outweighs the 
monogenic risk for atherosclerosis and CAD on the population level. Finally, poly-
genic risk additionally augments the risk conferred by classical monogenic risk 
variants (Fahed et al. 2020).

On the individual level, it is important to notice that individuals with a high poly-
genic risk for CAD will typically not be caught by the classical risk assessment 
algorithms for primary prevention of CAD.  A recent study found that current 
guideline- based clinical risk assessment algorithms for primary prevention of CAD 
did not optimally predict risk in young people at high polygenic risk (Aragam et al. 
2020). This is mainly due to age being the primary risk factor for CAD, leading to 
an inherent estimation of low risk in young individuals with the current risk 
algorithms.

To sum up, the development and implementation of PRSs in clinical practice has 
several advantages. First, PRSs can identify more individuals at high risk of CAD 
compared to the classical monogenic variants (Natarajan et al. 2018; Khera et al. 
2018). Second, PRSs may capture individuals with a high PRS who are typically not 
captured by classical risk assessment algorithms used to identify individuals eligi-
ble for primary prevention (Aragam et al. 2020). This is especially important since 
individuals at high genetic risk, due to the lifetime exposure, usually have a more 
severe phenotype compared to individuals at low genetic risk with similar risk fac-
tors (Khera et al. 2016a). Third, high polygenic risk contributes independently to 
the risk of CAD conferred by lifestyle risk factors (Khera et al. 2016b). Finally, 
PRSs have recently been shown to identify subgroups of patients who are likely to 
benefit more from lipid-lowering therapy (Khera et al. 2018; Marston et al. 2020; 
Damask et al. 2020). These findings may impact the treatment strategy for individu-
als at high polygenic risk for CAD, who may specifically benefit from earlier onset 
of lifestyle changes and pharmaceutical treatment, intensive treatment, and a com-
prehensive approach targeting several modifiable risk factors simultaneously (sum-
marized in Table 21.1).

Table 21.1 Treatment strategy for individuals at high polygenic risk for CAD (Khera et al. 2016a, 
b; Lechner et al. 2020; Christoffersen and Tybjærg-Hansen 2021)

Treatment strategy Argument

The earlier the better
   Lifestyle changes
   Pharmaceutical 

treatment

Earlier onset of disease manifestations due to lifelong exposure to risk
Classical risk assessment algorithms will not capture young individuals 
at high polygenic risk

The lower the better
   Narrower 

treatment targets

The phenotype is more severe compared to individuals at low genetic 
risk with the same risk profile due to lifetime exposure of genetic risk

The broader the 
better
   Targeting several 

risk factors

Genetic risk contributes independently to the risk conferred by lifestyle 
risk factors
Targeting several lifestyle risk factors at once reduces the risk of CAD 
substantially regardless of the individuals genetic risk profile – however 
the absolute risk reduction is strongest in individuals at high genetic risk.
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While most PRSs have focused on predicting disease risk, examples of risk 
scores directed toward prediction of disease prognosis also exist. Furthermore, 
PRSs have recently been investigated as a tool to guide therapeutic treatment toward 
high-respondent groups of patients (Marston et  al. 2020; Damask et  al. 2020; 
Natarajan et al. 2017).

 Construction of Polygenic Risk Scores

The evolution of genome-wide association studies (GWAS) has been the major 
driver for development of PRSs. GWAS are observational studies of millions of 
common genetic variants across the entire genome in cases and controls for a spe-
cific trait or disease. GWAS are therefore able to identify genetic variants which 
differ by their frequency in cases and controls, thus marking an association to the 
trait or disease being investigated. The major advantage of a GWAS is the unbiased 
nature regarding prior biological knowledge of the investigated disease and genomic 
loci of interest. Since the publication of the first GWAS in 2005, the development 
has been massive with a continuous increase in sample sizes, number of genetic 
variants included in the studies, and the number of novel risk loci identified belong-
ing to either known and unknown biological pathways (Klein et al. 2005; Buniello 
et al. 2019). Usually, these novel risk loci are individually characterized by small 
effect sizes with correspondingly low predictive power for the trait of interest. These 
findings however substantiated the concept of polygenic inheritance of most com-
mon traits and diseases and furthermore paved the way for the development of PRSs 
to assess the potentially large and clinically relevant combined effects of all risk loci.

PRSs are usually constructed from GWAS summary statistics data which are 
publicly available. These data consist of a beta coefficient for quantitative traits such 
as LDL cholesterol levels or an odds ratio for disease endpoints such as CAD, which 
describes the magnitude and direction of the association for each effect allele. The 
strength of the association is described by an associated P-value. A PRS counts the 
number of effect alleles (either 0, 1, or 2 at each risk locus) for each individual and 
multiplies the count by the corresponding effect size derived from GWAS summary 
statistics data. A higher PRS indicates a greater accumulation of risk-associated 
genetic variants in an individual. On the population level, a distribution of the sums 
of the weighted effect alleles is observed. In situations where there is a significant 
polygenic contribution to the phenotype, the cases will on average have a higher 
PRS compared to healthy controls, thus the distribution for the cases is shifted to the 
right compared to the distribution for the controls. A relevant threshold cutoff can 
subsequently be used to identify individuals at high polygenic risk (Fig. 21.2).

Despite this overall simple approach, there are many things to consider when 
constructing a PRS (Table 21.2). First, the study populations must be selected and 
described in detail. This should include the study design, participant demographics, 
ancestral background, the phenotype of interest, and the degree of missing data. 
Second, the development of the PRS requires a comprehensive description 
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Table 21.2 Relevant considerations for polygenic risk scores (Wand et al. 2021; Choi et al. 2020; 
Dron and Hegele 2019)

Choice and characteristics of the study populations
   Training sample for the construction of the polygenic risk score
   Independent validation sample to confirm the validity of the polygenic risk score
Development of polygenic risk score models
   Choice and characteristics of discovery GWAS
   Criteria for selection of genetic variants to include in score
   Statistical methods for weighing effect sizes of genetic variants
   Statistical methods for evaluating the effect on risk of the phenotype
   Definition of threshold for a high polygenic risk score
Evaluation of polygenic risk score performance
   Methods used for risk score validation
   Predictive ability of the score
Limitations and clinical applicability
   Generalizability of the score
   Incremental performance compared to conventional risk prediction algorithms
   Intended use of the score in a clinical setting
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including the characteristics of the discovery GWAS, the selection criteria for the 
included variants, and the statistical methods used for constructing and evaluating 
the risk score performance. Finally, the framework for the intended use of the PRS 
should be explained including the clinical applicability and limitations of the 
PRS. At present, this discipline is characterized by lack of consensus on both the 
methods used when constructing PRSs, the accompanying reporting of these meth-
ods as well as of the results. This currently complicates the interpretation and repli-
cation of published scores and limits their clinical utility (Wand et al. 2021; Choi 
et al. 2020).

Over the past decade, PRSs for atherosclerosis and CAD have evolved from 
small-scale scores based on relatively few significant genetic variants from distinct 
genomic regions to large-scale (often termed “omnigenic”) scores based on several 
thousand or even millions of genetic variants spanning the entire genome. The main 
driver for this development has been the increasing sizes of emerging GWAS’, 
revealing novel genetic variants associated with the disease which did not previ-
ously reach genome-wide significance. An extrapolation of this trend suggested the 
relevance of including additional genetic variants that are incrementally associated 
with the disease regardless of the nominal significance (Boyle et al. 2017).

 Polygenic Risk Scores in Dyslipidemia

Several studies have investigated the polygenic contribution to dyslipidemia using 
PRSs constructed from genetic variants associated with lipid traits. The main lipid 
phenotypes studied are increased levels of LDL cholesterol or triglycerides. Key 
findings for each lipid trait are summarized in the following sections.

 LDL Cholesterol

Familial hypercholesterolemia (FH) is an autosomal dominant genetic disorder 
caused by rare mutations in one of the 3 FH genes, i.e., LDLR, APOB, and PCSK9. 
With an estimated prevalence of approximately 1/250 in the general population, FH 
is the most common monogenic disorder in humans (Beheshti et  al. 2020). The 
disease is characterized by lifelong exposure to high plasma levels of LDL choles-
terol and a substantially increased risk of premature CAD in heterozygotes, and by 
CAD before the age of 20 in untreated homozygotes. The clinical diagnosis of FH 
is based on a set of diagnostic criteria including information on LDL cholesterol 
levels and premature CAD in the patient, family history of hypercholesterolemia or 
premature CAD combined with genetic testing for causative mutations in the 3 FH 
genes (Nordestgaard et  al. 2013; National Institute for Health and Clinical 
Excellence TNCC for PC 2008). Genetic testing however only detects FH-causing 
mutations in approximately 40–70% of patients with a clinical diagnosis of FH 
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depending on the referral criteria used (Trinder et al. 2019; Reeskamp et al. 2021; 
Dron et al. 2020a; Pirillo et al. 2017). A polygenic cause for the FH-phenotype in a 
fraction of the remaining 30–60% has therefore been anticipated. On the other hand, 
some individuals carry an FH-causing monogenic mutation without a clinical diag-
nosis of FH. The variable penetrance of FH-causing mutations may in part be due to 
a concomitant polygenic background modifying the effects of the monogenic vari-
ants (Fig. 21.3).

The landmark study from 2013 by Talmud et al. was the first study to introduce 
the term “polygenic familial hypercholesterolemia” (Talmud et  al. 2013). In this 
study, the authors constructed a PRS based on 12 common genetic variants known 
to increase LDL cholesterol levels and applied this score to 321 mutation-negative 
FH patients, 319 mutation-positive FH patients, and 3020 healthy controls from the 
UK Whitehall II Study. The primary conclusion was that the higher LDL cholesterol 
concentration in a considerable proportion of patients with a clinical diagnosis of 
FH but without a known causative monogenic mutation could be explained by a 
high PRS. Furthermore, even in patients with a known causative FH mutation, a 
substantial polygenic contribution might add to the variable penetrance of the dis-
ease. Following this first study, further refinement revealed that a score consisting of 
only 6 genetic variants performed as well as the initial score based on 12 genetic 
variants. The authors of this study further concluded that a polygenic origin is a 

CLINICAL
DIAGNOSIS

Clinical diagnosis without mutation
Polygenic origin?

Clinical AND mutation diagnosis

Mutation without clinical diagnosis
Variable penetrance?

MUTATION
DIAGNOSIS

Fig. 21.3 Overlap and 
discrepancy between 
mutation diagnosis and 
clinical diagnosis in 
patients with familial 
hypercholesterolemia. The 
clinical diagnosis is based 
on a set of diagnostic 
criteria. The mutation 
diagnosis is based on 
disease-causing mutations 
in one of the 3 FH genes, 
i.e., LDLR, APOB, and 
PCSK9. (Modified from 
Nordestgaard et al. 2013)
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likely explanation for up to 90% of mutation negative patients with a clinical diag-
nosis of FH (Futema et al. 2015). Since these initial studies, these PRSs have been 
applied in numerous populations of increasing size. Most studies investigated 
smaller cohorts of patients with a clinical diagnosis of FH without any causative 
monogenic variants and confirmed that mutation-negative FH patients on average 
had a higher PRS compared to both monogenic FH patients and healthy controls 
(Sharifi et al. 2016; Durst et al. 2017; Rabès et al. 2018; Balder et al. 2018; Wang 
et al. 2016; Lamiquiz-Moneo et al. 2018; Rieck et al. 2020). However, some studies 
further concluded that the PRSs only explained a small fraction of the variation in 
LDL cholesterol levels, could not discriminate between phenotypically unaffected 
and affected individuals and, therefore, could not be used as a diagnostic tool in 
clinical practice (Lamiquiz-Moneo et al. 2018; Rieck et al. 2020; Sjouke et al. 2017; 
Ghaleb et al. 2018). While PRSs are clearly associated with LDL cholesterol levels, 
it was unclear until recently whether a high PRS was associated with increased risk 
of CAD. However, a recent large study of a PRS based on 223 genetic variants con-
firmed that a high PRS (≥80th percentile) was associated with a higher risk of CAD 
compared to hypercholesterolemia without a genetic cause, but a lower risk com-
pared to monogenic FH patients when adjusting for LDL cholesterol levels (Trinder 
et al. 2020a). Moreover, a high polygenic risk increased the risk of CAD in patients 
with monogenic FH, and therefore could partly explain the variability of the pheno-
type observed between patients carrying the same monogenic mutation (Trinder 
et al. 2019, 2020b). Finally, the largest studies to date using the UK Biobank and 
more sophisticated methods for developing polygenic scores have shown that PRSs 
including 8367 SNPs could explain as much as 21% of the variance in LDL choles-
terol in a white British population. The risk of incident ischemic heart disease was 
correspondingly increased independently of LDL cholesterol and other risk factors, 
supporting that PRSs may partly cause a (life-long) higher risk of IHD through 
LDL-independent pathways (Wu et al. 2021). Additionally, using a PRS including 
1.9 mill SNPs from the UK Biobank, the risk of CAD conferred by LDL cholesterol 
was shown to be modified by the polygenic background. In individuals in the upper 
decile of the PRS, the risk of CAD increased with increasing LDL cholesterol con-
centration, whereas the risk of CAD was similar across increasing LDL cholesterol 
strata in the lowest decile of the PRS (Bolli et al. 2021). These findings also indi-
rectly support previous studies reporting greater risk reduction from LDL 
cholesterol- lowering drugs in European individuals with a high PRS (Marston et al. 
2020; Damask et al. 2020; Natarajan et al. 2017).

In summary, current data suggest that extreme LDL cholesterol levels or extreme 
diagnostic scores for FH increase the likelihood of detecting a monogenic variant, 
while a larger fraction of patients have a polygenic or nongenetic origin of the phe-
notype, when LDL cholesterol levels or clinical diagnostic criteria are less extreme 
(Trinder et al. 2019; Wang et al. 2016). For the same baseline level of LDL choles-
terol, genetically determined hypercholesterolemia is associated with a higher risk 
of premature CAD compared to hypercholesterolemia without a known genetic 
background, with monogenic FH associated with the highest risk. These findings 
suggest that in individuals with hypercholesterolemia in the general population, 
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knowledge of the underlying genetic cause may provide relevant prognostic infor-
mation. The higher risk associated with genetically determined hypercholesterol-
emia is explained by the lifelong exposure to high LDL cholesterol levels leading to 
a greater cumulative LDL cholesterol exposure to the arterial wall. The reasons for 
the higher risk in monogenic hypercholesterolemia compared with polygenic hyper-
cholesterolemia are still unknown. However, while the mechanism of LDL eleva-
tion in genetic hypercholesterolemia is primarily due to lower LDL receptor activity 
in monogenic FH, the pathways perturbed in polygenic FH are unknown and most 
likely pleiotropic. In comparison with monogenic hypercholesterolemia, this could 
result in a slower cumulative LDL exposure or an improved response to as lipid- 
lowering therapy, leading to a more beneficial risk profile in polygenic hypercholes-
terolemia (Trinder et al. 2019, 2020b; Sharifi et al. 2017).

 Triglycerides

Hypertriglyceridemia is defined as fasting plasma triglyceride levels above 
2  mmol/L.  The phenotype is often further divided into “mild-to-moderate” and 
“severe” hypertriglyceridemia, when plasma triglyceride levels are within the range 
2.0–9.9  mmol/L and above 10  mmol/L, respectively. Mild-to-moderate hypertri-
glyceridemia is a common phenotype affecting 25% of the adult population, while 
severe hypertriglyceridemia or chylomicronemia only affects approximately 1  in 
1000 individuals in the general population (Dron and Hegele 2020; Retterstøl 
et al. 2017).

