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Preface

We are in the middle of an explosive growth of the elderly population in the United 
States and worldwide, and the most rapid growth is occurring in the subgroup of our 
population 85 years of age and older. Accompanying this demographic shift is a 
significant rise in the number of older patients with cardiovascular diseases (CVD) 
such as hypertension, valvular heart disease, coronary artery disease, rhythm abnor-
malities, and heart failure. Today, patients over the age of 65 years account for most 
of all deaths related to CVD.

With this shift of demographics and the multitude of new treatments avail-
able to treat CVD, healthcare providers are increasingly called on to make deci-
sions as to whether or not to recommend these therapies to their patients. 
However, it often remains uncertain whether or not diagnostic and therapeutic 
interventions employed in the younger patient population can be extrapolated to 
the elderly because of marked differences in physiology, expected life span, 
complication rates, and increased comorbidities. Therefore, it is of the utmost 
importance that physicians at the forefront of treating elderly patients with 
CVD, including primary care providers, geriatricians, and cardiologists, but 
also surgeons and anesthesiologists are familiar with the age-associated changes 
in cardiovascular physiology, structure, and the impact of comorbid conditions 
to accurately assess and successfully treat older adults at risk for CVD or with 
established CVD.

The first edition of Cardiovascular Disease in the Elderly was published almost 
two decades ago, and much has evolved since then. In this second edition, existing 
chapters have been updated, and new chapters of interest have been added. 
Specifically, this second edition focuses on the unique aspects of primary and sec-
ondary prevention of CVD in the elderly, accurate assessment of vascular function 
using novel imaging approaches, as well as the distinctive factors to consider when 
administering pharmacotherapy in the older patient population. Furthermore, all 
important aspects of cardiovascular care are covered in detail in the remaining 
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chapters, providing evidence-based approaches guided by the latest clinical evi-
dence. The chapters are written and updated by leading experts in their fields who 
have studied extensively, and in many cases conducted the studies on which, current 
recommendations are based.

Baltimore, MD, USA Thorsten M. Leucker  
Baltimore, MD, USA  Gary Gerstenblith  

Preface
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Atherosclerotic Cardiovascular Disease 
Prevention in the Older Adult: Part 1

Ella Murphy, Marie Therese Cooney, and John W. McEvoy

1  Introduction

While we have made remarkable advances in cardiovascular disease (CVD) preven-
tion over the past century, CVD remains the leading cause of death globally, and the 
absolute numbers of incident CVD events have been increasing with the advancing 
age of populations around the world [1]. CVD is also a major cause of disability, 
functional decline, loss of independence, hospitalisations, and reduction in quality 
of life among older adults [2, 3]. Therefore, with an ageing population, prevention 
of CVD in this cohort is a major global health priority. Despite this, older patients, 
particularly those over the age of 75 years, have been signi�cantly underrepresented 
in most major cardiovascular trials. Concurrently, with increasing life expectancy, 
multimorbidity has become an endemic phenomenon in the older patient cohort, yet 
it is precisely the older patients with more complex comorbidities, signi�cant physi-
cal or cognitive disabilities, frailty, or those in nursing homes or assisted living, that 
have been excluded from virtually all trials. As a result, much of our data for these 
patients has been extrapolated from younger, healthier patients [4]. While there is 
increasing recognition that older patients may require a different approach, current 
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guidelines frequently focus on recommendations for optimal management of a sin-
gle CVD disease, rarely embracing the complexities imposed by multimorbidity 
(such as polypharmacy, therapeutic competition, and frailty) [5, 6]. These factors all 
create unique challenges for the clinician when considering the optimal preventive 
strategy for an older patient.

Moreover, physiological changes of aging mean that older patients are also at an 
increased risk for complications related to both pharmacological and non-pharma-
cological interventions. Therefore, a key priority in preventive care in older adults 
requires �nding a balance between the risks of a given preventive intervention and 
the potential bene�ts. It should not be assumed that outcomes reported in trials of 
younger and healthier patients are automatically applicable to older adults. 
Compared to hard outcomes, such as death or myocardial infarction (MI) for exam-
ple, outcomes important to older patients, such as maintaining independence, good 
quality of life, or reducing the burden of medication side effects, are infrequently 
reported in major clinical trials [7]. This adds complexity to meaningful discussions 
with older patients when reviewing the potential bene�ts of a preventive intervention.

In the subsequent two chapters we aim to provide a detailed but pragmatic dis-
cussion on some of the key priorities and unique challenges faced when considering 
primary and secondary prevention of atherosclerotic CVD (ASCVD) in older 
patients. We will use the ABCDE approach as a framework for the discussion, high-
lighting the relevant available evidence base as well as current guideline recommen-
dations [8–10].

2  Assessment

Box 1

AssessmentA

• The cornerstone of the preventive care of all older patients involves balanc-
ing the risk-bene�t ratio of a given intervention.

• While all guidelines recommend using risk scores to quantify a patient’s 
overall risk of ASCVD, these should not be used in isolation.

• Risk scores overestimate ASCVD risk in ethnically diverse populations, 
those with higher socioeconomic backgrounds, or those already receiving 
preventive care.

• They can also underestimate ASCVD risk in those with lower socioeco-
nomic status or those with chronic in©ammatory conditions.

E. Murphy et al.
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While the risks of developing incident CVD increase substantially with age, so 
too, in general, do the risks of adverse events from interventions. Therefore, the 
cornerstone of the preventive care of all older patients involves balancing the risk-
benefit ratio of intervention, with each treatment decision tailored to an individual 
patient following a clinician-patient discussion. When considering the relative ben-
efits of CVD prevention interventions, it is important to realise that older popula-
tions, particularly those over the age of 75 years, have been largely underrepresented 
in preventive trials. This can have important implications when considering an indi-
vidual patient’s potential net benefit from a given preventive strategy. In addition, 
when considering trial data, particular attention should be paid to the inclusion and 
exclusion criteria, with many trials excluding persons with multiple comorbidities 
or evidence of frailty, both of which are common in older adults. These points will 
be discussed in further detail under the relevant sections below with an overview 
provided in Box 1 and Fig. 1.

2.1  Risk Scores in Older Adults

In order to identify those at highest risk of developing incident CVD events, and 
hence those most likely to benefit from more intensive preventive measures, all 
major guidelines currently recommend quantifying a person’s absolute risk of 
developing CVD events (typically over the next 10 years) using a validated scoring 
system [11–14] (Table 1). Using these estimates, patients are then grouped into 
various risk categories (e.g., low, moderate, or high) to guide the appropriate inten-
sity of preventive treatments. While it is tempting to rely on these rigid risk-based 
cut-offs, this approach can be problematic, particularly in older patients who are 
almost always considered high risk based on age alone (noting that all CVD risk 
scores are heavily influenced by age). Furthermore, the accuracy of these scores 
has been questioned in contemporary populations. Overestimation of risk in ethni-
cally diverse populations and underestimation of risk in those with lower socioeco-
nomic backgrounds is a problem across all age groups [15]. Similarly, overestimation 
of risk is also more likely in those already receiving preventive care [16]. In con-
trast, risk may be underestimated in those with lower socioeconomic status or 
those with chronic inflammatory conditions. With that, it should be remembered 

• Risk is a continuum and there is no exact point above which a given inter-
vention is automatically indicated or below which an intervention should 
not be used.

• Therefore, final judgements on risk-benefit decisions should include a 
quantitative risk score assessment, combined with clinical judgement 
based on an individual patient’s preferences, consideration of comorbidi-
ties and the potential for adverse effects, as well as the presence of addi-
tional risk modifiers.

• A shared clinician-patient decision model is key.

Atherosclerotic Cardiovascular Disease Prevention in the Older Adult: Part 1
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Fig. 1 A balancing act: risk-benefit discussions in older adults. ASCVD atherosclerotic cardiovas-
cular disease

that risk is a continuum and there is no exact point above which a given interven-
tion is automatically indicated or below which intervention should not be used. 
Considering this, there is now increased emphasis on clinician-patient shared deci-
sion making, particularly when applying intensive lifestyle measures or pharmaco-
logical therapies [16].

In addition to the above, there are a number of particularly important caveats to 
consider when applying risk scores to older adults. Most of the scoring systems 
estimate risk over 10 years, which may not be the most meaningful time frame for 
an older person, particularly among those with very advanced age. It is also worth 
noting the outcome measure for the score being used. For example, the Systematic 
COronary Risk Evaluation (SCORE) [17], which was previously recommended by 
the European Society of Cardiology (ESC) Guidelines, estimates the 10-year risk of 
CV mortality and therefore does not capture the risk of potential non-fatal events 
that could significantly impair quality of life (e.g., stroke). A later guideline, the 
Pooled Cohort Equation (PCE) [18], which is recommended by American guide-
lines, estimates a patient’s 10-year risk of non-fatal MI or coronary heart disease 
(CHD) death or fatal or non-fatal stroke.

Most of the CVD risk estimators currently recommended by guidelines have per-
formed poorly in older individuals [19, 20]. There are several potential reasons for 
this. As noted above, most risk scores place a large emphasis on age, meaning that 
patients over the age of 75 years would automatically be classified as either 

E. Murphy et al.
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intermediate or high-risk of cardiovascular disease based on age alone [21]. Yet, nei-
ther SCORE, QRISK2, nor the PCE risk equations have been validated in those over 
65, 75, and 79 years respectively. While traditional CVD risk factors are still very 
much relevant in older populations, the relative strengths of their effects change with 
increasing age [22, 23]. This, coupled with the competing risk of non-CVD mortality, 
leaves the potential for an overestimation of the possible benefits of CVD risk factor 
treatment in older populations when using risk scores validated in younger popula-
tion cohorts [24]. Overestimation of risk, in turn, leads to the potential for overtreat-
ment, which can have significant deleterious effects in older adults, subjecting 
patients to polypharmacy, increased risk of drug-drug interactions, adverse events, 
reduced quality of life, and increased costs. As a result, guidelines place a heavy 
emphasis on clinician-patient shared decision making in those over 75 years [11].

More recently, attempts have been made to create CVD risk sores specifically 
designed to estimate risk in older adults [24, 25]. For example, the SCORE2-OP 
model has recently been validated across four different risk regions in Europe in 
those over the age of 70 years and is recommended in the most recent ESC CVD 
Prevention guidelines [14, 24]. Significantly this score was developed to account for 
competing risk of non-CVD death and includes age interactions for all risk factors 
to account for differences in the relationship between risk factors and outcomes 
across different ages. It was also developed to estimate both a 5- and 10-year risk of 
incident CVD events. The shorter time frame of 5 years may be particularly relevant 
for those with more advanced age or increased frailty when balancing a time to 
benefit vs. life expectancy. Furthermore, SCORE2-OP includes a prediction of both 
fatal and non-fatal CV events (non-fatal MI, non-fatal stroke, and cardiovascular 
mortality). With increasing age and a limited life expectancy, non-fatal CVDs may 
be of particular clinical importance as they may severely impact a patient’s quality 
of life. Finally, the 2021 ESC guideline also introduces, for the first time, different 
CVD risk thresholds for designation of high and very-high risk in younger vs. older 
adults, which is intended to reduce overtreatment in the elderly. Specifically, 10-year 
fatal and non-fatal CVD risk thresholds of >7.5% for persons <50 years, >10% for 
persons in the age group of 50–69 years, and >15% for persons >70 years are rec-
ommended for the designation of very-high risk by the ESC [14].

In conclusion, risk scores should not be used in isolation. Particularly among the 
elderly, they should be considered a useful starting point, rather than a final arbiter, 
for decision making in the primary prevention of CVD [16, 26]. Final judgements 
on risk-benefit decisions should include a quantitative risk score assessment, com-
bined with clinical judgement based on an individual patient’s preferences, consid-
eration of comorbidities and the potential for adverse effects, as well as the presence 
of additional risk modifiers as discussed further below.

2.2  Risk Modifiers for More Accurate Risk Assessment

There is increasing recognition that the presence of certain phenotypes, which are 
not included in traditional risk scores, so-called “risk modifiers”, can independently 
increase a patient’s risk of CVD (Fig.  2) [9, 14, 26, 31]. Presence of such risk 
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Fig. 2 Risk modifiers in older adults. ASCVD atherosclerotic cardiovascular disease, CKD chronic 
kidney disease, HIV human immunodeficiency virus, AIDS acquired immunodeficiency syn-
dromes, RA rheumatoid arthritis, SLE systemic lupus erythematosus, LDL-C low-density lipopro-
tein cholesterol, HDL-C high- density lipoprotein cholesterol, BP blood pressure, hs-CRP high 
sensitivity C-reactive protein, ApoB apolipoprotein B, ABI ankle-brachial index, Lp(a) lipoprotein 
(a), DM diabetes mellitus, CAC coronary artery calcium

modifiers should prompt consideration of more intensive treatment in selected 
patients. Chronic kidney disease and long-standing diabetes are two frequently 
encountered risk modifiers in older patients.