The genetic contribution to hypertriglyceridemia is complex and largely poly-
genic. One exception is familial chylomicronemia syndrome (FCS), an extremely 
rare autosomal recessive form of severe hypertriglyceridemia affecting 1 in 200,000 
to 1,000,000. FCS is caused by mutations in the 5 canonical genes for FCS, i.e., 
LPL, APOC2, APOA5, LMF1, and GPIHBP1, leading to impaired function of lipo-
protein lipase and thus affecting triglyceride metabolism (Dron and Hegele 2020). 
A highly penetrant autosomal dominant hypertriglyceridemia, as a counterpart to 
familial hypercholesterolemia, does not exist. Instead the genetic contribution to 
hypertriglyceridemia consists of either heterozygous large effect rare variants 
mainly in the five canonical genes for FCS, or an increased burden of common vari-
ants each with small effects on plasma triglyceride levels. The presence of these 
variants increases the probability that an individual will develop hypertriglyceride-
mia, but they do not per se cause hypertriglyceridemia. Instead, secondary factors 
are usually required before the hypertriglyceridemia becomes manifest, which 
causes the penetrance of polygenic hypertriglyceridemia to be highly variable. 
These secondary factors are not completely known, but gene–gene interactions, 
gene–environment interaction, and epigenetic factors have been suggested to be of 
importance for triggering the phenotype. The most important environmental trig-
gers include obesity, diabetes or insulin resistance, excessive alcohol consumption, 
hormonal treatment, and pregnancy (Dron and Hegele 2020).
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While mild-to-moderate hypertriglyceridemia is associated with an increased risk 
of ischemic heart disease and stroke, severe hypertriglyceridemia ≥10 mmol/L is pri-
marily associated with an increased risk of acute pancreatitis. The likely explanation 
for this difference is that the smaller triglyceride rich lipoproteins, remnant lipopro-
teins, and small very low-density lipoproteins (VLDLs), in mild-to- moderate hyper-
triglyceridemia can enter into the arterial wall and cause atherosclerosis due to their 
cholesterol content. In contrast, chylomicrons and large VLDLs are too large to enter 
into the arterial wall, but can cause inflammation in the pancreas possibly by triggering 
autodigestion since high triglycerides are toxic and cause inflammation.

Although the polygenic and complex inheritance of hypertriglyceridemia has 
been known for several decades, the value of PRSs in hypertriglyceridemia has not 
been studied to the same extent as in hypercholesterolemia. Most studies used small 
cohorts of individuals and the risk scores were comprised of relatively few genetic 
variants. These studies all found a strong association between high PRS and hyper-
triglyceridemia. However, only a small fraction of the variance in plasma triglycer-
ide levels was explained by the PRSs leading to poor discrimination between 
phenotypically unaffected and affected individuals (Justesen et  al. 2015; Lutsey 
et al. 2012; Latsuzbaia et al. 2016; Buscot et al. 2016). Recent studies concluded 
that the genetic determinants of both mild-to-moderate and severe hypertriglyceri-
demia comprise both rare large-effect variants and an extreme accumulation of 
common small-effect variants included in a PRS.  However, the polygenic risk 
accounts for an up to threefold larger fraction of individuals with hypertriglyceride-
mia compared with rare large-effect variants, and therefore has a larger contribution 
on the population level (Dron et al. 2019, 2020b). Finally, an omnigenic risk score 
including 6 million genetic variants was applied in a cohort of approximately 
135,000 participants from the FinnGen project, an aggregation of Finnish prospec-
tive epidemiological and disease-based cohorts and hospital biobank samples. This 
study found that a high PRS was associated with increased triglyceride concentra-
tions and a corresponding increased risk of prevalent CAD (Ripatti et al. 2021).

Several aspects of the genetic determinants of hypertriglyceridemia need further 
study. First, whether a high PRS was associated with increased risk of acute pancre-
atitis remains unknown. Second, whether the choice of treatment should be differ-
entiated according to the underlying genetic predisposition for hypertriglyceridemia 
also needs further investigation. Finally, the interplay between genetic predisposi-
tion for hypertriglyceridemia and potential nongenetic triggers should be studied to 
improve our understanding of the variable penetrance observed in individuals with 
similar genetic susceptibility for hypertriglyceridemia.

 Polygenic Risk Scores in Coronary Artery Disease

The PRSs based on genetic variants associated with lipid phenotypes predict the 
specific fraction of CAD caused by dyslipidemia. Additional PRSs have been devel-
oped focusing on all genetic variants associated with CAD.  As such, these risk 
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scores consider the entire genetic component of CAD regardless of the underlying 
mechanisms and pathways involved.

 Risk Prediction and Conventional Risk Factors

Similarly to the PRSs in dyslipidemia, the initial studies on PRSs in CAD were 
based on relatively few genetic variants with confirmed effects on risk of CAD. One 
of the first studies tested 2 PRSs for CAD of 12 and 101 SNPs, respectively, in 
almost 20,000 female health professionals. Both scores associated with incident 
CAD after adjustment for age, but the effect was not evident after adjustment for 
traditional risk factors. Also, the PRSs did not improve risk prediction beyond tra-
ditional risk factors (Paynter et  al. 2010). Subsequent studies based on known 
GWAS significant SNPs confirmed the association with CAD and also found either 
no (De Vries et  al. 2015; Morris et  al. 2016) or modest (Antiochos et  al. 2016; 
Beaney et al. 2017; Iribarren et al. 2016) improvements in risk prediction, when 
added to traditional risk prediction algorithms. An explanation for the modest 
effects of these initial PRSs was most likely the low fraction of CAD heritability 
explained by the genetic variants included. However, one study suggested a better 
performance in younger individuals, most likely because traditional clinical risk 
factors are usually not evident at young age (Tada et al. 2016).

In 2018, the landmark study by Khera et al. for the first time used an omnigenic 
risk score for CAD comprising 6.6 million genetic variants across the entire human 
genome. Using this score, the study found that 8% of the population had inherited a 
PRS conferring more than threefold increased risk of CAD. A threefold increased 
risk of CAD corresponded to the risk conferred by mutations causing familial 
hypercholesterolemia. However, the PRS identified 20-fold more individuals at high 
risk for CAD, suggesting that PRS contributed significantly to risk of CAD on the 
population level. Furthermore, the PRS had a stronger association to prevalent CAD 
compared to previously published smaller PRSs (Khera et al. 2018). Whether the 
PRS improved risk prediction on top of already existing clinical risk factors was not 
investigated. Also in 2018, Inouye et al. developed a risk score consisting of 1.7 
million variants which was tested and validated in the approximately 500,000 par-
ticipants in the UK Biobank (Inouye et al. 2018). This study showed that a meta- 
analysis of several independent PRSs had a stronger association with CAD than any 
single conventional risk factor. The meta-analyzed risk score further improved risk 
prediction when added to all conventional risk factors.

The omnigenic risk scores developed by Khera et al. and Inouye et al. have been 
repeatedly evaluated in several studies and are therefore regarded as benchmarks in 
CAD risk prediction. Most studies confirm the predictive superiority of the omnige-
nic scores over the smaller PRSs. Some studies further confirm that the omnigenic 
scores improve risk prediction when added to current guideline-based algorithms 
(Aragam et al. 2020; Hindy et al. 2020; Dikilitas et al. 2020), while others were not 
able to validate these findings (Wünnemann et al. 2019; Mosley et al. 2020; Bauer 
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et al. 2021). Furthermore, validation studies find a lower performance for incident 
and recurrent CAD compared to prevalent events (Wünnemann et al. 2019; Mosley 
et al. 2020) as well as a lower performance in non-European ethnicities (Dikilitas 
et al. 2020). This is not surprising, since current PRSs are mainly based on variants 
selected from cross-sectional studies of prevalent CAD in individuals from European 
populations. Variant effect sizes may therefore not be valid for other ethnicities or 
for the prediction of incident events of CAD.

 Risk Stratification and Response to Treatment

A key question is whether polygenic risk impacts on other genetic and environmen-
tal risk factors as well as on pharmacological treatment for CAD and thus, if PRSs 
can aid in identifying strata of individuals which may benefit from early onset and 
more intensive lifestyle and pharmacological interventions.

Fahed and coworkers explored whether disease risk conferred by a monogenic 
variant can be modified by polygenic risk factors that involve small perturbations to 
a wide range of cellular pathways. The study included 80,000 individuals from three 
different populations and showed that among carriers of monogenic FH mutations, 
the probability of CAD by age 75 ranged from 13% to 76% depending on the poly-
genic background (Fahed et al. 2020). These findings suggest that accounting for 
polygenic risk is likely to increase the accuracy of risk estimation for individuals 
who inherit a monogenic risk variant, and therefore may have implications for the 
timing and intensity of pharmacological therapy in carriers of these mutations. 
Furthermore, the polygenic background may explain part of the variable penetrance 
observed for most monogenic disease-causing mutations. Several studies have fur-
ther shown that PRSs for CAD may identify subsets of the population more likely 
to benefit from lifestyle modifications and statin therapy (Khera et  al. 2016b; 
Natarajan et al. 2017; Inouye et al. 2018; Abdullah Said et al. 2018; Mega et al. 2015).

The future implications may be that PRSs should be incorporated into guideline- 
based primary prevention algorithms as risk-enhancing factors in line with tradi-
tional clinical risk factors, and, for example, used to guide statin eligibility in 
patients at borderline to intermediate risk.

 Clinical Utility and Unresolved Issues

The growing interest in the development of PRSs and the corresponding accumula-
tion of scientific publications over the past years have highlighted several potential 
benefits of introducing PRSs into clinical practice. First, PRSs will increase the 
likelihood of identifying patients at high risk of CAD at an earlier age before tradi-
tional clinical risk factors become evident (Aragam et al. 2020). This enables early 
onset of lifestyle changes and pharmacological treatment, thus slowing the 
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accumulation of risk and most likely reducing the lifetime risk of CAD for this 
subgroup (Fig. 21.4).

Second, PRSs add to current guideline-based clinical risk algorithms. This 
enables reclassification of individuals at borderline to intermediate risk into either 
low or high risk, which in turn can be used to encourage lifestyle changes or guide 
pharmacological treatment in this subgroup. Third, PRSs can identify subsets of the 
population already in early life, which are more likely to benefit from intensive 
lifestyle modifications (Khera et al. 2016b; Inouye et al. 2018; Abdullah Said et al. 
2018). The disclosure of high genetic risk has therefore been suggested to be effec-
tive in the patient’s motivation for and adherence to lifestyle changes. Finally, PRSs 
have a potential impact on the choice of pharmaceutical treatment strategy, since 
patients with a high polygenic risk for CAD are more likely to benefit from earlier 
and more intensive treatment with lipid-lowering therapy (Marston et  al. 2020; 
Damask et al. 2020; Natarajan et al. 2017; Mega et al. 2015).

Nevertheless, the introduction of PRSs into clinical practice is not without chal-
lenges. The clinical utility and applications of PRSs are still debated, and the imple-
mentation into clinical settings therefore remains premature. Some of the current 
limitations and unresolved issues regarding the clinical utility of the PRSs are dis-
cussed below. First, PRSs are ancestry specific. Since most GWAS’ only include indi-
viduals of European descent, this limits the applicability of currently developed PRSs 
to populations of European ancestry. Second, even across populations of European 
ancestry the performance of PRSs may vary. Different large-scale PRSs may predict 
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differently when applied to the same cohort. Likewise, the same PRS may predict dif-
ferently across similar cohorts. Slight changes in the methods applied for the develop-
ment and application of PRSs as well as small differences between populations may 
be responsible for these discrepancies. This highlights the urgent need for establishing 
both analytical and clinical reporting standards for PRSs (Wand et  al. 2021; Choi 
et al. 2020). Third, PRSs are normally distributed and only few individuals are at the 
extremes of the distribution. A threshold for intervention therefore needs to be estab-
lished and integrated into an overall risk assessment. Fourth, variant selection and 
effect sizes for PRSs are based on GWAS studies. While GWAS sizes have increased 
and the effects of the individual genetic variants therefore are determined with a 
higher precision, most GWAS’ use a cross-sectional study design comparing preva-
lent cases and controls. The clinical utility of PRSs however relies on the ability to 
predict incident or recurrent CAD, and current studies find a much lower performance 
for incident and recurrent CAD compared to prevalent events for similar scores. Using 
large prospective studies for variant selection would most likely improve the predic-
tive performance for incident CAD. Fifth, it will be necessary to establish training 
programs for medical staff to understand PRSs and how they are developed, to com-
municate polygenic risk in a comprehensive way to the patient, and to acquire knowl-
edge about risk modification via lifestyle modification or pharmacotherapy. Finally, 
there are several ethical and legal issues that also need to be considered.

 Conclusion

PRSs can identify 10–20 times as many individuals at high polygenic risk compared 
to monogenic mutations, and PRSs can modulate the effect of a monogenic variant 
on risk. Polygenic risk can be quantified already at birth, long before other risk fac-
tors used to predict risk of CAD, and before clinical manifestations of disease, and 
PRSs for CAD add more predictive information to a baseline model including age 
and sex, than any of a number of traditional risk factors. In addition, current 
guideline- based risk prediction tools for cardiovascular prevention incompletely 
capture polygenic susceptibility to CAD. Consequently, now is an opportunity to 
integrate both genetic and clinical risk into personalized prevention of CAD pro-
vided that PRSs become sufficiently accurate to justify lifestyle and pharmacologi-
cal interventions.
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Chapter 22
Coronary Artery Calcium
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 Introduction

Atherosclerotic cardiovascular disease (ASCVD), inclusive of coronary heart dis-
ease (CHD) and stroke events, remains a leading cause of morbidity and mortality 
in the United States and globally (Virani et al. 2021). Traditional risk scoring tools 
provide a quantitative estimation of the absolute risk of having an ASCVD event 
within a given timeframe. These risk estimators use demographic variables and 
other traditional risk factors to inform the allocation and intensity of primary pre-
vention interventions and represent a guideline-endorsed first step for ASCVD risk 
assessment in the United States and Europe (Arnett et al. 2019; Grundy et al. 2019; 
Visseren et  al. 2021). Clinical risk scores, however, use epidemiological data of 
ASCVD event rates observed in large populations to inform an individual’s risk of 
having an event over time, which results in important challenges when providing 
meaningful, personalized estimations of risk at the patient level. Moreover, these 
scores tend to underestimate risk among higher-risk younger individuals who would 
benefit from early preventive therapies; and to overestimate risk in many middle- 
aged and older individuals, allowing for little individualization of risk management 
in these groups and raising concerns of overtreatment (Lloyd-Jones et al. 2019). In 
this context, tools that can help further improve risk stratification and guide a more 
personalized allocation of preventive interventions can significantly enrich shared 
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decision-making conversations with patients in primary prevention, resulting in a 
more “precise” allocation of lifelong preventive interventions.

Coronary artery calcium (CAC) scoring allows visualization of calcifications in 
the coronary walls, a finding that is a highly specific marker of coronary atheroscle-
rosis. Coronary atherosclerotic plaque is the primary underlying substrate for coro-
nary atherosclerotic events, and among individuals with no prior clinical ASCVD, 
multiple studies have consistently shown that the presence, extent, and severity of 
coronary atherosclerosis provide additional prognostic information and improve 
risk stratification beyond clinical risk scores (Nasir and Cainzos-Achirica 2021; 
Greenland et  al. 2018). While the performance of the Pooled Cohort Equations 
(PCE) is reasonably good at the extremes of risk (<5% and >20% estimated 10-year 
ASCVD risk), there is significant room for nuance in the borderline (5–<7.5%) and 
intermediate (7.5–<20%) risk groups. In those individuals, current guidelines 
around the world acknowledge that other features, from race/ethnicity and advanced 
lipid measurements to the burden of coronary plaque, can enhance and further per-
sonalize risk assessment and management, matching the intensity of interventions 
to a most accurate estimation of absolute ASCVD risk. Among available tools, US 
and European guidelines acknowledge the CAC score as the best-established imag-
ing technique to enhance risk assessment (Arnett et al. 2019; Grundy et al. 2019; 
Visseren et al. 2021).

This chapter focuses on the clinical role of CAC and its utility for shared decision- 
making, enhanced risk stratification, and guiding a more personalized management 
in the primary prevention of ASCVD.  We also discuss implications for cost- 
effectiveness and long-term adherence to preventive interventions using CAC to 
inform the allocation of preventive therapies.

 Pathophysiology of Coronary Artery Calcifications

Coronary artery calcification accompanies the development of atherosclerosis, and 
the extent of calcification reflects the progression of atherosclerosis. Coronary cal-
cification occurs predominantly within the intima layer (intimal calcification) of the 
coronary artery as opposed to peripheral arteries, where calcification occurs mostly 
within the media layer (medial calcification). The process of coronary calcification 
appears to start within the atheromatous components of vascular plaque (lipid pools) 
and progresses with inflammatory and metabolic mediators, such as lipoproteins 
and cytokines, leading to the development of a necrotic core (Demer and Tintut 
2008). Coronary artery calcification is initially seen within a thickened intima that 
contains microcalcifications with a size ranging from 0.5 to 15.0 μm. Early micro-
calcification is thought to originate from the apoptosis of smooth muscle cells 
resulting in fine microcalcification; this is followed by infiltration of macrophages 
into the lipid pool, which also undergoes apoptosis and release of matrix vesicles 
producing a relatively larger microcalcification appearance. These microcalcified 
deposits are commonly seen in the deeper areas of necrotic core close to the internal 
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elastic lamina, which eventually coalesce to form more prominent speckles and 
fragments of calcifications, and further progression leads to a plaque with calcified 
sheet-like deposits more than 3 mm in size (Mori et al. 2018). Coronary artery cal-
cification leads to arterial stiffness, decreased compliance, impaired vasomotor 
response, and compromised myocardial perfusion.

Coronary calcification is heavily influenced by demographic factors such as age, 
gender, and race/ethnicity. Age is a strong (albeit imperfect) predictor of CAC bur-
den, and for a given age, men tend to have higher CAC scores than women, the 
development of coronary calcification in women is delayed by 10–15 years com-
pared to men, which is likely due to the protective effects of estrogens in the pre-
menopausal years. For racial/ethnic groups, coronary calcification is highest among 
non-Hispanic Whites and South Asians, followed by Chinese, Hispanics, and non- 
Hispanic Blacks (Mori et al. 2018; Kanaya et al. 2014; McClelland et al. 2006).

 Measurement and Quantification of CAC and Clinically 
Relevant Cutpoints

The presence and extent of CAC can be seen using various imaging modalities, 
including radiography, computed tomography (CT), and intravascular imaging. 
Nevertheless, non-contrast-enhanced cardiac CT is the test of choice for the quanti-
fication of CAC scores in 2022. Specifically, multidetector CT (MDCT) has largely 
superseded the use of prior imaging modalities, such as electron-beam CT, and its 
clinical use is backed by a compelling body of international studies confirming the 
correlation between CAC scores and incident ASCVD outcomes across multiple 
cohorts. MDCT is safe, highly sensitive for detecting calcium-dense lesions, and an 
effective imaging tool producing 128–320 sections of the heart using a low radiation 
dose. Based on the method described by Dr. Arthur Agatston, each lesion detected 
with an area ≥1 mm2 and radiological attenuation >130 Hounsfield units is assigned 
a score that measures both the area and the radiological density of the lesion. Then, 
the overall score is calculated based on the sum of the individual lesions, and the 
final score ranges from zero (indicates no detectable calcified plaque) to thousands 
of Agatston units (higher score indicates higher calcified plaque burden).

CAC scores can be interpreted either as an absolute value with fixed cutoff 
points that are the same for all demographic groups or using age-, sex-, and race/
ethnicity- specific thresholds. Absolute CAC scores are more commonly used in 
risk assessment, simpler, and easier to communicate. Absolute CAC scores are 
typically classified into four broad categories that signal increased risk of CHD/
ASCVD event: 0, 1 to 99, 100 to 399, and ≥400 (Fig. 22.1). Of note, a CAC score 
≥400 identifies individuals with event rates similar to those of secondary preven-
tion populations, while CAC = 0 is associated with low event rates, particularly for 
CHD. In contrast, age-, sex-, and race/ethnicity-specific CAC cutpoints allow pro-
viders to examine whether an individual has a high CAC score relative to others 
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with similar demographic characteristics, and may allow for more personalized risk 
management decisions in women, individuals at the extremes of age, and racial/
ethnic minorities. These cutpoints should be derived based on diverse population-
based cohort data obtained in the same country where the patient is being evalu-
ated, and in the United States, data from the Multi-Ethnic Study of Atherosclerosis 
(MESA) is typically used for this purpose (https://www.mesa- nhlbi.org/Calcium/
input.aspx).

 CAC Burden as a Predictor of Future ASCVD Events

A wealth of epidemiological studies has demonstrated a strong association between 
baseline burden of CAC and the risk of incident ASCVD events, with studies such 
as MESA now confirming these associations at up to 18 years of follow-up (Al Rifai 
et al. 2021). CAC provides robust prognostic information in both men and women, 
across age strata, in multiple racial/ethnic groups, and in populations with varying 
burdens of traditional risk factors. Moreover, CAC provides prognostic information 
that is independent of and substantially incremental to traditional ASCVD risk fac-
tors, with several studies reporting statistically significant improvements in risk dis-
crimination for the prediction of CHD/ASCVD events (Detrano et al. 2009; Erbel 
et al. 2010).

Compared with individuals with CAC = 0, individuals with CAC 1 to 99, CAC 
100 to 399, and CAC ≥ 400 have 2- to 3-fold, 4- to 7-fold, and 9- to 16-fold higher 
risk of cardiovascular events and mortality, respectively (Detrano et al. 2009; Erbel 
et al. 2010; Hecht et al. 2017). Table 22.1 illustrates the strong correlation between 
CAC scores and 10-year ASCVD event rates in MESA. Of note, multiple studies 
have demonstrated that the absence of CAC is associated with a very low risk of 
CHD events, low risk of ASCVD events, and of cardiovascular death, in asymptom-
atic individuals from the general primary prevention population (Blaha et al. 2016; 
Nasir et al. 2015). Results of these studies have led to the concept of “power of 

Fig. 22.1 Axial tomographic images of the heart using noncontrast multidetector computed 
tomography scanning in four patients with increasingly higher CAC scores
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zero,” highlighting the fact that asymptomatic individuals with CAC = 0 have a low 
risk of cardiovascular events, or at least the lowest risk within populations at 
increased average risk (e.g., populations with diabetes or familial hypercholesterol-
emia). Moreover, studies have also shown that individuals without traditional 
ASCVD risk factors such as cigarette smoking, dyslipidemia, diabetes mellitus, 
hypertension, or family history of CHD, but who have elevated CAC have signifi-
cantly higher cardiovascular events and mortality rates than individuals with mul-
tiple traditional ASCVD risk factors but CAC  =  0 (Lakoski et  al. 2007; Nasir 
et al. 2012).

Below we summarize the evidence of CAC providing prognostic value across 
key groups.

 Younger and Older Adults

Although CAC burden correlates with age, several other various factors also con-
tribute to an individual’s CAC burden, including genetics, lifetime exposure to tra-
ditional and novel risk factors, individual susceptibility vs. resilience to 
atherosclerosis, and other factors. In this context, CAC accurately stratifies ASCVD 
risk across age strata, including among individuals at the extremes of the age con-
tinuum. This is important, as the PCE perform poorly in these groups, usually 
resulting in low-risk estimations in younger adults and high-risk estimations in the 
elderly. Specifically, young individuals with any CAC had a 4-fold higher risk of 
major ASCVD events, and a 10-fold higher risk when CAC > 100 compared with 
individuals of the same age with a CAC score of 0 (Miedema et al. 2019). For indi-
viduals over 75 years of age, CAC also independently predicts CHD/ASCVD events 
and mortality (Tota-Maharaj et  al. 2014). Interestingly, young and elderly adults 
with CAC = 0 have a similar 5-year survival rate, and elderly adults with CAC = 0 
have a lower mortality rate than younger adults with high CAC (Tota-Maharaj 
et al. 2012).

Table 22.1 Ten-year rates of atherosclerotic cardiovascular disease (ASCVD) events by baseline 
CAC score strata in the Multi-Ethnic Study of Atherosclerosis (MESA)

CAC score Plaque burden 10-year risk of ASCVD

0 No plaque 3.2%
1–99 Mild 8.0%
100–399 Moderate 13.4%
≥400 Severe 17.5%
Atherosclerotic cardiovascular disease (ASCVD) events in MESA included fatal and nonfatal 
myocardial infarction, fatal and nonfatal stroke, resuscitated cardiac arrest, other fatal CHD, 
and other cardiovascular death (Budoff et al. 2018).
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 Men and Women

Biological sex affects the development of atherosclerosis. For the same age, women 
tend to have lower CAC scores, and CAC is detected on average 10 years after than 
in men. When sex-specific presence and pattern of CAC is examined, women and 
men with CAC = 0 have similar long-term CVD mortality, whereas if CAC > 0, 
women (in whom this finding is less frequent) have a 1.3-fold higher risk of CVD 
mortality when compared with men. Regarding calcification patterns, women tend 
to have more dense plaques but fewer calcified lesions and vessels and less volume 
of calcifications (Shaw et  al. 2018). Using sex-specific CAC cutpoints can help 
improve ASCVD risk stratification and management in women.

 Racial/Ethnic Groups

Given the fact that the PCE is limited to non-Hispanic White and non-Hispanic 
Black individuals, the ACC/AHA guideline recommended using the PCE version 
for non-Hispanic White individuals as an initial approximation to ASCVD risk in 
other racial/ethnic groups. However, the guidelines acknowledged that this approach 
could result in overestimating risk in certain racial/ethnic groups with lower ASCVD 
risk than their non-Hispanic White counterparts, such as East Asian individuals 
(e.g., Chinese, Koreans, or Japanese) (Lloyd-Jones et al. 2019), and underestimat-
ing risk in other racial/ethnic groups with higher ASCVD risk than their non- 
Hispanic White counterparts, such as South Asian individuals (e.g., Indian, 
Pakistani, or Bangladeshi) (Volgman et al. 2018). Therefore, measuring CAC score 
may be particularly helpful in refining initial risk estimates in these groups. In the 
CAC Consortium, a large prospective cohort of individuals undergoing self- or clin-
ically referred CAC scores, CAC has shown predictive value independent of tradi-
tional CVD risk factors for both all-cause and CVD-specific mortality in 
non-Hispanic White, non-Hispanic Black, non-Hispanic Asian, and Hispanic indi-
viduals (Orimoloye et al. 2018). The same is true in the population-based MESA 
cohort. Also, a recent study has suggested that CAC may also have value in person-
alizing risk management in US Asian Indian adults free of diabetes and at borderline 
estimated risk (Haque et al. 2021).

 Individuals with a Family History of Premature CHD/ASCVD

Family history of premature CHD/ASCVD is an established risk factor of future 
ASCVD events independent of traditional risk factors (Patel et al. 2018). Physicians 
are constantly challenged with assessing ASCVD risk among individuals who report 
a family history but with no clearly abnormal traditional risk factors. Future risk 
among those individuals will not be captured using the PCE, and in this context, 
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multiple studies have demonstrated that CAC testing is effective in stratifying 
ASCVD risk (Patel 2015; Cohen et al. 2014). In MESA, approximately half of indi-
viduals with family history of premature CHD/ASCVD had CAC = 0 and were at 
low absolute risk for events over a median follow-up of 10 years, whereas those with 
CAC ≥ 400 had a 4-fold future risk compared with CAC = 0 (Patel 2015). Several 
guidelines recommend a selective use of CAC in low estimated-risk individuals 
(<5% 10-year ASCVD risk with the PCE) with a family history of premature CHD/
ASCVD. The absence of CAC (CAC = 0) would confirm their low- risk status, while 
the presence of CAC (CAC >0) would identify a group who might benefit from 
greater intensity of lifestyle modification and preventive therapies (Hecht et al. 2017).

 The Evolving Role of CAC for Statin Therapy Allocation 
in Primary Prevention

In the late 1990s and early 2000s, CAC was seen as a tool that could help identify 
apparently healthy individuals with subclinical atherosclerosis who could benefit 
from more aggressive preventive interventions, typically statins. However, in the 
last decade, with the broadening of eligibility of statins to reduce ASCVD risk and 
background of risk overestimation with the PCE (Karmali et al. 2014; DeFilippis 
et al. 2015), after 2013, a substantial proportion of adult individuals in the United 
States became potential candidates for statin therapy (Nasir et  al. 2015). In this 
context, the CAC score gained popularity in identifying statin-eligible individuals 
expected to derive small absolute benefit from treatment (Nasir and Cainzos- 
Achirica 2021; Greenland et al. 2018; Nasir et al. 2015). As discussed above, many 
studies have shown that the absence of CAC (CAC = 0) indicates low risk for future 
ASCVD events, particularly CHD events (Nasir et  al. 2015; Blaha et  al. 2009; 
Sarwar et al. 2009). Analyses in MESA showed that among statin-eligible candi-
dates according to the AHA/ACC guidelines for cholesterol management, approxi-
mately one-half had CAC  =  0 and had a lower 10-year ASCVD risk than the 
threshold recommended for treatment. Specifically, the absence of CAC reclassified 
risk below the threshold for statin consideration in almost 50% of those with border-
line to intermediate 10-year ASCVD risk (5–20%; Fig.  22.2). Moreover, over a 

Fig. 22.2 Utility of the absence of CAC in reclassifying 10-year ASCVD risk below the risk 
threshold for statin consideration in the borderline- and intermediate-risk groups. (Reprinted from 
Nasir et al. 2015 with permission)
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median follow-up of about 10 years, most ASCVD events occurred among those 
with detectable CAC, consistent with 10-year risk levels suggested by guidelines for 
statin therapy (Nasir et al. 2015). These findings have been replicated in other pro-
spective cohorts from the United States and elsewhere.

Large observational studies with baseline CAC data and including users and non-
users of statins also suggest that the presence and severity of CAC is associated with 
the benefit that can be derived from statin therapy for the primary prevention of 
CHD/ASCVD, at least on a 10-year timeframe (Mitchell et al. 2018). Specifically, 
among individuals with detected CAC (CAC > 0), statin therapy is associated with 
significant reductions in CHD/ASCVD events, and these are larger the higher the 
baseline CAC score. Conversely, in patients with baseline CAC = 0, these observa-
tional analyses suggest a very modest benefit, if any at all. Analysis from the Walter 
Reed Cohort Study showed that the number of individuals needed to be treated with 
statin to prevent one initial CHD/ASCVD event over 10 years ranged from 100 for 
CAC 1–100 to 12 for CAC >100 (Fig. 22.3).

 CAC Compared to Other Biomarkers

Several studies have compared the value of CAC and of other various markers, such 
as serum biomarkers, carotid plaque, carotid intima-media thickness, and ankle- 
brachial index, among others, for ASCVD risk assessment and prediction of 
ASCVD events. Of note, studies have consistently shown minimal to no improve-
ment in risk reclassification beyond traditional risk factors with those other mark-
ers, as opposed to CAC (Blaha et al. 2016). Importantly, the reliability of absence 
of CAC score as a marker of low ASCVD risk is superior to absence of risk-enhanc-
ing factors, low levels of biomarkers, or absence of carotid plaque (Peters 
et al. 2012).
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Fig. 22.3 Cumulative incidence of major adverse cardiovascular events stratified by statin treat-
ment and CAC severity. Blue line; no statin; dashed red line, statin therapy. (Reprinted from 
Mitchell et al. 2018 with permission)
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 CAC for Shared Decision-Making in the Allocation of Statin 
Therapy and Implications for Adherence

Shared decision-making refers to the process by which clinicians learn about, con-
sider, and incorporate patients’ values, goals, and preferences and jointly discuss 
risk stratification and therapeutic options and potential benefits/harms of available 
therapeutic options. Shared decision-making means involving the patient at the core 
of the risk assessment and therapeutic process, engaging them in selecting meaning-
ful risk assessment strategies and interventions. This can enhance adherence to rec-
ommendations, as patients have a better understanding of the rationale of the 
decisions being made and are directly involved in those, actively engaging in such 
decisions (Montori et al. 2013). In addition, patients who have higher insight into 
their disease and risk factors are regularly engaged in self-monitoring and are more 
motivated to control their risk factors more than their peers who do not (Bodenheimer 
et al. 2002).

In this context, CAC testing can provide additional relevant information among 
patients who are uncertain about their management after clinical risk scoring and 
are willing to use the burden of coronary plaque to inform their decisions about 
preventive statin therapy. On the contrary, for patients unlikely to change their man-
agement based on this information, CAC scoring would be of low value and is not 
recommended. This represents an important conceptual departure from the notion 
of CAC as a “screening” tool, rather, it serves as a decision aid in specific patients 
willing to consider additional information to make a final decision. Figure  22.4 
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Fig. 22.4 CAC score as a decision aid in shared decision-making in risk assessment and manage-
ment for primary ASCVD prevention. (Reprinted from Nasir and Cainzos-Achirica 2021 with 
permission)
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describes the proposed role of CAC scoring in shared decision-making in the alloca-
tion of statin therapy in primary prevention.