There is some evidence that increased levels of certain biomarkers are linked to 
increased CVD risk. Chronic inflammation, with an elevation of C reactive protein 
(CRP) is at least modestly associated with CVD risk [32, 33]. At the same time, 
emerging evidence suggests that treatment to reduce inflammation (using a human-
ised monoclonal antibody to interleukin 1β), reduces cardiovascular risk [34]. With 
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this, there have been attempts to refine risk prediction of established scores in older 
patients by including these biomarkers. Authors from the Atherosclerosis Risk in 
Communities (ARIC) study compared the traditional PCE model to a “complete” 
model (PCE variables plus high sensitivity cardiac troponin T, high-sensitivity CRP, 
and pro-B-type natriuretic peptide to the PCE) [35]. They demonstrated improved 
prediction of short-term (follow-up of approximately 4 years) incident global CVD 
(incident CHD, stroke, HF hospitalisation) in older adults (mean age 75.4 years) 
[35]. Others have previously suggested that the presence of increased Interleukin-6 
(IL-6) and or multiple carotid plaques could be useful predictors of mortality in 
older patients [36]. However, while these markers may be useful in selected patients, 
there is a risk that routinely adding such markers may complicate assessments and 
reduce the cost-effectiveness of risk estimation.

Coronary artery calcium scoring is also established as a particularly useful tool 
to help refine a patient’s risk and is now provided a class 2 recommendation in 
American and European guidelines to help make therapeutic decisions in cases 
where a patient is considered at intermediate risk of CVD [14, 26]. Coronary artery 
calcium scoring is minimally invasive, low risk and can be performed with the same 
radiation exposure as a mammogram. In appropriately selected patients, a coronary 
artery calcium score of 0 equates to a low 10-year risk of CVD, even among the 
elderly, meaning that identification of such patients can avoid potentially harmful 
treatments [9, 37].

2.3  Frailty as Part of the Assessment

There is an increasing recognition that chronological age is only a rough proxy of a 
person’s susceptibility to adverse health outcomes [38]. With that, the concept of 
frailty has now become a high-priority theme in the area of preventive cardiology 
[39]. Considered a biological syndrome, frailty reflects a state of “decreased physi-
ological reserve and vulnerability to stressors” [39]. The association of frailty with 
worse health outcomes and as a predictor of CVD events is well established [39, 40]. 
Not only do frail patients have a higher prevalence of CV comorbidities but they are 
also less likely to be receiving guideline- based therapies [41, 42]. Frailer patients 
are also at higher risk of adverse outcomes following therapeutic interventions, and 
so recognition of this phenotype is particularly relevant when making risk benefits 
decisions. With upward of 20 frailty tools available, the lack of a practical road map 
on how to integrate frailty assessments into day-to-day decision-making remains a 
challenge [39]. Nonetheless, future validation of CVD risk estimation tools in older 
patients should consider concerns such as frailty, cognition, falls, and disability [43].

While those identified as frail do have higher risks of adverse events, it is equally 
important to avoid the common misconception that frailty should be used as a rea-
son to withhold care. Instead, the identification of a frail patient should act as a 
prompt to restructure their preventive care towards a more personalised form. 
Furthermore, consideration must be given to interventions that might target and 
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reduce the individual’s frailty. One particularly important aspect of a personalized 
approach for CVD prevention among frail older adults is the concept of competing 
risk. A competing risk is an event whose occurrence precludes the occurrence of the 
primary event of interest. For example, in a study examining time to death attribut-
able to CVD, death attributable to non-CVD causes is a competing risk. Therefore, 
a frail elderly adult with a preponderance of CVD risk factors (including impor-
tantly chronic kidney disease) is at particularly high CVD risk and may benefit most 
from CVD preventive care whereas a frail elderly adult with CVD risk factors but 
also other major non-CVD comorbidities (e.g., active cancer as an archetypal exam-
ple) is at higher competing risk for non-CVD death and may be suitable for more 
lenient management of CVD risk factors. All frail adults may benefit from shorter 
follow-up periods to monitor for side effects of CVD prevention therapies.

2.4  Life Expectancy, Competing Risk, and Time to Benefit

Ultimately the goals of prevention are to prevent illness, morbidity, and mortality. 
However, preventive therapies have limited value if they are initiated for conditions 
that are unlikely to cause symptoms or problems during an individual’s lifetime. In 
other words, if, in the setting of high competing risk, a person’s life expectancy is 
less than the estimated time to benefit (TTB) for a CVD prevention intervention, the 
patient is unlikely to benefit from the intervention and is instead exposed to the risks 
of said intervention [44]. As most preventive measures will take years to accrue 
benefits (Table 2), consideration of a patient’s life expectancy and estimated time to 
benefit should be included in patient-clinician discussions when initiating preven-
tive strategies among older adults.

Table 2 Estimated time to benefit for main primary preventive strategies in older adults

Primary prevention Time to benefit

Antiplatelets Not currently recommended in those over the age of 70 years
Anti-hypertensives 1–2 years [44–46]
Diabetes Intensive glycaemic control (HbA1c <7%) vs. more lenient control—

between 5 and 10 years for intensive control, 2–5 years for GLP1 
agonists, and <1 year for SGLT2i [47]. Summarised in Table 2 of 
chapter “Atherosclerotic Cardiovascular Disease Prevention in the Older 
Adult: Part 2”

Diet DASH trail: Improved BP control observed within 8 weeks in a younger 
population cohort (although mean age 44 years) [48]
TONE trial: Improved BP control and approximately 30% reduction in 
need for antihypertensive medication by reducing sodium intake about 
40 mmol/day or by reducing average body weight by about 3.5 kg over a 
follow-up period ranging from 9 to 30 months (mean age 66.5 years) 
[49]

E. Murphy et al.
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Primary prevention Time to benefit

Statins Meta-analysis by Gencer et al., including a combination of primary and 
secondary prevention for older adults over the age of 75 years (mean age 
79 years) observed a 26% relative risk reduction in major vascular 
events for every 1 mmol/L reduction in LDL cholesterol (Rate ratio 
0.74; 95% CI 0.61–0.89; p = 0.0019) over a median follow-up period of 
2.2–6 years [50]. Similarly, relative risk reductions in cardiovascular 
death, myocardial infarction, stroke and coronary revascularisation were 
15%, 20%, 27%, and 20%, respectively for each 1 mmol/L reduction in 
LDL

Smoking Cessation at 60 years of age leads to an increase in life expectancy of 
3 years compared to those who continue to smoke [51]
Cessation at 65 years of age leads to an increase in life expectancy of 
2 years in men and 3.7 years in women, compared to those who continue 
to smoke [52]
Significant reduction in CV mortality within 5 years in those who quit, 
compared to those who continue to smoke [53]

Exercise Reducing sedentary time by 1 h per day is associated with a 12% lower 
risk of CVD and 26% lower risk of heart disease in older women 
followed over 4.9 years [54]

CV cardiovascular, CVD cardiovascular disease, GLP1 glucagon-like peptide-1, SGLT2i 
sodium-glucose cotransporter-2 inhibitors

Table 2 (continued)

3  Antiplatelets

Box 2 

AntiplateletsA

Primary Prevention
•  Aspirin is the only antiplatelet to have been consistently studied in the setting of 

primary CVD prevention.
•  In general, aspirin has a limited role in the setting of primary prevention, particularly 

among the elderly, and should be reserved for those at high risk in whom other CV risk 
factors have been adequately addressed.