Long-term adherence to preventive interventions is a critical unmet need in 
the primary prevention of ASCVD, and this is an area where CAC can have a 
very important impact on improving preventive care and potential outcomes. 
Indeed, several studies suggest improved adherence to preventive care (lifestyle 
modifications and medications) following CAC scoring (Mamudu et al. 2014). 
Interestingly, a randomized trial (CorCal) was conducted and compared CAC-
based vs. PCE risk score-based strategy for initiation of statin therapy for pri-
mary ASCVD prevention. After 1 year, CAC-based strategy resulted in superior 
statin adherence rate, lower low-density lipoprotein cholesterol (LDL-C) levels, 
similar or reduced estimated costs, and fewer ASCVD events occurred compared 
to PCE risk score-based strategy (Muhlestein et al. 2021). In order to communi-
cate with patients even more effectively, physicians may consider providing 
visual graphics and resources to patients to help them understand their risk, as 
visualization of CAC images may improve patient understanding and compliance 
(Kalia et al. 2006).

 CAC in Current Primary Prevention Guidelines

Current guidelines around the world recommend considering CAC as part of the 
evaluation among individuals with borderline and intermediate-risk for ASCVD in 
case of uncertainty regarding decisions for initiation of preventive therapies. 
Table 22.2 summarizes major guidelines and expert consensus on use of CAC for 
risk assessment in primary prevention.

In the United States, the 2018 American College of Cardiology/American Heart 
Association (ACC/AHA) / Multisociety guideline authors concluded that it is 
appropriate to consider CAC testing in the context of shared decision-making for 
asymptomatic individuals without underling clinical ASCVD who are 40–75 years 
of age, have a 10-year ASCVD risk between 5% and 20%, and are uncertain about 
their risk management after clinical risk estimation (class of recommendation IIa) 
(Grundy et al. 2019). Also, the guideline endorsed the selective consideration of 
CAC testing among individuals with estimated risk <5% with a family history of 
premature CHD/ASCVD (class of recommendation IIa). Similar recommendations 
were included in the 2019 ACC/AHA Primary Prevention Guideline. Both guide-
lines emphasized the ability of CAC = 0 to de-risk individuals at borderline/inter-
mediate risk who are not active smokers and do not have diabetes as a group where 
statins can be avoided given an expected small absolute risk reduction and the inter-
ventions focus on lifestyle modification. Similarly, for adults 75 years of age or 
older, guidelines highlight the role of measuring CAC to reclassify those with 
CAC = 0 to avoid statin therapy (class of recommendation IIa) (Arnett et al. 2019).

In contrast, the ACC/AHA guideline authors concluded that CAC testing has 
limited impact on decisions regarding preventive therapy utilization among indi-
viduals with low (<5%) and no family history, as well as in those with high (>20%) 
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10-year calculated ASCVD risk. Among the low-risk group, the majority of indi-
viduals have CAC = 0 and have an extremely low 10-year ASCVD event rate of 
1.6%, and <5% of individuals have CAC > 100 (Nasir et al. 2015). At the other 
end of the risk spectrum, the majority of high-risk individuals (estimated risk 
>20%) have detectable CAC, and despite the fact that high-risk individuals with 
CAC = 0 have a lower observed event rate than the calculated risk (<20%), CAC 
is unlikely to have an impact on the decision to initiate preventive statin therapy, 
as the risk remains above the >7.5% threshold suggested for treatment (Nasir 
et al. 2015).

In Europe, the 2021 European Society of Cardiology (ESC) guidelines recom-
mended the use of CAC as a risk modifier that can reclassify CVD risk upward and 
downward in addition to conventional risk factors, and may thus be considered in 
men and women with calculated risks around decision thresholds and uncertain 
about their management (Visseren et al. 2021).

Table 22.2 Guidelines and expert consensus on the use of CAC for risk assessment in primary 
prevention

Guideline/Consensus Summary of recommendations

2018/2019 ACC/AHA 
guidelines on the management 
of blood cholesterol & primary 
cardiovascular prevention 
(Arnett et al. 2019; Grundy et al. 
2019)

CAC score is reasonable to measure if uncertainty of decision 
prevails in intermediate (7.5 to >20%) and select borderline 
(5 to <7.5%) 10-year ASCVD risk groups for the purpose of 
clinician–patient discussion. (class of recommendation IIa)

2017 Expert consensus 
statement from SCCT (Hecht 
et al. 2017)

It is appropriate to measure CAC as a part of shared decision 
making in adults of 40–75 years of age who have 10 -year 
estimated ASCVD risk of 5–20% and selective individuals 
having <5% (i.e., family history of premature CHD/ASCVD).

2018 USPSTF guideline on 
nontraditional risk factors (Lin 
et al. 2018)

In asymptomatic individuals, the current level of evidence is 
insufficient to assess the balance of benefits and harms of 
adding CAC score to traditional risk assessment for CVD 
prevention, and the clinical meaning of improvements in 
measures of calibration, discrimination, and reclassification 
risk prediction studies is uncertain

2021 ESC guidelines on 
cardiovascular disease 
prevention (Visseren et al. 2021)

CAC scoring is the best-established imaging modality to 
improve CVD risk stratification, and is considered as a risk 
modifier.
CAC scoring may be considered to improve classification 
around treatment decision thresholds (class of 
recommendation IIb).

2021 CCS Guidelines for the 
management of dyslipidemia 
(Pearson et al. 2021)

CAC might be considered for asymptomatic adults 40 years 
of age or older and at intermediate risk (FRS 10%–20%) for 
whom treatment decisions are uncertain (strong 
recommendation). CAC might be considered for a subset of 
low-risk individuals 40 years of age or older with a family 
history of premature ASCVD (weak recommendation)

ACC American College of Cardiology, AHA American Heart Association, ASCVD atherosclerotic 
cardiovascular disease, CCS Canadian Cardiovascular Society, ESC European Society of 
Cardiology, FRS Framingham Risk Score, USPSTF United States Preventive Services Task Force, 
SCCT Society of Cardiovascular Computed Tomography
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 CAC for the Allocation of Other Preventive 
Pharmacotherapies Beyond Statins

The primary aim of ASCVD risk assessment is to identify individuals who would 
benefit the most (i.e., largest absolute risk reduction) from available preventive 
pharmacotherapies that are proven to reduce risk. Similarly, accurate risk stratifica-
tion can help identify individuals expected to derive the smallest benefit from an 
intervention, which is an important consideration when therapeutic decisions 
involve treatments that are expensive or have potential side effects. In this context, 
using CAC to inform not only statin allocation but the use of multiple other preven-
tive treatments is an active area of research. Below we discuss studies on the prog-
nostic value of CAC in several special populations where despite increased average 
ASCVD risk, CAC can help further stratify risk and thereby inform a more person-
alized use of specific add-on therapies. Some of these uses of CAC are now dis-
cussed in recent expert consensus documents by the National Lipid Association 
and the Endocrine Society (Orringer et al. 2021; Newman et al. 2020), but they 
have not yet been incorporated into ACC/AHA or the ESC guidelines. Based on 
those novel studies, in Table 22.3, we present a summary of the proposed role of 
CAC in guiding treatment decisions for multiple preventive therapies in primary 
prevention.

Table 22.3 CAC score-based treatment recommendations proposed by the authors based on 
guidelines from scientific societies, expert consensus, and most recent research findings from 
observational CAC research

CAC 
score Preventive therapies considerations

0 Statin may result in very modest/no absolute benefit and may be safely delayed, unless 
(1) estimated 10-year risk >20%, (2) diabetes, (3) severe hypercholesterolemia, or (4) 
patients who continue to smoke (Grundy et al. 2019)

1–99 Moderate-to-high intensity statin if <75th percentile for a patient’s age and sex (Grundy 
et al. 2019)
High intensity if >75th percentile for a patient’s age and sex (Grundy et al. 2019)

100–
399

High-intensity statin (Grundy et al. 2019)
Aspirin 81 mg (class IIb), if not at increased bleeding risk, weaker recommendation 
than of CAC > 400 (Ajufo et al. 2021; Cainzos-Achirica et al. 2020)
Intensification of antihypertensive treatment if hypertension (Parcha et al. 2021; 
McEvoy et al. 2017)
GLP-1RA for patients with diabetes (Cainzos-Achirica et al. 2021a)
Icosepant ethyl for patients with hypertriglyceridemia (Cainzos-Achirica et al. 2021b)

≥400 High-intensity statin (Grundy et al. 2019)
Aspirin 81 mg (class IIb), if not at increased bleeding risk, stronger recommendation 
(even rates very similar to secondary prevention) (Ajufo et al. 2021; Cainzos-Achirica 
et al. 2020)
Intensification of antihypertensive treatment if hypertension (Parcha et al. 2021; 
McEvoy et al. 2017)
GLP-1RA for patients with diabetes (Cainzos-Achirica et al. 2021a)
Icosepant ethyl for patients with hypertriglyceridemia (Cainzos-Achirica et al. 2021b)

CAC coronary artery calcium, GLP-1RA glucagon-like peptide-1 receptor agonists
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 Aspirin

ACC/AHA guidelines recommend considering low-dose aspirin therapy for adults 
at very high ASCVD risk and not at high bleeding risk (class of recommendation 
IIa). However, the optimal approach for identifying appropriate, very high-risk can-
didates for therapy is unclear. Analyses from two cohorts (MESA and the Dallas 
Heart Study) suggest that among individuals at low bleeding risk, CAC ≥ 100, and 
particularly a CAC score ≥ 400, identifies individuals who would likely derive net 
benefit from aspirin. In contrast, CAC = 0 identifies individuals who would likely 
derive net harm from aspirin, even among those at low bleeding risk. Conversely, 
the PCE failed to identify subgroups expected to derive net benefit, not even among 
those at estimated ASCVD risk >20%. CAC can thus provide a valuable tool for a 
selective, most personalized allocation of low-dose aspirin in primary prevention 
(Ajufo et al. 2021; Cainzos-Achirica et al. 2020).

 Blood Pressure (BP) Goals

The ACC/AHA guidelines for the management of high BP recommend using the 
PCE to estimate 10-year ASCVD risk to establish BP treatment goals. Analysis 
from multiple prospective cohorts showed that among individuals with elevated BP 
as well as among strata defined by increasing hypertension severity, those with 
CAC > 0 had a significantly higher incidence of CVD events as opposed to those 
with CAC = 0, and the number needed to be treated to prevent one future CVD event 
was lower if CAC > 0 than CAC = 0, in all groups. These results were consistent 
across racial/ethnic subgroups (Parcha et al. 2021). Furthermore, among individuals 
with systolic BP <160 mm Hg and 10-year ASCVD risk estimates between 5% and 
15%, CAC > 100 can identify those who would likely benefit from initiation or 
intensification of systolic BP goal compared with CAC = 0 (McEvoy et al. 2017).

 Diabetes

Individuals with diabetes are more likely to have ASCVD events, and guidelines 
recommend at least a moderate-intensity statin in all adults 40–75 years of age with 
diabetes; and high-intensity statin in those at higher ASCVD risk. Studies have 
shown that CAC can be useful in stratifying risk among individuals with diabetes 
(Jensen et al. 2020; Malik et al. 2017), as the risk for CHD and ASCVD events 
increases progressively with higher CAC scores. Moreover, CAC augments the 
prognostic information provided by diabetes duration, glycemic control, and insulin 
use. Thus, CAC may be used to personalize the intensity of statin therapy in patients 
with diabetes, and may help inform the allocation of novel, costly ASCVD 
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risk- reduction pharmacotherapies in diabetes such as glucagon-like peptide-1 
receptor agonists (GLP-1RAs) (Cainzos-Achirica et al. 2021a).

 Hypertriglyceridemia

With a prevalence of 25% of hypertriglyceridemia in the general United States pop-
ulation, and evidence of an independent association between levels of triglyceride-
rich particles and risk of ASCVD events, there is great interest in the identification 
of specific pharmacological interventions that can help further reduce ASCVD risk 
in these individuals. Icosapent ethyl (IPE) is currently the only omega-3-based ther-
apy approved by the Food and Drug Administration (FDA) for ASCVD risk reduc-
tion in primary prevention patients with hypertriglyceridemia, and other fatty acids 
have and are being evaluated for this purpose. In this contest, a recent analysis pool-
ing MESA and three other population-based cohorts suggested that CAC can have 
a role in identifying high-risk candidates for IPE in primary prevention, and this was 
true among individuals with and without diabetes (Cainzos-Achirica et al. 2021b).

 Severe Hypercholesterolemia and Genetically Confirmed 
Familial Hypercholesterolemia

There is substantial heterogeneity in long-term ASCVD risk among individuals 
with severe hypercholesterolemia. Although individuals with high LDL-C 
(>190  mg/dL) and individuals with familial hypercholesterolemia (FH) are at 
increased risk for ASCVD compared to the general population, a considerable pro-
portion of these individuals do not experience ASCVD events despite having life-
long elevated LDL-C levels. In this context, multiple studies have shown that CAC 
has the ability to accurately stratify ASCVD risk in these individuals. For instance, 
in MESA, among those with LDL-C ≥ 190 mg/dL and CAC = 0, 10-year ASCVD 
event rates were 3.7%, compared with 20% in individuals with LDL-C ≥ 190 mg/
dL and CAC > 0 (Sandesara et al. 2020).

Similarly, among individuals with genetically confirmed FH, CAC has the ability 
to shed light on ASCVD risk heterogeneity and inform a more personalized man-
agement. During a 10-year follow-up of patients with heterozygous FH from Brazil, 
higher CAC scores were strongly associated with ASCVD, while events were 
remarkably lower among those with CAC = 0 (Miname et al. 2019). Of note, accord-
ing to a meta-analysis of 9 small FH clinical cohorts, the prevalence of CAC = 0 in 
individuals with FH is 45% (Mszar et al. 2020). While guidelines are consistent in 
their recommendation of statin therapy in all individuals with genetically confirmed 
FH as well as in those with LDL-C > 190 mg/dL, these studies suggest that CAC 
may help individualize the allocation of more costly add-on interventions, such as 
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PCSK9 inhibitors or inclisiran. Risk stratification using CAC tailored to patients 
with FH may further enhance the cost-effectiveness and resource utilization of these 
novel lipid-lowering treatments.

 Follow-Up on Initial CAC Scan

Given the predictive and prognostic power of CAC, particularly the power of 
CAC = 0, there is an overall interest in knowing the “warranty period” during which 
individuals with CAC = 0 remain at low or lower risk of events, and when a repeat 
scan will most likely detect conversion to CAC > 0. The time for conversion to 
CAC > 0 varies according to baseline estimated ASCVD risk, age, sex, race/ethnic-
ity, and diabetes status. Studies have shown that for individuals with CAC  =  0 
undergoing yearly CAC scans, conversion to CAC > 0 occurred in 15% of individu-
als between 3 and 7 years after the initial scan. Repeat CAC scanning can be con-
sidered in 5–7 years for patients at low 10-year ASCVD risk (<5%), 3–5 years in 
those at intermediate risk for ASCVD (5%–10%), and three years in those with 
diabetes (Dzaye et al. 2021).

The value of repeating the scan in individuals with CAC = 0 relies on the poten-
tial for changing preventive treatment recommendations, which will be more inten-
sive if the CAC score increases, and therefore, absolute risk increases. On the other 
hand, in patients with CAC > 0, particularly those with CAC > 100, repeating the 
scan will unlikely change established management. In addition, serial CAC testing 
to assess the efficacy of preventive therapies is not recommended.