•  40–69 years—Aspirin may be of benefit for select patients at high or very high risk of 
ASCVD and without increased bleeding risk, particularly in those with a diagnosis of 
diabetes.

•  >70 years—Aspirin is generally not recommended for adults over 70 years due to 
limited net benefit, with an increased risk of bleeding

•  When aspirin is considered, low doses should be prescribed (75–100 mg daily).
Secondary Prevention
Following PCI
•  Dual antiplatelet therapy (DAPT) is recommended for all patients immediately 

following PCI (1–3 months).

Atherosclerotic Cardiovascular Disease Prevention in the Older Adult: Part 1
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•  In patients with low bleeding risk, DAPT should be continued for 12 months.
•  In patients with increased bleeding risks, early discontinuation of aspirin (1–3 months 

post-PCI), with a continuation of P2Y12 inhibitor monotherapy for 6–12 months is one 
strategy to decrease bleeding risk.

•  Of the P2Y12 inhibitors, clopidogrel may have the best safety profile, particularly in 
those >70 years.

•  In carefully selected, healthy older adults, with a long life expectancy, increased 
ischemic risk, and low bleeding risk, the addition of low dose rivaroxaban to aspirin 
beyond 12 months after the index event may reduce further ischemic events, with the 
trade-off of increased bleeding risk.

Post ischemic stroke/TIA
•  Following a minor ischemic stroke (NIHSS ≤3) or high-risk TIA (ABCD2 score of 
≥4), DAPT, with aspirin and clopidogrel, is recommended for 21 days.

•  Following the initial period of DAPT, single antiplatelet therapy (SAPT) should be 
continued long term.

•  For patients with moderate to severe strokes, aspirin monotherapy is recommended.
Peripheral arterial disease
•  Aspirin (75–325 mg daily) or clopidogrel (75 mg daily) is recommended for all 

patients with symptomatic peripheral arterial disease.
•  Aspirin for all asymptomatic carotid stenosis.
•  American guidelines consider aspirin reasonable in asymptomatic disease with an ABI 
≤0.9.

3.1  Antiplatelets in Primary Prevention

3.1.1  The Aspirin Debate

Since it was first produced in 1897, aspirin remains one of the most commonly used 
medications worldwide, with recent data estimating that nearly half of those aged 
70 years and older report taking primary prevention aspirin [55, 56]. Significantly, 
the self-reported use of aspirin for primary prevention increases with age (34.7% in 
those aged 60–69  years, compared to 46.2% in those ≥80 years) [55]. Notably, 
Jacobsen et al. have reported that over 80% of patients in the USA obtain aspirin 
over the counter [57]. While these figures come with the limitations of self-reported 
patient data, they highlight the widespread belief among the older population that 
regular aspirin use confers a benefit in reducing the incidence of ASCVD. However, 
despite its widespread use, aspirin’s role in primary prevention has always been 
controversial [58]. Emerging data in a changing population context have led to an 
evolution in recommendations of how aspirin should be used in the setting of pri-
mary CVD prevention (Box 2) [59].

The use aspirin for primary prevention first gained traction after the Physicians 
Health Study (PHS) reported a 44% reduction in the risk of fatal and non- fatal MI 
(RR, 0.56; 95% CI 0.45–0.70; p < 0.00001) in a group of US Physicians who had 
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received 325 mg aspirin every other day, compared to those assigned to a placebo 
group [60]. These results were deemed so significant at the time that the trial was 
terminated early, despite not having met its prespecified primary outcome, a reduc-
tion in CV mortality. Despite the apparent benefit of aspirin observed in the PHS, a 
similar trial published in the same year, the British Male Doctors study, failed to 
show a benefit of 500 mg aspirin daily in reducing MI, stroke, or death, compared 
to no aspirin in a group of British male doctors [61]. What both trials did agree on 
was an increased risk of bleeding in those who received aspirin. These divergent 
results of the first primary prevention trials involving aspirin set the scene for the 
subsequent debate surrounding its benefit.

Up until the 2000s, accruing trial evidence largely reported reductions in both MI 
and stroke in younger populations who had received primary prevention aspirin, 
with a consistent trade-off of an increased bleeding risk (Table 3). By 2002, both the 
AHA and United States Preventive Services Task Force (USPSTF) recommended 
aspirin for patients at high risk of CVD [62, 63]. By 2007 European guidelines 
adopted a similar recommendation [64]. However, aspirin trials in the later 2000s 
appeared to suggest a temporal reduction in aspirin’s efficacy in the setting of mod-
ern primary prevention, inspiring further contemporary trials.

In 2018, three separate major trials were published that resulted in a pivotal shift 
in guideline recommendations. The first trial in this group, the Aspirin to Reduce 
Risk of Initial Vascular Events (ARRIVE) trial, found that treatment with 100 mg of 
enteric-coated aspirin did not result in a reduction in the primary end point (a com-
posite outcome of time to first occurrence of confirmed MI, stroke, CV death, unsta-
ble angina, or TIA) in a group of 12,546 nondiabetic patients (mean age 63.9 years; 
55% ≥65 years) at moderate risk of coronary heart disease (10–20% 10-year risk) 
compared to those who received a placebo (HR 0.96; 95% CI 0.81–1.13; p = 0.6038) 
[65]. While subsequent per protocol analyses did reveal a reduction in hazard ratios 
for combined fatal/non-fatal MI (HR 0.53; 95% CI 0.36–0.79; p = 0.0014) and non-
fatal MI (HR 0.55; 95% CI 0.36–0.84; p = 0.0056) in those who received aspirin, 
these results are less causally valid. As with previous trials, gastrointestinal bleeding 
was significantly more common in those who had received aspirin (HR 2.11; 95% 
CI 1.36–3.28; p = 0.0007). Participants were not excluded from ARRIVE on the 
basis of older age.

The subsequent ASCEND (A Study of Cardiovascular Events in Diabetes) trial, 
recruited 15,480 diabetic patients (mean age 63 years; 23.5% ≥70 years) and 
observed a reduction in the primary outcome of a first vascular event (a composite 
of nonfatal MI, nonfatal stroke, TIA, or death from any vascular cause excluding 
intracranial haemorrhage) in those who were assigned to receive 100 mg enteric-
coated aspirin (rate ratio 0.88; 95% CI 0.79–0.97; p = 0.01) [66]. Again, there was 
a significantly higher rate of bleeding in those who received aspirin (Rate ratio; 
1.29; 95% CI 1.09–1.52; p = 0.003), almost half of which (41.3%) were due to gas-
trointestinal bleeding. Participants were not excluded from ASCEND on the basis of 
older age but were excluded if they had clinically significant conditions that might 
limit adherence to the trial regimen for at least 5 years.

Atherosclerotic Cardiovascular Disease Prevention in the Older Adult: Part 1
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Finally, the Aspirin in Reducing Events in the Elderly (ASPREE) trial, became 
the first landmark randomised double-blinded placebo controlled trial to compare 
aspirin to placebo in a group of primary prevention adults over the age of 70 years 
(≥65 years of age among blacks and Hispanics) [67–69]. As it stands, the ASPREE 
trial provides the largest body of trial evidence on aspirin use in the primary preven-
tion of CVD among older adults. Enrolling 19,114 patients, with a median age of 74 
years, the trial was stopped prematurely due to futility after it failed to show a ben-
efit of 100 mg of enteric-coated aspirin in reducing CVD events (HR 0.95; 95% CI 
0.83–1.08). Notably, there was a significantly higher rate of major haemorrhagic 
events in the aspirin group (hazard ratio, 1.38; 95% CI, 1.18–1.62; p < 0.001) with 
an unexpected trend towards increased mortality (HR 1.14; 95% CI 1.01–1.29), 
primarily attributed to cancer-related deaths. Low dose aspirin did not prolong dis-
ability-free survival over the study period of 5 years (HR 1.01; 95% CI 0.92–1.11; 
p = 0.79), which may represent a more meaningful outcome in older patients [69, 
70]. Significantly, the trial excluded older patients with life-limiting chronic ill-
nesses, dementia, or physical disability, meaning that these results cannot reliably 
be extrapolated to more frail older individuals.

Since the three trials of 2018, there has been one further large trial, the TIPS-3 
study (The International Polycap Study 3) [71]. Here patients were randomised to 
receive aspirin plus placebo, polypill (simvastatin, atenolol, hydrochlorothiazide, 
and ramipril) plus placebo, double placebo, or double active treatment. The investi-
gators did report a decrease in the occurrence of the primary outcome in those 
assigned to polypill plus aspirin compared to placebo. However, they observed no 
benefit when comparing aspirin alone to placebo, suggesting that the benefit 
observed in the double treatment group was largely driven by the polypill compo-
nent. Notably, they also observed no increased rate of bleeding in the aspirin groups, 
which would be completely at odds with all previous trials, and thus raises questions 
with regards to the trial methodology (i.e., was the randomised allocation complied 
with and how well were bleeding events captured?) [59].

3.1.2  Putting It All Together: Meta-analyses

There have been several meta-analyses concluding that primary prevention aspirin 
may confer a benefit in lowering the risk of non-fatal MI, TIA, and ischemic stroke 
in younger patients at higher CVD risk (mean age of included participants <65 
years) [83–85]. By contrast, the ASPREE trial, which is the only trial to target an 
older population (median age of 74 years), failed to demonstrate a beneficial effect 
of primary prevention aspirin on MI [67, 68]. One potential explanation for this dif-
ference is that older patients may be inherently different from younger patients with 
respect to their response to drug therapy [86]. Concurrently, any modest benefits 
observed with aspirin use have consistently been balanced by an increased risk of 
major bleeding, intracranial haemorrhage, and major gastrointestinal bleeding, 
which is particularly salient for older adults. Also worth noting when considering 
aspirin for elderly patients is that aspirin’s benefit on the reduction in TIA and 
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ischemic stroke is offset by the increased rate of haemorrhagic stroke, resulting in a 
similar rate of all strokes in those who receive aspirin compared to those who do 
not [83].

3.1.3  Additional Considerations

Minimising the Bleeding Risk

While aspirin’s efficacy in primary prevention has always been an area of debate, its 
association with increased bleeding, particularly upper gastrointestinal bleeding, 
has been consistent. This risk of bleeding is dose-dependent. Among older patients, 
the odds ratio of bleeding with daily doses of aspirin of 75 mg, 150 mg, and 300 mg 
are 2.3, 3.2, and 3.9, respectively and so, when aspirin is used in primary prevention, 
low doses (75–100mg daily) are recommended [11, 87].

Proton pump inhibitors have been shown to decrease bleeding risk in those 
assigned to aspirin therapy in other settings and are recommended prophylactically 
in those considered at increased bleeding risk (history of gastroduodenal ulcers or 
GI bleeding, age over 60 years, corticosteroid use, dyspepsia or GERD symptoms, 
concomitant anticoagulant therapy, dual antiplatelet therapy) [88]. To date, the 
major aspirin primary prevention trials have infrequently reported on the use of PPIs 
and how these may influence bleeding outcomes in this setting. For example, while 
the ASPREE trial did not prevent the use of PPIs, (25% of patients were taking a PPI 
at trial entry), because of the double-blinded nature of the trial patients assigned to 
the (blinded) aspirin arm were not able to be considered for prophylactic PPI use. 
As such, the trial may not truly reflect the risk of GI haemorrhage in older patients 
in an everyday clinical setting, given that many of these patients would typically be 
offered prophylactic PPIs in this context [86]. Therefore, while aspirin should not 
be routinely recommended in older patients, co-prescription with proton pump 
inhibitors in those deemed at very high CV risk and with an otherwise good quality 
of life, may reduce the bleeding risk, therefore shifting the risk-benefit ratio in these 
select group of patients.

Drug Interactions

Co-administration of aspirin with other NSAIDs can lead to a drug interaction 
where the aspirin is prevented from irreversibly binding to COX-1, leading to rapid 
elimination of aspirin, and thus, decreased clinical benefit despite the increased 
bleeding risk. As it is estimated that approximately 14% of older adults are taking 
NSAIDS, this is an important point to consider when using aspirin in this popula-
tion [86].
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Areas of Uncertainty

While contemporary trials have favoured enteric-coated aspirin, definitive evidence 
for a reduction in bleeding risk with such formulations is lacking [89, 90]. 
Simultaneously, evidence is emerging that such formulations may reduce oral bio-
availability and thus rendering aspirin’s antithrombotic effects less pronounced. 
This effect seems to be particularly marked in patients with diabetes mellitus, with 
as many as half of such patients being non-responders to enteric- coated aspirin [91]. 
Patients with diabetes have an increased platelet turnover and so it has been sug-
gested that twice daily dosing may be more effective.