 Conclusions

The CAC score is a marker of coronary atherosclerosis, is strongly and indepen-
dently associated with incident CHD/ASCVD events, and is a powerful tool for risk 
assessment in primary prevention. Among patients uncertain about their risk man-
agement after initial clinical risk assessment, CAC can be used to reclassify risk by 
identifying individuals at higher risk (CAC > 0, and particularly CAC > 100), and 
de-risk individuals who are expected to derive modest absolute benefit from certain 
pharmacological interventions (CAC = 0). This is true across age groups, in both 
men and women, and across a wide range of clinical risk management scenarios. 
CAC helps further personalize the allocation of statins in primary prevention, a role 
that is currently endorsed across international cardiovascular prevention guidelines, 
with studies suggesting that this use of CAC may enhance physician prescription of 
statins and long-term adherence by patients. In the near future, CAC may also help 
personalize the allocation of multiple other preventive interventions among individu-
als free of clinical ASCVD, a very active area of research and innovation in this space.
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Chapter 23
Cardiac Computed Tomography 
Angiography for Prevention 
of Cardiovascular Events

Rhanderson Cardoso and Ron Blankstein

Abbreviations

ASCVD Atherosclerotic cardiovascular disease
CAC Coronary artery calcium
CAD Coronary artery disease
CCTA Coronary computed tomography angiography
CIN Contrast-induced nephropathy
CT Computed tomography
FAI Fat attenuation index
HU Hounsfield Units

 Introduction

Coronary CT angiography (CCTA) is a well-established technique for a noninvasive 
evaluation of the coronary anatomy in selected patients with stable chest pain syn-
dromes or low to intermediate risk acute chest pain. When compared with func-
tional tests which are designed to detect ischemia CCTA has two major advantages. 
First, CCTA has a high negative predictive value to exclude the presence of either 
obstructive or nonobstructive coronary artery disease (CAD). Thus, a normal CCTA 
(i.e., having no coronary plaque or stenosis) is associated with a very low rate of 
incident cardiovascular events. Second, CCTA has a unique ability to identify sub-
clinical coronary artery disease, which has immediate implications for the initiation 
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or intensification of preventive therapies, both behavioral and pharmacologic. This 
capability is particularly relevant given the recent expansion of preventive pharma-
cotherapy options, which now span antiplatelet agents, statin and nonstatin lipid-
lowering therapies, cardiometabolic agents in patients with diabetes, and more. 
Herein, we highlight the power of CCTA as an adjunct tool for the diagnosis of 
CAD and its downstream effect in the prevention of atherosclerotic cardiovascular 
disease (ASCVD) outcomes.

 Imaging Technique

Computed tomography (CT) imaging is based on the attenuation of X-rays in tis-
sues. An electrical current in the X-ray tube (source) causes electrons to migrate 
from a cathode to an anode, generating X-rays, which in turn travel through the 
patient, where they are attenuated to different extents based on the types of tissue 
encountered. Residual X-rays that are not attenuated reach the image detector, 
where they are converted to light and then to an electric signal. Each pixel in the CT 
image is a representation of X-ray attenuation in that volume of tissue, expressed 
numerically in Hounsfield Units (HU).

This technology has been used in cardiovascular imaging for nearly 40 years 
(Lipton et al. 1984). Imaging of the coronary arteries, however, was initially chal-
lenging due to the small caliber and highly mobile nature of these vessels. Over the 
last few decades, technological advances in the field have resulted in sufficient spa-
tial and temporal resolution to enable imaging of the coronary arteries. Specifically, 
faster gantry rotation and an increasing number of detector rows have been para-
mount to improve the quality of coronary imaging allowing higher resolution 
images while “freezing” the motion of the heart.

Modern CT scanners have a rotation time of 240–280 msec. Typically, the tem-
poral resolution of the scanner equals to half the gantry rotation time, because a 
180° rotation is sufficient to acquire data on all of the volume of interest. Therefore, 
the temporal resolution is approximately 120–140 msec on most modern scanners. 
This can be improved further by dual-source technology, in which two separate 
X-ray sources and detectors are hosted within the same gantry. Only one-quarter of 
the full gantry rotation in dual-source scanners is needed for 360° coverage, which 
can improve the temporal resolution to as low as 66  msec. Another significant 
improvement with modern cardiac CT scanners is the number of detector rows, 
which ranges from 64 to 320, allowing for increased patient coverage with a single 
rotation (up to 16-cm with 320-detector row CT systems). The narrow width of each 
detector now ranges from 0.5 to 0.625  mm, leading to high spatial-resolution 
imaging.

Parallel to improvements in temporal and spatial resolution, there has been a 
substantial reduction in the overall radiation dose with CCTA. The reasons are mul-
tifactorial. First, the use of lower tube voltage in appropriate candidates. The tube 
voltage describes the peak energy of the emitted X-rays. While 120-kVp imaging 
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may be needed for patients who are obese, the use lower of tube voltage, when fea-
sible, lowers the radiation dose significantly as there is an exponential association 
between kVp and dose. Other techniques for reducing radiation dose include current 
modulation, axial acquisition using prospective ECG-triggering, iterative recon-
struction, and high-pitch helical CT (Hausleiter et al. 2012; Deseive et al. 2015). 
The randomized PROTECTION III trial found a 69% reduction in radiation expo-
sure with prospective ECG-triggered axial scanning compared with retrospective 
helical scanning, with similar image quality (Hausleiter et  al. 2012). Altogether, 
these techniques allow for CCTA imaging with very low radiation doses with mod-
ern scanners (<2 mSv) (Kosmala et al. 2019).

Despite these major advances, there are still technical challenges in certain 
patient groups that limit CT imaging of the coronaries with low radiation dose and 
high temporal and spatial resolution. Notably, patients who are obese still require 
higher tube voltage, which increases radiation dose. Also, individuals with fast or 
irregular heart rates may require a helical acquisition using retrospective gating or a 
wider acquisition window within the RR interval, both techniques which increase 
radiation exposure. Even with increased radiation exposure, image quality may still 
be limited in these patients. Patients who are unable to hold their breath are also 
unsuitable for CCTA imaging. Therefore, many of the attributes of CCTA described 
in this chapter and elsewhere can only be fully achieved when scanner technology 
and patient factors allow for good image quality. Furthermore, because the main 
applications of CCTA in this chapter relate to plaque identification for optimizing 
preventive therapies, it is noteworthy that in challenging situations (e.g., obesity, 
irregular heart rate), a coronary artery calcium scan (see Chap. 22) may be techni-
cally easier to perform and less susceptible to some of the technical limitations 
of CCTA.

 Safety of Contrast Administration

Unlike CAC scans, CCTA requires the administration of iodine contrast to opacify 
the coronary arteries. Patients require an intravenous access capable of flows of 
5–7 mL/s for a total contrast volume of 50–90 mL. Adverse reactions to contrast 
media are infrequent. They can be divided into anaphylactoid (or hypersensitivity) 
and nonanaphylactoid reactions. Serious hypersensitivity reactions are quite rare. In 
a study with 29,508 patients undergoing contrast-enhanced CT with a low osmolar, 
nonionic contrast agent, moderate or severe reactions occurred in 23 patients 
(0.08%) (Mortele et al. 2005). Pretreatment with corticosteroids and antihistamines 
is routinely administered for patients with a history of mild reactions to iodinated 
contrast. Those with a history of severe or breakthrough reactions should be consid-
ered for alternative imaging or undergo evaluation by an allergist/immunologist.

Whereas anaphylactoid reactions are idiosyncratic and independent of dose, 
nonanaphylactoid reactions are dependent on dose and concentration of contrast 
media. These reactions are also infrequent and include gastrointestinal symptoms, 
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pulmonary edema, vasovagal reactions, and contrast-induced nephropathy (CIN). 
CIN is characterized by an increase in serum creatinine of at least 0.5 mg/dL within 
24–72 hours. Recovery of renal function typically occurs in 7–10 days. The major 
risk factors for CIN include baseline renal dysfunction, diabetes, volume of con-
trast, and high osmolality agents (Tao et al. 2016). Intravenous administration of 
iodinated contrast, such as for CCTA, carries a lower risk of CIN than intra-arterial 
administration of contrast for coronary and other arterial interventions. Indeed, sev-
eral observational studies have shown that the incidence of acute kidney injury may 
be no different in those who receive contrast media for CT scans compared with 
controls who do not (McDonald et al. 2013, 2014; Davenport et al. 2013).

 CCTA Use in Symptomatic Patients

The aforementioned advances in CCTA technology, together with a robust evidence 
base supporting the accuracy and efficacy of CCTA testing, have established CCTA 
as a first-line noninvasive testing option for patients with acute or stable chest 
patients who do not have known CAD (Marwick et al. 2015; Knuuti et al. 2020; 
Moss et al. 2017; Gulati et al. 2021). Accordingly, the most recent guidelines from 
the United States, United Kingdom, and Europe have assigned a prominent role for 
CCTA for the evaluation of symptomatic patients (Knuuti et al. 2020; Moss et al. 
2017; Gulati et al. 2021). CCTA has an outstanding negative predictive value for 
obstructive epicardial atherosclerotic plaque, exceeding that of functional studies 
aimed at detecting ischemia (Stein et al. 2008). In a systematic review, the negative 
predictive value for excluding significant (≥50%) coronary stenosis with CCTA was 
approximately 96% compared with invasive angiography in studies with an average 
CAD prevalence of 61% (Stein et al. 2008). The negative likelihood ratio of CCTA 
is less than 0.1 (Stein et al. 2008; Budoff et al. 2008).

 Absence of Plaque on CCTA

The prognosis of patients without any CAD by CCTA is excellent. In a study with 
1304 patients who underwent CCTA for suspected CAD, 46% of whom had moder-
ate or high pretest probability, there were no major cardiovascular events over a 
mean follow-up of 52  months among the 503 (42%) patients who had no CAD 
(Andreini et al. 2012). In a meta-analysis including 9592 symptomatic patients with 
a median follow-up of 20 months, the annualized rate of major adverse cardiovas-
cular events was 0.17% per year in patients without CAD on CCTA, compared with 
8.8% per year in those with obstructive epicardial disease (>50% luminal stenosis) 
(Hulten et al. 2011).

Patients with no CAD (i.e., no plaque or stenosis) on CCTA, as shown in 
Fig. 23.1, have a very low event rate and benefit from preventive pharmacotherapies 

R. Cardoso and R. Blankstein



473

may be more limited. Although data on CCTA-guided preventive care for asymp-
tomatic patients are limited, CAC data may be considered in this regard. In a cohort 
of 13,644 individuals from a military population who underwent CAC testing, statin 
therapy in patients without plaque (i.e., CAC = 0) was not associated with a signifi-
cant reduction in adverse cardiovascular events over a median follow-up of 9.4 years 
(Mitchell Joshua et al. 2018). Although a negative CCTA should be even more reas-
suring than a CAC of zero (as it denotes the absence of both calcified and noncalci-
fied plaque), this data should be considered with caution due to its observational 
nature. Moreover, it is conceivable that despite the very low risk of patients who do 
not have any plaque on CCTA, there could be long-term benefits to some preventive 
therapies, albeit the magnitude of such a benefit would be expected to be lower in 
patient who do not have any plaque when compared with individuals who have 
significant plaque. Another caveat is that outcomes data in asymptomatic individu-
als may be less applicable to symptomatic populations.

 Prognostic Implications of Plaque Burden by CCTA

In addition to its role in ruling out disease and identifying patients without CAD 
who are at low risk of cardiovascular events, CCTA has a major advantage over 
ischemic testing with functional imaging: its ability to identify subclinical coronary 
atherosclerosis. Approximately 1 in 3 patients with suspected CAD who undergo 
CCTA are found to have nonobstructive CAD (Shaw et al. 2021). Visualization of 
CAD on anatomical imaging, even if nonobstructive, identifies patients at increased 
risk for future events despite the absence of obstructive disease, who may benefit 
from more intense preventive therapy (Bittencourt et al. 2014; Hulten et al. 2014).

A comprehensive meta-analysis of nearly 50,000 patients over a median follow-
 up of 2.5 years found an 8-fold higher annual event rate in those with nonobstructive 

Fig. 23.1 Example of normal coronary CTA with no plaque or stenosis. The insert (red box) 
shows an en-face view of the LAD showing no plaque or stenosis
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CAD (1.6%) compared with those with no CAD (0.2%) (Shaw et al. 2021). Patients 
with a small burden of atherosclerotic plaque, as shown in Fig. 23.2, may benefit 
from intensification of medical therapy for prevention of atherosclerotic events, 
even without obstructive plaque.

The importance of overall plaque burden was demonstrated in the Western 
Denmark Heart Registry. Among 23,759 symptomatic participants who underwent 
CCTA and were followed for a median of 4.3 years, the presence of obstructive 
CAD was not associated with a higher risk than nonobstructive disease when strati-
fied by five groups of CAC score. In other words, patients with a similar plaque 
burden, as measured by the CAC score, had similar event rates regardless of whether 
there was obstructive plaque or not (Mortensen et al. 2020).

 High-Risk Plaque Features

Certain high-risk plaque features may also add to the risk prediction of CCTA imag-
ing. Specifically, the presence of low-attenuation plaque (typically defined as plaque 
that has a noncalcified component with <30 HU), positive remodeling, spotty calci-
fications, and the napkin-ring sign (central area of low-attenuation plaque with a 
peripheral rim of high attenuation) are all associated with a high risk of downstream 
events (Shaw et al. 2021; Cury et al. 2016). These plaque attributes can be identified 
during routine CCTA interpretation and do not require the need of any specific 

Fig. 23.2 Example of coronary CTA showing a small amount of predominantly calcified plaque 
involving the LAD (red arrows point to areas of plaque). The segment involvement score is 2
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software. However, similar to the identification of high-risk plaque features using 
invasive techniques, the positive predictive value of CCTA high-risk plaque to iden-
tify the site of a future acute coronary syndrome event is low.

In the Prospective Multicenter Imaging Study for Evaluation of Chest Pain 
(PROMISE) study, 676 (15%) of 4415 patients who underwent CCTA for suspicion 
of CAD had high-risk plaques, which was associated with a higher risk of major 
adverse cardiac events even after adjustment for the ASCVD risk score and the pres-
ence of significant stenosis (aHR 1.72; 95% CI 1.3–2.62) (Ferencik et al. 2018). 
Similarly, in the Scottish Computed Tomography of the Heart (SCOT-HEART) 
trial, the presence of positive remodeling or low attenuation plaque had a threefold 
higher incidence of coronary heart disease death or nonfatal myocardial infarction 
relative to those without high-risk plaque features (Williams et al. 2019). However, 
high-risk plaque was not associated with a higher event rate once adjusted for coro-
nary artery calcium (CAC), which is a surrogate measure of total coronary 
plaque burden.

 Estimating Plaque Burden

Given the increased evidence supporting the prognostic value of plaque burden, a 
recent Expert Consensus Document on Coronary CT Imaging of Atherosclerotic 
Plaque from the Society of Cardiovascular Computed Tomography and the North 
American Society of Cardiovascular Imaging emphasized the importance of adding 
an assessment of the total burden of atherosclerotic plaque on CCTA reports, as well 
as whether high-risk plaque features are present (Shaw et al. 2021). Although fully 
quantitative and automated measurements of plaque burden are not widely avail-
able, there are several methods that can be used to estimate overall plaque burden: 
(a) Quantify CAC score – this requires performing an additional noncontrast CT 
scan during the CCTA acquisition, which is associated with a small increase in 
radiation dose; (b) Determine the segment involvement score (SIS)  – a semi- 
quantitative assessment which represents the number of coronary artery segments 
which have plaque, using a 16-segment model (left main and proximal, mid, and 
distal segments of left anterior descending artery, diagonal or ramus branch, left 
circumflex, obtuse marginal, and right coronary artery); (c) Provide a visual estima-
tion of overall plaque burden which incorporate an estimate of the overall amount 
of calcified and noncalcified plaque.

Supporting the role of measuring the SIS, a study of 3243 patients found that those 
with nonobstructive, but extensive CAD (defined as a segment involvement score > 4) 
had a similar risk of cardiovascular death or myocardial infarction over a median 
follow-up of 3.6 years compared with those with obstructive, but nonextensive CAD 
(14.5 vs. 13.6/1000 patient-years, respectively) (see Figs. 23.3 and 23.4 for examples 
of moderate and extensive amount plaque on CCTA) (Bittencourt et al. 2014).

Using the above methods to estimate overall plaque burden on CCTA, extensive 
plaque is often defined when the CAC score is greater than 300 (if quantified, or 
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visually assessed), or if the segment involvement score is 5 or greater. Individuals 
with extensive plaque will often have plaque involving all three coronary arteries, 
with at least one vessel demonstrating plaque which involves most of the vessel. 
When the CAC score exceeds 1000 (if quantified or visually assessed), the overall 

Fig. 23.3 Example of coronary CTA showing a moderate amount of predominantly noncalcified 
plaque involving the LAD (red arrows; mild stenosis: 25–49%) and left circumflex (orange arrows; 
moderate stenosis: 50–69%). The segment involvement score is 3

Fig. 23.4 Example of coronary CTA showing extensive plaque burden in a multivessel distribu-
tion, including both calcified and noncalcified plaque. The segment involvement score is 9
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amount of plaque can be categorized as very extensive, a finding which corresponds 
to a very high risk of future cardiovascular events (Peng et al. 2020).

 CCTA and Cardiovascular Outcomes

Whether the prognostic implications of CCTA findings can ultimately improve 
patient outcomes was the subject of two large randomized controlled trials: SCOT- 
HEART and PROMISE (Newby et al. 2018; Douglas et al. 2015). In the SCOT-
HEART trial, 4146 individuals with stable chest pain were randomized to standard 
care with or without CCTA. Standard care included a stress ECG study in 85% of 
the patients. Preventive therapies, such as aspirin and statin therapy, were recom-
mended to patients with nonobstructive disease on CCTA or those with a high car-
diovascular risk score (Newby et al. 2018). The rate of invasive coronary angiography 
(24%) or coronary revascularization (13%) was not significantly different between 
groups (Newby et al. 2018; Investigators S-H 2015). During a median follow-up of 
4.8 years, more patients in the CCTA group were started on preventive therapies 
(19.4%) as compared with patients on standard care alone (14.7%). In addition to a 
higher rate of initiation of preventive therapies, it is likely that preventive therapies 
in the CCTA group were allocated to higher-risk patients, more likely to benefit 
from these therapies, as guided by anatomic evidence of atherosclerosis. 
Approximately two-thirds of patients in the CCTA group were found to have an 
abnormal test, either nonobstructive or obstructive CAD, whereas only 15% of 
patients had an abnormal stress ECG study (Investigators S-H 2015).

The primary endpoint of death from coronary heart disease or nonfatal myocar-
dial infarction was significantly lower among patients who underwent CCTA (2.3%) 
relative to those who received standard-care alone (3.9%) (HR 0.59; 95% CI 
0.41–0.84; p = 0.004), driven primarily by a lower incidence of nonfatal myocardial 
infarction in the CCTA group (HR 0.60; 95% CI 0.41–0.87) (Newby et al. 2018). 
Results were consistent among subgroups of age, sex, and baseline cardiovascular 
risk (Newby et al. 2018).

Important limitations of the SCOT-HEART trial include the nonblinded adjudi-
cation of clinical endpoints and the paucity of ischemic imaging in the standard of 
care group. This was not the case in the PROMISE study, in which 10,003 symp-
tomatic patients were randomized to CCTA or functional testing, with blinded adju-
dication of outcomes (Douglas et  al. 2015). In the functional-testing group, 
approximately two-thirds of patients underwent nuclear stress imaging, 22% had an 
exercise echocardiogram, and 10% had an exercise ECG.  Over a follow-up of 
2 years, the primary composite endpoint of death, myocardial infarction, hospital-
izations for unstable angina, or major procedural complications was not signifi-
cantly different between groups (3.3% CTA vs. 3.0% functional testing; HR 1.04; 
95% CI 0.83–1.29) (Douglas et al. 2015).

So how does one reconcile the discrepant results between PROMISE and SCOT- 
HEART? The answer may lie in the differences in the endpoints used by each trial 
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as well as the differences in study population. In the PROMISE study, there was an 
excess of hospitalizations for unstable angina – which is a softer endpoint – among 
patients who were randomized to CCTA, possibly reflecting the consequences of 
informing patients that they have significant plaque in their coronary arteries. With 
respect to the different patient populations, the PROMISE study enrolled a lower 
risk group: only 12% of patients had typical angina and 25% had no chest pain 
(Douglas et  al. 2015). In contrast, all patients in SCOT-HEART had chest pain, 
including 35% with typical angina, and it is likely that such patients were more 
likely to benefit from downstream preventive therapies (Newby et al. 2018).

In the PROMISE study, the proportion of patients taking statin therapy at 60 days 
was higher in the CCTA group for patients with diabetes (71.4% CCTA vs. 64.3% 
functional testing; OR 1.40; 95% CI 1.14–1.72; p = 0.001) and without diabetes 
(53% CCTA vs. 46% functional testing; OR 1.36; 95% CI 1.23–1.50; p < 0.001) 
(Sharma et  al. 2019). The same was noted for aspirin in patients with diabetes 
(62.1% vs. 57.3%; p = 0.04) or without diabetes (52.4% vs. 47.5%; p < 0.001). 
Overall, results from SCOT-HEART and PROMISE indicate that CCTA-mediated 
knowledge of the coronary anatomy and global atherosclerotic burden leads to an 
intensification of preventive therapies. Nevertheless, the intensification of preven-
tive therapies in both the SCOTH-HEART and PROMISE trials were suboptimal, 
likely reflecting the pragmatic nature of these trials, and the lack of strict guidance 
to treating physicians on how use CCTA results to optimize preventive therapies.

The impact of atherosclerosis imaging on patient management has also been 
observed in patients who are found to have a CAC > 0. A systematic review and 
meta-analysis including more than 11,000 participants who underwent CAC testing 
showed that identifying coronary atherosclerosis significantly improves the likeli-
hood of initiating or continuing preventive therapies for cardiovascular disease – 
both pharmacological and lifestyle-related (Gupta et al. 2017).

 CCTA Use in Symptomatic Patients with Diabetes

In the subgroup of patients with diabetes, both the SCOT-HEART and PROMISE 
trials showed favorable outcomes with CCTA relative to standard care or functional 
imaging. In the SCOT-HEART study, among 444 patients with diabetes, the abso-
lute risk reduction in the composite endpoint of death from coronary heart disease 
or nonfatal myocardial infarction with CCTA was 4.6% (3.1% CCTA vs. 7.7% in 
standard care; HR 0.36; 95% CI 0.15–0.87) (Newby et al. 2018).

Similarly, among patients with diabetes in the PROMISE study (n = 1908), the 
outcome of cardiovascular death or myocardial infarction was significantly lower 
with CCTA (1.1%) relative to stress testing (2.6%) over a period of 2 years (HR 
0.38; 95% CI 0.18–0.79; p = 0.01) (Sharma et al. 2019). Altogether, these data sug-
gest that patients with diabetes and stable chest pain syndromes without known 
CAD may benefit from a testing strategy of CCTA over functional testing. This 
anatomical approach with identification of clinical or subclinical atherosclerosis 
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can lead to an intensification of prevention therapies and ultimately to the reduction 
in atherosclerotic cardiovascular events.

 CCTA Use in Asymptomatic Patients

CAC is well established as an imaging technique for advanced risk stratification and 
guidance of preventive therapies in patients at intermediate-risk for atherosclerotic 
events who have no symptoms of CAD. A CAC score of zero indicates a low risk of 
events in the next 10 years, more so than several other “negative” risk markers, such 
as absence of carotid plaque, low C-reactive protein, absence of family history, and 
others (Blaha et al. 2016). Even among patients with risk factors or risk-enhancing 
conditions, such as diabetes, HIV, or a positive family history of premature ASCVD, 
CAC can provide valuable risk stratification beyond risk factors to guide personal-
ized patient management (Cardoso et al. 2020; Pereira et al. 2020; Patel et al. 2015). 
Table 23.1 outlines a summary comparison of CAC vs. CCTA.

Whether CCTA has an incremental value over CAC for risk stratification and 
guidance of preventive therapies, with an impact on hard endpoints, is unclear. In 
the CONFIRM registry, 7590 participants without chest pain or known CAD from 
6 countries underwent CCTA and CAC testing. After a median follow-up of 
24 months, both CAC and CCTA improved the performance of risk factor-based 
prediction models, but the improvement in net risk reclassification from adding 
CCTA to a model with the CAC score was trivial (Cho et al. 2012). A subanalysis 
of the CONFIRM registry focused on 400 asymptomatic individuals with diabetes 
showed an improvement in the C-statistic from 0.64 to 0.77 by adding CCTA to a 
model of age, gender, and CAC score (Min et al. 2014).

Other single-center studies have shown incremental value of CCTA over CAC 
score in select populations of asymptomatic patients. Among 591 asymptomatic 
individuals with type 2 diabetes from South Korea, followed for a median of 
5.3 years, CCTA parameters, such as number of obstructive lesions and severity of 
CAD (obstructive, nonobstructive, or no CAD), had incremental value in risk 

Table 23.1 Comparison of CAC vs. CCTA

CAC CCTA

Intravenous contrast No Yes
Low heart rate required No Yes
Nitroglycerin for coronary vasodilation No Yes
Slice thickness 3 mm 0.5–0.75 mm
ECG-gating Yes Yes
Tube potential 120 kVp 70–120 kVp
Radiation dose ~1 mSv Variable
Availability +++ ++
Cost Lower Higher
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stratification over a model with traditional risk factors and CAC. The C-index for 
prediction of cardiac events improved from 0.72 with risk factors and CAC score to 
0.82 with risk factors, CAC score, and the number of vessels with obstructive CAD 
(Kang et al. 2016).

Another study followed 665 patients with mean age 56 years and at least one 
major risk factor for CAD who underwent CCTA and CAC scoring for a median of 
3.0 years. Approximately 81% of patients had CAD on CCTA. The composite end-
point of myocardial infarction, unstable angina, or coronary revascularization 
occurred in 6.0% of individuals. The addition of CCTA to a model including risk 
factors and CAC scoring significantly improved prediction and reclassification, par-
ticularly among patients with a positive CAC score. The C-statistic increased from 
0.81 to 0.84 (Dedic et al. 2016).

The use of CCTA to screen for CAD in asymptomatic patients was evaluated in 
the FACTOR-64 randomized trial, in which 900 asymptomatic participants with 
type 1 or type 2 diabetes for at least 3 years were randomized to standard diabetes 
care with or without CCTA for screening of CAD (Muhlestein et al. 2014). Patients 
randomized to CCTA were recommended specific interventions for risk factors 
modification according to the results of CCTA: (1) standard diabetes care if no 
CAD; (2) patients with CAD were instructed to initiate aggressive risk factor modi-
fication, including lower LDL-C (<70 mg/dL), A1C (<6.0%), and systolic blood 
pressure goals (<120  mmHg). Patients randomized to standard care alone were 
treated according to guideline recommendations for diabetes care.

The study enrolled 900 patients, with a mean age of 61 years, mean A1C 7.5%, 
and average diabetes duration of ~13 years. In the CCTA group, 46%, 12%, and 
11% had mild, moderate, or severe coronary stenosis, respectively. Additional test-
ing with protocol-driven functional imaging was indicated in 14% of patients in the 
CCTA group, whereas invasive coronary angiography and revascularization were 
performed in 8% and 6% of patients, respectively (Muhlestein et al. 2014). In the 
control group, 5% and 2% underwent invasive angiography and revascularization, 
respectively.

Over a mean follow-up time of 4 years, the incidence of the primary outcome of 
all-cause mortality, nonfatal myocardial infarction or unstable angina requiring hos-
pitalization was not significantly different between groups (CCTA 6.2%, control 
7.6%; HR 0.80; 95% CI 0.49–1.32; p = 0.38). Although the outcomes of FACTOR-64 
dampened enthusiasm for CAD screening with CCTA in asymptomatic patients, the 
results of the study corroborated the notion that plaque visualization has the poten-
tial to improve risk factor management. When compared with subjects in the control 
group, individuals in the CCTA group had significant improvements in LDL-C, 
HDL-C, and blood pressure parameters (Muhlestein et al. 2014). Nevertheless, the 
overall event rates in this well-treated population were low which reduced the abil-
ity to identify a difference between the two groups.

The role of CCTA in primary prevention is being explored further in the 
Computed Tomography Coronary Angiography for the Prevention of Myocardial 
Infarction (SCOT-HEART 2) Trial (NCT03920176). The study is enrolling 6000 
individuals 40–70 years of age, with at least one major risk factor. Patients will be 
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randomized to CCTA or a risk factor-based assessment and followed for the primary 
outcome of coronary death or nonfatal myocardial infarction.

 CCTA vs. CAC Testing in Primary Prevention: Understanding 
the Trade-Offs

While current guidelines suggest that CCTA should be mostly reserved for symp-
tomatic patients while CAC may be used when there is uncertainty regarding the 
role of preventive therapies for asymptomatic patients, it is reasonable to question 
whether CCTA should have a bigger role in assessing risk among selected asymp-
tomatic individuals. Collectively, the studies discussed above suggest that the incre-
mental prognostic value of CCTA beyond CAC is small. However, it is conceivable 
that the added value of CCTA may be greater in several sub-groups: (1) younger 
individuals – especially if they have significant risk factors (e.g., heterozygote famil-
ial hypercholesterolemia, systemic inflammatory diseases, strong family history of 
premature MI in several family members). Such individuals are less likely to have 
calcified plaque and the identification of plaque at an early age may prompt preven-
tive therapies that may lower long-term risk. (2) Patients who have a larger burden 
of noncalcified plaque or who are more likely to have exclusively noncalcified 
plaque – this would include patients with systemic inflammatory conditions, HIV, 
and tobacco use. However, when considering the potential advantages of identifying 
noncalcified plaque burden via use of CCTA, it is important to recognize several 
limitations of CCTA, especially when applied to asymptomatic patients. When com-
pared with CAC testing, CCTA is more likely to be associated with higher cost, 
higher rate of downstream testing, and higher radiation dose. Of particular concern, 
is the potential for asymptomatic patients to be referred for unnecessary noninvasive 
or invasive testing following CCTA. Thus, it is imperative that when CCTA is used 
for the purposes of plaque imaging and prevention among asymptomatic patients 
that medical therapy remains the focus of subsequent patient management.

There are a few other potential attributes and future developments in CCTA that 
may further strengthen the role of this test in preventive cardiology. As discussed 
above, automatic plaque quantification may enable a more reproducible assessment 
of plaque volume that can be performed on any CCTA, and which integrates informa-
tion on the location, amount, and type of plaque (Williams et al. 2022). Another tech-
nique that may be particularly useful for prevention is the identification of coronary 
inflammation by analyzing the pericoronary fat attenuation index (FAI), which pro-
vided incremental risk assessment beyond CCTA (Fig. 23.5) (Oikonomou et al. 2018). 
In fact, abnormalities in this signal may precede the development of plaque, and may 
also signify a specific role for anti-inflammatory therapies (Klüner et al. 2021).
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 Summary and Recommendations

CCTA is an established noninvasive imaging modality to evaluate for nonobstruc-
tive and obstructive CAD in symptomatic patients. When used in this context, one 
of the greatest advantages of CCTA is the ability to identify the presence, amount, 
and type of plaque, and thus enhance risk assessment and guide the need for more 
aggressive preventive therapies (Table 23.2). Several decades of research in athero-
sclerosis imaging with either CAC (mostly in asymptomatic patients) or CCTA 
(mostly in symptomatic patients) has reinforced the concept that the total burden of 
atherosclerosis (or its absence) is strongly associated with future cardiovascular 
events. Randomized controlled trials have subsequently demonstrated that the use 
of CCTA among patients who have chest pain results in higher use of preventive 
therapies and may result in a lower rate of major adverse cardiovascular events. 
Prior trials have reinforced that in order to derive maximal risk reduction with the 
use of CCTA it is important that testing is done in patients who have sufficient risk 
(i.e., lower risk patients are less likely to benefit from such testing). Moreover, it is 
imperative that CCTA test results are used in defining the need and intensity of 
future preventive therapies. After all, the CCTA test results do not impact patient 
outcomes, but how clinicians and patients act on these results is what ultimately 
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Fig. 23.5 Perivascular Fat Attenuation Index Stratifies the Risk Associated With High Risk Plaque 
Features. (a) A visual example of pericoronary fat attenuation index (FAI) mapping. (b) Unadjusted 
Kaplan–Meier curves with adjusted hazard ratios for patients stratified based on FAI around the 
right coronary artery (cutoff: −70.1 HU) and high-risk plaque (HRP) presence, illustrating how 
FAI mapping identifies distinct risk groups among HRP(+) and HRP(−) patients. CCTA coronary 
computed tomography angiography. (Source: Fig. 1 from JACC. 2020;76(6):755–756)
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matters most. Given the strong association between plaque burden and future car-
diovascular risk, it is useful to consider preventive therapies for all patients who are 
found to have plaque on CCTA. However, patients who have large amount of plaque 
should be considered for a multipronged intervention incorporating lifestyle changes 
and aggressive secondary prevention pharmacotherapies (Fig. 23.6).

Table 23.2 Recommendations for CCTA use to prevent major adverse cardiovascular events

1.  CCTA may be considered as a first-line test in patients with symptoms suspicious for chronic 
coronary syndromes.

2.  CCTA reports should include an assessment of the total burden of coronary atherosclerosis. A 
high burden of atherosclerosis, even if nonobstructive, implies a higher risk for atherosclerotic 
events.