There may also be an interaction between body weight and treatment response to 
aspirin. A recent post-hoc meta-analysis suggested that low doses of aspirin 
(75–100 mg) were only effective in preventing vascular events in patients weighing 
less than 70 kg [92]. However, other studies have not indicated a body weight inter-
action [93].

3.1.4  Guideline Recommendations for Aspirin in Primary Prevention

As it stands, most guidelines currently agree that aspirin should not be routinely 
prescribed for most patients without established ASCVD, particularly in those over 
the age of 70 years [11] (Table 4). Instead, intensive management of co-morbidities 
and other ASCVD risk factors will likely yield greater individual benefits. Low dose 
aspirin may provide a benefit in selected younger patients at high or very high risk 
of CVD, following an individualised patient-clinician discussion [14]. While there 
is broad international agreement that aspirin should not be commenced routinely for 
primary prevention in older adults, no trial or guideline has clearly addressed the 
question as to whether healthy older adults who are already taking aspirin should 
continue its use or should stop (and, if the latter, at what age should they stop).

3.2  Antiplatelets in Secondary Prevention

While antiplatelet therapies continue to play a pivotal role in the setting of second-
ary prevention of ASCVD, the advent of newer, more potent, antiplatelet drugs, 
such as the P2Y12 inhibitors, mean that the options for antiplatelet therapies have 
expanded dramatically in recent years.
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Table 4 Current guidelines on the use of aspirin in the setting of primary prevention of ASCVD 
in older adults

Guideline Year Recommendation

Australian [94] 2013 Aspirin and other antiplatelet agents are no longer routinely 
recommended for use in the primary prevention of CVD, 
including for people with diabetes or high absolute CVD risk

ACC/AHA [11] 2019 Low dose aspirin (75–100 mg daily) might be considered for the 
primary prevention of ASCVD among select adults 40–70 years 
of age who are at higher ASCVD risk but not at increased 
bleeding risk (Class IIb)
Low dose aspirin (75–100 mg) should not be administered on a 
routine basis for the primary prevention of ASCVD among adults 
>70 years of age (Class III: Harm)
Low dose aspirin (75–100 mg) should not be administered for 
primary prevention in adults at any age who are at increased risk 
of bleeding (Class III: Harm)

NICE [95] 2020 Do not routinely prescribe antiplatelet treatment for the primary 
prevention of CVD
Consider aspirin in people with a high risk of stroke or MI. There 
is limited evidence of benefit even in people with multiple risk 
factors and there is a risk of harm.
If aspirin is being considered, discuss the likely benefits and 
risks with the person

Canadian Stroke 
Best Practice [96]

2020 The use of aspirin is not recommended for primary prevention of 
a first vascular event (evidence level A)
This recommendation pertains to individuals with vascular risk 
factors who have not had a vascular event (evidence level A) and 
to healthy older individuals without vascular risk factors 
(evidence level B)
The net benefit of aspirin in individuals with asymptomatic 
atherosclerosis is uncertain (evidence level B)

ESC/EAPC [14] 2021 In patients with DM at high or very high CVD risk, low-dose 
aspirin may be considered for primary prevention in the absence 
of clear contraindications (Class IIb)
Antiplatelet therapy is not recommended in individuals with low/
moderate CV risk due to the increased risk of major bleeding

ADA [97] 2021 Aspirin therapy (75–162 mg/day) may be considered as a 
primary prevention strategy in those with diabetes who are at 
increased cardiovascular risk, after a comprehensive discussion 
with the patient on the benefits versus the comparable increased 
risk of bleeding (A)

USPSTF [98] 2021 The decision to initiate low-dose aspirin use for primary 
prevention in adults aged 40–59 years who have a 10% or greater 
10-year CVD risk should be an individual one. Evidence 
indicates that the net benefit of aspirin use in this group is small. 
Persons who are not at increased risk for bleeding and are 
willing to take low-dose aspirin daily are more likely to benefit
Recommend against low-dose aspirin use for primary prevention 
of CVD in those ≥60 years old
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3.2.1  Antiplatelets in Patients with Recent Percutaneous Coronary 
Intervention (PCI)

Duration of Therapy

Dual antiplatelet therapy (DAPT) with aspirin and an oral P2Y12 inhibitor continues 
to be the mainstay of antithrombotic treatment following PCI. Aspirin is recom-
mended for all patients in the immediate period (1–3 months) following PCI, with 
the recent ADAPTABLE trial confirming that lower doses of aspirin (81 mg) appear 
to be as effective as higher doses (325 mg) in preventing subsequent ischemic events 
[99, 100]. However, more recently, the traditional approach of DAPT for a mini-
mum of 6–12 months following PCI for a chronic coronary syndrome (CCS) or 
acute coronary syndrome (ACS) respectively, followed by the ubiquitous require-
ment for life-long aspirin has come into question [101]. Contemporary trials have 
begun to evaluate early discontinuation of DAPT, as well as continuing a mainte-
nance P2Y12 monotherapy in place of aspirin [59, 101, 102]. There have been two 
recent meta-analyses, including 32,145 patients across five trials (mean age 64.7 
years) who underwent PCI in the setting of either CCS or ACS, both of which con-
cluded that discontinuation of aspirin within 1–3 months post-PCI, while continu-
ing P2Y12 inhibitor monotherapy (most frequently clopidogrel), was associated with 
a significant reduction in major bleeding by almost 40%, without increasing the 
ischemic risk or a patient’s mortality [103, 104]. The mean age across the five 
included trials was only 65 years meaning that there is limited data available for 
those over 70 years. However, this approach to abbreviated DAPT could be espe-
cially important for older patients at higher bleeding risks. While statistically incon-
clusive, the meta-analyses do suggest that 3 months of DAPT may be superior to 1 
month in terms of balancing bleeding and ischemic risks in these post-PCI patients 
[103]. There are currently several ongoing trials further evaluating DAPT combina-
tions and durations post PCI [102]. As it stands, most guidelines continue to recom-
mend 12 months of DAPT as the standard, but with the option to either shorten or 
extend the duration depending on the balance of ischemic and bleeding risks. How 
future iterations of guidelines will change based on recent trials of 1–3 months 
DAPT remains to be determined.