3.  The global burden of atherosclerosis on CCTA should be communicated clearly to referring 
physicians for an implementation of risk-based lifestyle and pharmacologic preventive 
therapies, guided by shared decision-making.

4.  When CT-based risk stratification is indicated in asymptomatic patients, CAC is 
recommended over CCTA. However, in specific circumstances where patients may have a 
high burden of noncalcified plaque, CCTA may be considered.

Diet
Tobacco cessationExercise

Diabetes Management
Lipid Lowering Rx

Hypertension

Icosapent ethyl

Antiplatelet therapy

High-intensity statin therapy

Non-statin therapy

Patients with extensive coronary

plaque on CCTA – either

obstructive or non-obstructive

GLP1-RA or SGLT2 inhibitors Ø MACE by 14%

goal systolic blood pressure < 130 mmHg

Fig. 23.6 Aggressive prevention therapies that should be considered for individuals who have 
extensive amount of plaque on coronary CTA. The presence of a large amount of plaque identifies 
individual who have a significantly higher risk of future cardiovascular events, often similar to the 
level of risk observed in secondary prevention trials. Accordingly, it is important to identify all 
sources of modifiable risk, and to implement both lifestyle and pharmacologic therapies. While not 
all therapies on this figure will be appropriate for all patients, all are reasonable to consider for 
lowering the risk of cardiovascular events. Illustration courtesy of Ana Vitória Cordeiro Rocha, 
Federal University of Goias, Brazil
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In asymptomatic patients, the wider availability and lower cost of CAC testing 
make it the preferred imaging test for risk stratification and guidance of primary 
prevention therapies (Cardoso et al. 2020). Although some studies have shown that 
CCTA in asymptomatic patients can improve risk prediction beyond CAC testing, 
its current role remains limited, but may evolve over time. A wider adoption of 
CCTA in this context will require more data on subgroups that are more likely to 
benefit from CCTA (vs. CAC testing), as well as future clinical trials demonstrating 
improved cardiovascular outcomes among individuals who are selected based on 
CCTA findings. Current studies are ongoing to define the role of CCTA among 
asymptomatic patients, as well as its impact on downstream patient management 
and outcomes.
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Chapter 24
Carotid Intima-Media Thickness 
and Plaque Assessment

Matthew C. Tattersall and James H. Stein

 Carotid Intima-Media Thickness

 Definitions

Carotid IMT is a noninvasive ultrasound measure, which can quantify the presence 
of subclinical arterial injury (Stein et al. 2008). It measures the sum of the thick-
nesses of the arterial intima and media, which are delineated by two echogenic lines 
on a B-mode ultrasound image (Stein et al. 2008; Pignoli et al. 1986; Wikstrand 
2007) (Fig. 24.1). Carotid IMT increases with age, representing both adaptive and 
pathologic processes (Stein et al. 2008). Increased IMT in the absence of plaque is 
not atherosclerosis; however, it shares underlying pathophysiologic processes that 
lead to atherosclerosis, so increased carotid IMT represents “arterial injury.” (Stein 
et al. 2008; Finn et al. 2010; Raggi and Stein 2020) Adaptive changes to the carotid 
artery occur as part of the aging process in response to oxidative stress, inflamma-
tion, cellular senescence, and epigenetic modifications which result in functional 
and structural changes to the artery that cause carotid wall thickening with aging, 
regardless of presence of carotid plaque (Ungvari et al. 2018). Pathologic thicken-
ing represents accelerated thickening in the context of ASCVD risk factors, which 
leads to maladaptive arterial aging or pathologic arterial remodeling (Nagai et al. 
1998). The degree of pathologic arterial remodeling is an independent risk factor for 
future ASCVD events (Prati et al. 2008; Johnsen et al. 2007; Chambless et al. 1997, 
2000; Lorenz et al. 2006; Folsom et al. 2008; O'Leary et al. 1999; Kitamura et al. 
2004; Rosvall et al. 2005a; van der Meer et al. 2004) and has been used to refine 

M. C. Tattersall · J. H. Stein (*) 
Department of Medicine, Division of Cardiovascular Medicine, University of Wisconsin 
School of Medicine and Public Health, Madison, WI, USA
e-mail: mtattersall@medicine.wisc.edu; jhs@medicine.wisc.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-98824-1_24&domain=pdf
https://doi.org/10.1007/978-3-030-98824-1_24#DOI
mailto:mtattersall@medicine.wisc.edu
mailto:jhs@medicine.wisc.edu


488

ASCVD risk (Stein et al. 2008; Greenland et al. 2010), identify ASCVD risk fac-
tors, measure the impact of pharmacologic or lifestyle modifications of ASCVD 
risk (Willeit et al. 2020).

 Ultrasound Imaging Technique

To ensure accuracy and reproducibility, carotid ultrasound scanning to measure 
IMT should follow strict scanning protocols and guidelines (Stein et al. 2008). The 
patient should be positioned supine with the use of internal and external landmarks 
to standardize transducer angle (Stein et al. 2008). Images should be obtained using 
a state-of-the-art ultrasound system and a linear array ultrasound transducer with a 
fundamental frequency ≥ 7 MHz; semi-annual routine preventive maintenance and 
phantom scanning are necessary to maintain calibration and to assure image quality 
(Stein et al. 2008). A registered diagnostic cardiac sonographer, medical sonogra-
pher, or vascular technician should perform the scanning which should include a 
transverse sweep from the base of the common carotid artery (CCA) to the most 
superior visualized segment of the internal carotid artery to identify plaques, vessel 
orientation, and imaging landmarks. Then, dedicated longitudinal views of the dis-
tal 1 cm of the CCA and proximal bulb should be obtained from three complemen-
tary imaging planes for CIMT measurements. The “optimal angle of interrogation” 

Fig. 24.1 Measurement of right common carotid artery intima-media thickness. Legend: 
Screenshot of ultrasound image of the right carotid artery processed for IMT measurement at the 
time of the ECG R-wave. The right common carotid artery is on the right of the image with bifurca-
tion into internal carotid artery on the left. The red box outlines the distal 1 cm of the far wall of 
the right common carotid arterial segment. The blood-intima (yellow line) and media-adventitia 
(purple line) interfaces of the far wall were traced using a semi-automatic border detection pro-
gram. CIMT carotid IMT measurement
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or “tuning fork” view of the carotid bifurcation, preferably stacking the jugular vein 
over the CCA, is obtained first, providing an ideal interface to improve image reso-
lution of the near and far walls. This is followed by obtaining two additional imag-
ing planes (typically 20–30 degrees anterior and posterior from the optimal angle of 
interrogation).

 Measurement of Carotid IMT

On B-mode ultrasound images of the carotid artery, the IMT appears as two echo-
genic parallel lines that are measured from leading edge to leading edge (Fig. 24.1) 
(Stein et al. 2008; Wikstrand 2007). The sum of the intimal and medial layers is 
used to measure IMT because ultrasound resolution cannot reliably differentiate the 
interface of the intima from the media (Johnson and Stein 2011). Carotid IMT 
should be measured using a semi-automated border detection program with vali-
dated accuracy at end-diastole (Stein et al. 2008). Far wall measurements are more 
accurate and precise than near wall measurements, which are confounded by the 
inability to consistently demarcate the media-adventitia interface due to the echo-
genic adventitia layer, which varies between individuals and due to ultrasound gain 
settings (Stein et al. 2008; Pignoli et al. 1986; Wikstrand 2007; Johnson et al. 1989). 
The superficial nature and relatively straight course of the common carotid artery 
offers a reliable portion to measure prior to the transition into the carotid bifurcation 
(bulb) of the internal and external carotid arteries (Stein et  al. 2008; Wikstrand 
2007). Arterial injury occurs more rapidly in the carotid bulb and internal carotid 
artery than in the common carotid artery due to the anatomy of the bifurcation and 
effects of fluid dynamics resulting in regions of low and oscillatory shear stress, 
while the common carotid artery is exposed to a relatively similar shear stress cir-
cumferentially (Johnson and Stein 2011; Ku et al. 1985).

 Predictive Value of Carotid IMT for Future ASCVD Events

A single measurement of carotid IMT is associated with prevalent ASCVD and 
predicts incident ASCVD events, based on extensive analyses from several 
population- based cohort studies (Prati et al. 2008; Johnsen et al. 2007; Chambless 
et  al. 1997, 2000; Lorenz et  al. 2006; Folsom et  al. 2008; O’Leary et  al. 1999; 
Kitamura et al. 2004; Salonen and Salonen 1991; Rosvall et al. 2005b; van der Meer 
et  al. 2003). Previously, clinical practice guidelines recommended using carotid 
IMT as a tool to refine ASCVD risk in individuals at “intermediate risk” of an 
ASCVD event over the subsequent 10 years (Greenland et al. 2010). The USE-IMT 
meta-analysis of 14 population-based studies with 45,828 individuals found that 
CCA IMT measurement predicted future risks (hazard ratio [HR], 95% confidence 
intervals [CI] per 0.1 mm difference) for myocardial infarction of 1.08 (95% CI 
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1.05–1.11) and stroke of 1.12 (95% CI 1.10–1.15) (Den Ruijter et al. 2012). Adding 
carotid IMT to the 10-year predicted ASCVD risk modestly improved model cali-
bration and discrimination but had only a small effect on reclassification (Den 
Ruijter et al. 2012). The Harrell C-index increased from 0.757 (95% CI 0.749–0.764) 
to 0.759 (95% 0.752–0.766) (p < 0.001) and the net reclassification index increased 
by 3.6% (95% CI 2.7–4.6%) for those at intermediate risk (Den Ruijter et al. 2012). 
The USE-IMT data solely focused on the CCA IMT and did not consider the pres-
ence or number of carotid plaques that commonly affect the carotid bulb and inter-
nal carotid artery prior to the CCA (Ku et al. 1985; Den Ruijter et al. 2012).

Because the presence of carotid plaque is a stronger predictor for future ASCVD 
events than carotid IMT (as discussed below), ASCVD risk prediction is improved 
when CCA IMT measurements are supplemented by assessment for the presence or 
absence of carotid artery plaques. (Stein et al. 2008; Inaba et al. 2012; Stein and 
Tattersall 2014; Gepner et al. 2015; Nambi et al. 2010) Consensus recommenda-
tions for clinical use of carotid IMT measurements are to perform them only in 
conjunction with carotid plaque imaging and in patients at intermediate ASCVD 
risk in whom this information may alter treatment recomendations (Stein et  al. 
2008; Johri et al. 2020). The American Society of Echocardiography specifically 
recommends comparing individual CCA IMT values to representative nomograms 
and considering IMT as “high” – indicating increased ASCVD risk – if either the 
right or left CCA far wall mean IMT is ≥75th percentile for the patient’s age, sex, 
and race. Patients also are at increased ASCVD risk if carotid plaque is detected 
(Fig. 24.2) (Stein et al. 2008; Johri et al. 2020; Gepner et al. 2007). Serial measure-
ment of IMT in individual patients is not recommended because of technical chal-
lenges with matching of segments over time, detecting very small changes in IMT, 
and limited predictive value (Stein et al. 2008; Johri et al. 2020). Currently, the only 
imaging modality the American Heart Association/American College of Cardiology 
lipid guidelines recommend for ASCVD risk refinement is CAC measurement for 

Traditional ASCVD
risk assessment “Intermediate” risk

Plaque
screen

Plaque
present

Plaque
absent

• Increased
  ASCVD risk

• CCA IMT
  optional

CCA IMT
measurement

Fig. 24.2 Potential clinical utilization of carotid ultrasound in ASCVD risk refinement. Legend: If 
a patient is at intermediate risk for ASCVD using traditional risk factors, a carotid ultrasound can 
be performed to screen for plaque in as many carotid artery segments that can be visualized (i.e., 
entire CCA, bifurcation, and extra-cranial internal carotid artery segments, bilaterally). If present, 
the patient is at increased ASCVD and measuring common carotid artery IMT is optional. If no 
plaque is detected, measuring common carotid artery IMT can be performed to further refine risk
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patients at borderline/intermediate risks (Arnett et al. 2019). Carotid ultrasound for 
plaque detection and IMT measurement might be more useful in patients who wish 
to avoid any radiation exposure or who might have increased ASCVD risk without 
CAC, such as younger female and African-Americans patients, though the effec-
tiveness of an imaging-guided ASCVD prevention strategy using any modality has 
not been proven.

 Limitations of Carotid IMT

Ultrasound measurement of carotid IMT is technically challenging and time- 
consuming. Scans can take 20–30 minutes to perform, depending on the scanning 
protocol, and another 10–20 minutes to measure and report. Furthermore, measure-
ments depend on several patient factors, sonographer factors, and instrumentation 
settings (Stein et al. 2008). Rigorous standardized scanning and quality assurance 
protocols are required, since differences in protocols have major effects on carotid 
IMT measurements (Stein et al. 2008; Bots et al. 2012). Patients must be positioned 
properly to achieve high-quality images, as patient body habitus can affect image 
acquisition (Stein et al. 2008; Mitchell et al. 2004). Sonographers should complete 
training and perform at least 25 annual studies to maintain their skills. Interpretation 
of the studies should be performed in the context of normative population-based 
data with results reported in percentiles (Stein et al. 2008). A major limitation is that 
carotid IMT values need to be compared to population nomograms to determine if 
a patient’s measurements are normal or elevated; however, population characteris-
tics shift over time and absolute measures and percentiles vary from study to study. 
Of special importance to carotid IMT measurements is that technological advances 
in ultrasound have markedly changed how ultrasound images are generated. Because 
modern systems produce higher quality images with better resolution than historical 
systems, carotid IMT measurements made from modern ultrasound systems are not 
compatible with the historical population nomograms used to determine wall thick-
ness thresholds for ASCVD risk assessment (Mitchell et al. 2020). Previous settings 
cannot be replicated easily, so carotid IMT measures have little role in clinical 
assessment of ASCVD risk, though they remain a powerful research tool, especially 
when studying children and young adults who may not have atherosclerotic plaque 
and in whom radiation exposure must be avoided (Mitchell et al. 2020).

Finally, several pathophysiologic mechanisms can lead to carotid wall thicken-
ing, which limits the specificity of carotid IMT for assessing the influence of an 
individual ASCVD risk factor (Finn et al. 2010; Baroncini et al. 2015). Carotid wall 
thickening can be due to intimal thickening, as commonly seen in the early stages 
of atherosclerosis, medial hypertrophy due to hemodynamic stressors or inflamma-
tion, or interactive combinations of risk factors (Baroncini et al. 2015; Roman et al. 
1992). In contrast, carotid plaque is a manifestation of atherosclerosis which 
includes intimal thickening, foam, and inflammatory cell infiltration with formation 
of a fibrous cap (Naqvi and Lee 2014). Although carotid IMT and carotid plaque 
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measures are related, they represent different pathophysiologic responses to differ-
ent risk factors; for example, hypertension appears to be a larger driving risk factor 
for carotid IMT whereas dyslipidemia may drive carotid plaque formation (Baroncini 
et al. 2015).

 Carotid Plaque

 Definitions

Carotid plaque is defined as the presence of focal wall thickening of >1.5 mm or that 
is at least >50% thicker than that of the surrounding arterial wall that protrudes into 
the lumen and is distinct from the adjacent boundary (Stein et al. 2008; Johri et al. 
2020; Roman et al. 2006; Touboul et al. 2004, 2007). Carotid plaque is a more spe-
cific manifestation of the atherosclerotic process than IMT and has stronger associa-
tions with incident ASCVD events. (Stein et al. 2008; Inaba et al. 2012; Gepner 
et al. 2015; Nambi et al. 2010) Carotid plaque is identified on ultrasound sweeps of 
the internal, bifurcation, and common carotid artery segments (Stein et al. 2008). It 
typically is characterized as present or absent, by number of plaques in the 12 
scanned carotid artery segments (CCA, bifurcation, internal carotid artery, near 
wall/far wall, right/left sides), total plaque area, and total plaque volume (Naqvi and 
Lee 2014; Spence 2015a, 2020).

 Predictive Value of Ultrasound Measured Carotid Plaque

The presence of carotid plaque is a powerful predictor of incident ASCVD events 
regardless of how the plaque is defined (Inaba et  al. 2012; Wyman et  al. 2006). 
Several longitudinal cohort studies have identified strong associations of carotid 
plaque presence, plaque number, plaque area/volume, and plaque characteristics 
with incident myocardial infarction, stroke, ASCVD death, and all-cause mortality 
(Table 24.1) (Johnsen et al. 2007; van der Meer et al. 2004; Salonen and Salonen 
1991; Rosvall et al. 2005b; Nambi et al. 2010; Mathiesen et al. 2011; Cao et al. 
2007). In addition to predicting incident ASCVD events, a single measure of carotid 
plaque may refine ASCVD risk assessment (Nambi et al. 2010). In the Atherosclerosis 
Risk in Communities Study (ARIC), addition of carotid plaque presence to the tra-
ditional risk factors improved coronary heart disease risk prediction with an area 
under the curve (AUC) of 0.751 compared with the risk factor only model (AUC 
0.742; 95% CI for difference in adjusted AUC 0.006–0.013) (Nambi et al. 2010). 
Adding both carotid IMT and plaque led to a 23% overall reclassification of risk 
with a net reclassification improvement of 9.9% (Nambi et al. 2010). In the Tromsø 
study, carotid plaque was scored as total plaque area calculated by tracing individual 
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Table 24.1 Definitions and ASCVD event associations of carotid plaque in selected 
longitudinal cohorts

Study Participants Plaque definition Endpoint Results

ARIC (Nambi 
et al. 2010; 
Hunt et al. 
2001)

12,375 2 of the 3 criteria (Nambi et al. 
2010):
   CIMT >1.5 mm
   Protrusion into the lumen
   Abnormal wall texture
Scored as present/absent 
(Nambi et al. 2010)
Acoustic shadowing presence 
(Hunt et al. 2001)

Incident 
CHD and 
heart 
disease 
death

Adjusted RR 
(95% CI)
2.96 (1.54–3.30)
C statistic 
improvement 
from 0.742 (TRF 
only) to 0.755 
with CIMT + 
plaque

MDCS16 5163 CIMT  >  1.2 mm, in 
focal area
Scored as present/absent and 
semi-quantitative score

MI, CVD 
death

Adjusted RR 
(95% CI)
1.81 (1.14–2.87) 
plaque presence

Northern 
Manhattan 
(Prabhakaran 
et al. 2006)

1939 Focal CIMT protrusion >50%
Scored as present/absent, 
number of plaques, surface 
characteristics and plaque 
stenosis

Stroke, MI, 
death

Adjusted HR 
(95% CI), 
irregular plaque
3.1, (1.1–8.5)

Rotterdam (van 
der Meer et al. 
2004)

6389 Focal widening relative to 
adjacent segments, and 
protrusion into the lumen
Scored as weighted plaque 
score ranging from 0 to 6

MI Adjusted HR 
(95% CI)
1.83 (1.27–2.62)

Yao City 
(Kitamura et al. 
2004)

1289 CIMT of the ICA ≥1.5 mm
Scored present/absent and 
surface characteristics

Stroke Adjusted RR 
(95% CI)
3.2 (1.4–7.1)

Tromso 
(Johnsen et al. 
2007)

6226 Localized protrusion of the 
vessel wall into the lumen
Scored as total plaque area

MI Adjusted RR 
(95% CI)
Men: 1.56 
(1.04–2.36)
Women: 3.95 
(2.16–7.19)

Tromso 
(Mathiesen 
et al. 2011)

6584 Localized protrusion into the 
vessel lumen with thickening 
of the vessel wall of >50% 
compared to the adjacent IMT
Scored as total plaque area

Stroke Adjusted HR 
(95% CI)
Men: HR 1.73, 
(1.19–2.52)
Women: HR 1.62 
(1.04–2.53)

MESA (Gepner 
et al. 2015)

6779 Focal abnormal wall thickness 
(IMT >1.5 mm) or a focal 
thickening of >50% of the 
surrounding IMT
Scored as present/absent and 
total plaque score (range 0–12)

Incident 
CVD

Adjusted HR 
(95% CI)
Present/Absent:
   1.61 

(1.17-2.21)
Plaque Score:
   1.27, 

(1.16–1.40)

(continued)
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plaques and the summation of plaques throughout the carotid vasculature (Johnsen 
et al. 2007). There was a gradient in myocardial infarction risk with larger carotid 
plaque areas in women (relative risk [RR] 3.95 [95% CI 2.16–7.19]) and in men 
(RR 1.56 [95% CI 1.04–2.36]) for highest plaque tertile versus no plaque (Johnsen 
et al. 2007). Total plaque area also predicted incident stroke in both women and men 
(Mathiesen et  al. 2011). These findings indicate the importance of quantifying 
carotid plaque burden for ASCVD risk assessment (Spence 2020).

 Limitations of Ultrasound Measurement of Carotid Plaque

Carotid plaque identified by ultrasound is a strong predictor of incident ASCVD 
events; however, the magnitude of these associations have varied greatly, in part, 
due to the lack of standardization between studies in carotid plaque scanning 
approaches, definitions, and methods used for measuring and scoring plaque bur-
den. Early studies described carotid plaque as present or absent, but that binary 
classification does not account for the significant heterogeneity in total carotid 
plaque burden and its impact on incident ASCVD events. Plaque scores (number of 
plaques in predefined segments) appear to predict incident ASCVD events better 
than binary presence or absence (Plichart et al. 2011; Gepner et al. 2017). Measuring 
total plaque area theoretically would improve predictive power compared to count-
ing plaques, but it is more time-consuming to measure and it is not clear if there is 
an incremental benefit to this approach (Mitchell et al. 2018).

Because plaque propagates in three-dimensions along the arterial wall, two- 
dimensional imaging techniques may under- or over-estimate plaque burden (Finn 
et al. 2010; Touboul et al. 2004, 2007; Spence 2015a; Barnett et al. 1997). Newer 

Table 24.1 (continued)

Study Participants Plaque definition Endpoint Results

CHS47 5020 Appearance of the largest focal 
lesion, classified by surface 
characteristics, echogenicity, 
and texture.
Scored as no plaque, 
intermediate-risk plaque, and 
high-risk plaque.

MI, Stroke 
CVD death 
and 
all-cause 
mortality

Adjusted HR 
(95% CI) Total 
CVD:
   HR 1.38 

(1.14–1.67)

BioImage 5808 CIMT>1.5 mm, a focal 
thickening of >50% of the 
surrounding IMT. Plaque 
measured in two imaging 
planes
Scored as Total plaque area

CVD death, 
MI, 
ischemic 
stroke

Adjusted HR 
(95% CI) 2.38 
(1.13–4.92)

Abbreviations: CIMT carotid intima-media thickness, CHD coronary heart disease, RR relative 
risk, TRF traditional risk factors, CI confidence intervals, HR hazard ratio, MI myocardial infarc-
tion, CVD cardiovascular disease
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methods measuring plaque volumes are discussed below and hold promise; how-
ever, other imaging modalities like coronary artery computed tomography angiog-
raphy and CAC measurement are easier to perform and better predict ASCVD risk; 
they more precisely quantitate plaque burden and correlate better with plaque bur-
dens in different vascular territories (Johri et al. 2013; Spence 2015b). Carotid mag-
netic resonance imaging (MRI) is another technology that can be used to assess and 
quantify carotid artery plaque burden (Zavodni et al. 2014). Another limitation of 
ultrasound-defined carotid plaque is its modest ability to identify plaque character-
istics that indicate a vulnerability to rupture, especially compared to MRI.  Over 
75% of thrombi in the carotid arteries are caused by plaque rupture (Finn et  al. 
2010) and MRI characteristics of intraplaque hemorrhage, lipid-rich necrotic core, 
and thinning/rupture of the fibrous cap are strongly associated with incident stroke/
TIA (Gupta et al. 2013). Although these and other plaque features can be identified 
using carotid ultrasound, plaques are characterized less accurately with ultrasound 
due to operator dependence and intraplaque calcification with shadowing (Mitchell 
et al. 2017).

 Comparison of Carotid IMT, Plaque Detection, and Coronary 
Calcium Measurement

CAC and carotid ultrasound measures are modestly correlated, which suggests that 
these imaging modalities represent different, albeit related, pathophysiological pro-
cesses. Noncalcified plaque is a manifestation of early atherosclerosis, whereas cal-
cification tends to occur later, though with age-dependent and significant 
interindividual variability. Also, CAC is measured in the coronary arteries and ultra-
sound assesses plaque in the carotid arteries, so differential total and event-specific 
ASCVD risk would be expected.

A few longitudinal cohort studies have compared the predictive abilities of 
these imaging modalities. In the Cardiovascular Health Study of adults >70 years 
old, the highest quartiles compared to the lowest quartiles of both CAC and 
carotid IMT similarly predicted overall ASCVD events; however, CCA IMT had 
a stronger association with incident stroke than CAC (Newman et al. 2008). An 
early report from the Multi-Ethnic Study of Atherosclerosis (MESA) with a 
median 3.9 years of follow- up found that CAC and carotid IMT were independent 
predictors of ASCVD events; however, CAC was a stronger predictor of incident 
total ASCVD and coronary heart disease events, whereas CIMT was a stronger 
predictor of incident stroke (Folsom et al. 2008). A subsequent report from the 
MESA with a mean of 9.5 years follow-up showed that CAC was a better predic-
tor of incident total ASCVD (HR 3.12, 95% CI 2.44–3.99) and coronary heart 
disease events (HR 4.48, 95% CI 3.24–6.17) versus carotid plaque presence, high 
carotid IMT (≥75th percentile) or both carotid artery measures for predicting 
ASCVD events (HR 2.06 [95% CI 1.46–2.91]) (Gepner et al. 2015). Addition of 
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carotid plaque to traditional risk factors marginally improved prediction of inci-
dent stroke events, but addition of CAC did not (Gepner et  al. 2015). After 
11.3 years of follow-up in MESA, both CAC and carotid plaque score predicted 
incident ASCVD events (CAC HR 1.78, 95% CI 1.16–1.98; carotid plaque score 
HR 1.27, 95% CI, 1.16–1.40) (Gepner et al. 2017). Similar to the other studies, 
CAC (HR 2.09, 95% CI 1.84–2.38) was a more robust predictor of incident coro-
nary heart disease events compared with carotid plaque score (HR 1.35, 95% CI 
1.21–1.51) (Gepner et al. 2017). CAC and carotid plaque scores were weak pre-
dictors of stroke/TIA (Gepner et al. 2017). The CAC score had better reclassifica-
tion statistics than carotid plaque score, except for stroke/TIA, which had similar 
predictive values (Gepner et al. 2017). In the BioImage study, carotid plaque area 
and CAC independently predicted ASCVD events, though model fit, discrimina-
tion, and net reclassification were somewhat better for CAC (Baber et al. 2015). 
The BioImage study measured carotid plaque burden by using both longitudinal 
and cross-sectional images to improve precision (Baber et al. 2015). These data 
support that both carotid ultrasound measures and CAC independently predict 
ASCVD events, with carotid plaque being a stronger predictor of incident ASCVD 
events than carotid IMT, but that CAC is a more robust predictor than any of the 
carotid ultrasound measures (Gepner et  al. 2015; Gepner et  al. 2017; Baber 
et al. 2015).

 Effects of Carotid Ultrasound Screening on Patient 
and Physician Behaviors

Limited data suggest that knowing a patient’s carotid IMT or plaque burden can 
affect patient and physician behaviors. In one study of 50 primary prevention 
patients with two or more traditional ASCVD risk factors, over half (58%) had at 
least one plaque and identification of carotid plaque led to changes in physician 
recommended pharmacotherapy with more prescription of aspirin and lipid- 
lowering therapies (Wyman et  al. 2007). Patients with carotid plaques perceived 
themselves to be at higher ASCVD risk; however, this did not translate into increased 
motivations for lifestyle changes (Wyman et al. 2007). In a multicenter study of 355 
patients from five nonacademic community practices, an abnormal carotid ultra-
sound screening examination resulted in significant physician altering of low- 
density lipoprotein-cholesterol and systolic blood pressure goals while increasing 
the number of prescriptions of aspirin and lipid-lowering therapies (Johnson et al. 
2011). Interestingly, patients indicated an increased perceived ability to make 
healthy lifestyle changes regardless of the carotid ultrasound study results, suggest-
ing that screening alone increased the perceived ability to make lifestyle changes 
(Johnson et  al. 2011). Other studies also show that abnormal carotid ultrasound 
results alter physician prescription of antiplatelet and lipid-lowering medications 
and led to more aggressive modifiable risk factor targets, and that carotid ultrasound 
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screening, regardless of the results, improved patient’s behaviors and perceptions 
toward lifestyle modifications (Hong et al. 2014; Jeong et al. 2016).

The Visualization of Asymptomatic Atherosclerotic Disease for Optimum 
Cardiovascular Prevention (VIPVIZA) trial was a pragmatic, open-label trial with 
patients randomized to receive a pictorial display of carotid IMT and carotid plaque 
versus standard clinical care (Näslund et  al. 2019). Overall, participants who 
received pictorial displays of their carotid ultrasound images had lower 10-year 
ASCVD risk scores and lower total cholesterol and calculated low-density lipopro-
tein levels after 1 year (Näslund et al. 2019).

Collectively, these studies show consistent improvements in physician-directed 
ASCVD risk factor management through more prescriptions and more aggressive 
cholesterol and blood pressure goals; however, the impact of carotid screening on 
patient behavior has been more variable (Wyman et al. 2007; Johnson et al. 2011; 
Jeong et al. 2016; Rodondi et al. 2012). In an observational study of patients with 
type II diabetes, patients informed and educated on their carotid ultrasound results 
had improved rates of smoking cessation and dietary changes at 6 months (Jeong 
et al. 2016). The same results were not demonstrated in a randomized controlled 
trial of over 500 smokers randomized to carotid ultrasound screening with smoking 
cessation counseling versus standard smoking cessation counseling (Rodondi et al. 
2012). In this trial, there was no difference in smoking cessation rates between the 
two groups; however, smoking cessation rates were > 20% at 1 year in both groups, 
which highlights the study’s recruitment of smokers who were motivated to quit 
smoking (Rodondi et al. 2012). In this trial, similar to prior studies, antihypertensive 
medication prescriptions were higher in the carotid ultrasound screening group 
(2.1% versus 0%, p = 0.03); however, there was no difference in systolic blood pres-
sure or other ASCVD risk factors between the groups (Rodondi et al. 2012). Taken 
together, these studies suggest carotid ultrasound screening improves physician- 
guided management of ASCVD risk factors but has limited impact on sustained 
behavior changes in patients.

 Future Directions – Tissue Characterization and Quantification 
of Plaque Volume

Although advances in ultrasound instrumentation limit comparability of carotid 
IMT measurements from modern ultrasound images to historical nomograms, they 
permit acquisition of higher quality images that can be used for tissue characteriza-
tion and volumetric assessment of the carotid artery wall and plaques. Low levels of 
carotid wall echogenicity, gray level contrast, and grayscale entropy are associated 
with higher ASCVD risk after controlling for ASCVD risk factors (Fig.  24.3) 
(Wohlin et al. 2009; Andersson et al. 2009; Mitchell et al. 2019). Software packages 
that permit offline assessment of detailed grayscale analysis are available for com-
mercial use, but have not been validated outside of research studies.
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Recognition that carotid plaque propagates along the vessel wall and advances in 
three-dimensions has improved the ability to track changes in carotid plaque vol-
ume over time (Wannarong et al. 2013). Methods to quantify carotid plaque burden 
seem to provide additional benefit beyond methods using plaque presence/absence 
(Johnsen et al. 2007; Baber et al. 2015; Wannarong et al. 2013). Advances in ultra-
sound technology with the introduction of three-dimensional matrix array ultra-
sound probes and analysis software allow for measurement of carotid plaque in all 
planes and may permit more precise quantification and characterization of carotid 
plaques (Johri et al. 2020). Semi-automatic three-dimensional plaque quantification 
methods may enhance speed and reproducibility for measuring carotid plaque vol-
ume (Johri et  al. 2020). (Zhou et  al. 2019) These new techniques for assessing 
plaque volume and plaque characteristics over time are promising. However, they 
are limited by numerous barriers including the inability to adequately define and 
measure heavily calcified plaques, the additional time and software required for 
analysis, costs, lack of protocol validation outside a research setting and limited 
data demonstrating whether these three-dimensional plaque quantification methods 
add significant data to refine ASCVD risk beyond the current two-dimensional 
plaque characterization methods (Johri et al. 2020).
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