As there is increasing emphasis on individualising the duration of antiplatelet 
therapy to a given patient’s risk, tools such as PRECISE DAPT have been developed 
in an attempt to aid the identification of those at high risk of bleeding (PRECISE 
DAPT ≥25) who may benefit from shortened durations of DAPT [105]. Whether 
single antiplatelet therapy (SAPT) with a P2Y12 inhibitor is preferable to SAPT with 
aspirin, following the initial period of DAPT, requires further study, however, a 
recent meta-analysis suggested that the risk of all-cause mortality, vascular death, 
and stroke does not differ between patients receiving a P2Y12 inhibitor monotherapy 
vs. aspirin monotherapy [106]. The authors did; however, report a borderline trend 
towards a reduction for the risk of MI in those who received a P2Y12 inhibitor com-
pared to aspirin (Odds radio 0.81; 95% CI 0.66–0.99), with no difference in major 
bleeding events (odds radio 0.90; 95% CI 0.74–1.10), albeit these results are from a 
younger population.

Atherosclerotic Cardiovascular Disease Prevention in the Older Adult: Part 1



22

Choice of Antiplatelet Agent

Both ticagrelor and prasugrel have been favoured as first-line P2Y12 inhibitors, par-
ticularly in European guidelines, following PCI in the setting of acute coronary 
syndromes [107–109]. However, while they are considered more potent, have a 
more rapid onset, and have been shown to be superior in reducing cardiovascular 
death, MI, and stroke compared to clopidogrel in certain groups, both ticagrelor and 
prasugrel have also been associated with an elevated bleeding risk [110, 111]. 
Bleeding post-PCI is not a benign phenomenon, and it is now well established that 
there is a consistent association between bleeding and death in this setting [112]. A 
subgroup analysis of the TRITON-TIMI 38 trial (Trial to Assess Improvement in 
Therapeutic Outcomes by Optimising Platelet Inhibition with Prasugrel- 
Thrombolysis in Myocardial Infarction 38), failed to show a net benefit of prasugrel 
in a subgroup of patients 75 years and older due to elevated bleeding rates [111]. As 
a result, prasugrel should be used with caution in this age group, with dose reduc-
tions recommended [107, 113, 114]. Prasugrel should also be avoided in those with 
low body weight (≤60 kg) or a history of TIA or stroke due to increased bleeding 
risks [109, 111]. The recent POPular AGE study, suggests that clopidogrel may be 
the preferred P2Y12 inhibitor in those over 70 years (mean age 77 years) presenting 
with NSTE-ACS, as it was found to lead to fewer bleeding events (HR 0.71; 95% 
CI 0.54–0.94; p = 0.02 for superiority), without increasing a combined endpoint of 
all-cause death, myocardial infarction, stroke, or bleeding, when compared to 
ticagrelor (28% vs. 32%; absolute risk difference −4%; 95% CI −10 to 1.4; p = 0.03 
for noninferiority) [115]. It should be noted that the trial was not powered to find 
statistical differences in all-cause mortality between groups, however. The previous 
TOPIC trial also demonstrated that switching from a more potent P2Y12 inhibitor to 
clopidogrel 1 month following PCI in the setting of an ACS did not confer an ele-
vated risk in major ischemic outcomes, but did result in a marked reduction in 
bleeding risk, and so this may also be an option for older patients who have both a 
high ischemic and bleeding risk [116].

More recently, European guidelines have introduced recommendations to con-
sider the use of very low dose rivaroxaban (2.5 mg twice daily), in addition to aspi-
rin, beyond 12 months posttreatment for ACS in those at increased ischemic risk 
(e.g., those with diabetes or polyvascular disease) [107]. This recommendation is 
largely based on results of the COMPASS trial (mean age 68 years), which found 
that a very low dose rivaroxaban (2.5 mg twice daily) plus aspirin 100 mg daily 
reduced the risk of the combined ischemic endpoint of CV death, stroke or MI (HR 
0.76; 95% CI 0.66–0.86; p  <  0.001), all-cause mortality (HR 0.82; 95% CI 
0.71–0.96; p = 0.01), and CV mortality (HR 0.78; 95% CI 0.64–0.96; p = 0.02) in 
patients with known CAD or PAD or both [117]. There was an increased risk of 
bleeding however in the combination group (HR 1.70; 95% CI 1.40–2.05; p < 0.001) 
compared to aspirin alone. A similar trial evaluated the addition of low-dose rivar-
oxaban to clopidogrel in the setting of recent ACS (with participants enrolled within 
7 days after admission) and again noted a reduction in ischemic events with a trade-
off of major bleeding [118]. While reductions in ischemic events are always 
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attractive, it should be remembered that bleeding risks increase with more advanced 
age and so may modify the risk benefits gained in older adults, particularly in those 
with a more limited life expectancy. A summary of current recommendations is 
provided in Box 2.

Triple Therapy: When Less Is More

A commonly encountered clinical scenario is one in which patients undergoing PCI 
have a coexisting underlying indication for oral anticoagulation (OAC). This simul-
taneous requirement for DAPT and an OAC, commonly referred to as “triple ther-
apy”, is most frequently encountered in the setting of a patient with underlying 
atrial fibrillation who has a requirement for PCI. It is estimated that between 17% 
and 46% of patients with atrial fibrillation have coronary artery disease and between 
5% and 15% of those patients will eventually require PCI at some point during their 
lives and, with an increasing prevalence of atrial fibrillation and an aging popula-
tion, this number is likely to increase [119]. While OAC is superior to DAPT in 
preventing thromboembolic disease in the setting of atrial fibrillation, DAPT is con-
sidered superior to OAC in preventing stent thrombosis around the time of 
PCI. However, triple therapy significantly increases a patient’s bleeding risk, par-
ticularly in those >90 years of age, with CHA2DS2-VASc scores of 7–9 or those with 
a history of major bleeding [120, 121]. Therefore, patients who have an indication 
for both DAPT and oral anticoagulation pose a real practical dilemma for clinicians 
when balancing thrombotic risk against bleeding risk, particularly in older patients 
in the immediate period following PCI.  Guidelines now recommend shortened 
durations of triple therapy (as short as 1 month depending on the balance of isch-
emic and bleeding risks), followed by a combination of single antiplatelet therapy 
(best data is available on the P2Y12 inhibitor, clopidogrel) and OAC for up to a year 
[122, 123]. Following that, the previously recommendation for long-term aspirin is 
no longer considered necessary for secondary prevention of adults with a lifelong 
indication for monotherapy with OAC. PPIs are recommended for all older patients 
on dual or triple therapy [122].

3.2.2  Antiplatelets in Secondary Prevention of TIA/Stroke

Following a non-cardioembolic ischemic stroke or TIA, all patients should receive 
either aspirin, clopidogrel, or a combination of aspirin and extended-release dipyri-
damole [124, 125]. More recently, investigators have begun to evaluate the role of 
DAPT poststroke. Two recent landmark trials, CHANCE (Clopidogrel in High-Risk 
Patients with Acute Nondisabling Cerebrovascular Events) and POINT (Platelet-
Orientated Inhibition in New TIA and Minor Ischemic Stroke), have resulted in 
major guideline changes [126, 127]. The earlier CHANCE trial suggested that add-
ing clopidogrel (at an initial dose of 300 mg, followed by 75 mg daily) to aspirin for 
90 days could lead to reductions in new stroke events (HR 0.68; 95% CI 0.57–0.81; 
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p < 0.001), without significantly increasing bleeding risk (any bleeding event: HR 
1.41; 95% CI 0.95–2.10; p = 0.09) in patients who had suffered a minor ischemic 
stroke (defined as an NIHSS ≤3) or high-risk TIA within the previous 24 h (ABCD2 
score of ≥4) [126]. More recently, data from the POINT trial confirmed similar find-
ings, suggesting that a combination of aspirin and clopidogrel (600 mg on day 1, 
followed by 75 mg daily) in a similar setting resulted in a lower risk of major isch-
emic events (HR 0.75; 95% CI 0.59–0.95; p = 0.02) compared to those who received 
aspirin alone, albeit with a higher risk of major haemorrhage at 90 days (HR 2.32; 
95% CI 1.10–4.87; p = 0.02) [127]. The median ages of both trials were 63.5 and 65 
years, respectively. The THALES (Acute or Transient Ischemic Attack Treated with 
Ticagrelor and ASA for Prevention of Stroke and Death) study evaluated the benefit 
of DAPT with ticagrelor and aspirin (mean age 65 years), and while they also 
observed a reduction in the composite outcome of stroke or death at 30 days (5.5% 
vs. 6.6%; HR 0.83; 95% CI 0.71–0.96; p = 0.02), there was a significant increase in 
severe bleeding (HR 3.99; 95% CI 1.74–9.14; p = 0.001) without improvements in 
disability (defined as a score >1 on the modified Rankin scale; odds ratio 0.98; 95% 
CI 0.89–1.07; p = 0.61) [128]. The CHANCE-2 trial is currently underway and aims 
to compare DAPT with ticagrelor and aspirin to DAPT with clopidogrel and aspirin 
(NCT04078737) [129]. While no trial to date has exclusively recruited older 
patients, a recent meta-analysis of available data suggested that DAPT is superior to 
aspirin therapy alone but may be equivalent to clopidogrel monotherapy in those 
aged 65 years or older with a recent stroke or TIA [130]. This highlights the need 
for further large RCTs in this area and population group.

Largely on the basis of the CHANCE and POINT trials, guidelines now recom-
mend DAPT with clopidogrel and aspirin, following a non-cardioembolic minor 
ischemic stroke or high-risk TIA, ideally to be commended within 12–24 h post 
symptom onset and to be continued for 21 days [124, 131]. The current European 
Stroke Organisation (ESO) guidelines are largely modelled around the CHANCE 
trial, recommending a loading dose of 300 mg of clopidogrel (followed by 75 mg 
maintenance) and 50–325 mg of aspirin (dose of aspirin at physician discretion) 
[131]. Other than references to the POINT and CHANCE trial, the AHA guidelines 
do not provide a specific loading dose recommendation, but do agree that 50–325 mg 
of aspirin daily, in combination with 75 mg clopidogrel daily should be used as 
maintenance therapy in the context of a non-cardioembolic minor ischemic stroke 
[124]. While the AHA guidelines include the option of a duration of DAPT for up 
to 90 days in this setting, a pooled analysis of data from CHANCE and POINT 
found that the benefit of DAPT appeared to be confined to the first 21 days, and so 
this duration may be more sensible for older adults at increased bleeding risk [132]. 
Following the initial period of DAPT, patients should be continued on single anti-
platelet therapy. Long-term DAPT is not recommended due to increased bleeding 
risks [124, 133, 134]. For patients with moderate to severe strokes, aspirin mono-
therapy, without a second antiplatelet, is recommended [124].
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3.2.3  Antiplatelets in Peripheral Arterial Disease

Antiplatelet therapy also remains the mainstay of treatment in symptomatic periph-
eral arterial disease, with both American and European guidelines recommending 
either aspirin (75–325 mg) or clopidogrel (75 mg daily) as first-line agents [135, 
136]. While the AHA guidelines consider aspirin reasonable in asymptomatic indi-
viduals with an ABI ≤0.9 and may even be considered in those with an ABI of 
0.91–0.99, European guidelines recommend against its use in this setting [135, 
136]. European guidelines recommend aspirin for all asymptomatic carotid stenosis 
[135]. A recent meta-analysis suggested that DAPT may be superior to aspirin 
monotherapy in those with lower extremity peripheral arterial disease, although this 
has not been adopted by guidelines to date [137]. As discussed previously, the 
COMPASS trial demonstrated that very low dose rivaroxaban in addition to aspirin 
may improve ischemic outcomes in patients with PAD [117].

4  Blood Pressure

The prevalence of hypertension increases dramatically with age. Data from the 
NHANES survey (National Health and Nutrition Examination Survey) in the USA 
have estimated the prevalence of hypertension (defined as a blood pressure ≥130 
and/or ≥80) to be over 70% in those ≥65 years of age (77% between 2015 and 
2018) [42]. Similarly, the Framingham Heart Study has estimated that more than 
90% of patients with normal blood pressure at 55 years of age will eventually 
develop hypertension [138]. Our understanding of preventive medicine in the area 
of hypertension among older adults has evolved dramatically over the last 60 years. 
As late as the 1960s, high blood pressure was considered an unavoidable and, indeed 
“essential”, component of ageing [139]. A prominent opinion piece summarised 
that “a benign course was the rule, not the exception” in hypertensive patients [140]. 
These opinions contributed to an underappreciation of the importance of treating 
hypertension in older patients. Thankfully, there is now unquestionable evidence 
that, similar to younger patients, hypertension is a strong but treatable risk factor for 
incident heart failure, myocardial infarction, stroke, peripheral arterial disease, and 
all-cause mortality in older adults [141].

While there are many similarities in the assessment and management of blood 
pressure in older adults compared to their younger counterparts, there are some 
notable differences and challenges, particularly when it comes to deciding on an 
appropriate target [142].
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4.1  Measuring Blood Pressure in Older Adults

Accurately measuring blood pressure is the first step to initiating an appropriate 
management plan in any hypertensive patient. Masked hypertension has been shown 
to be present in up to 12% of older patients and is associated with significantly 
higher cardiovascular risk, and so undertreatment of these patients can have signifi-
cant negative consequences [143]. Conversely, overzealous treatment in those with 
white coat hypertension may lead to deleterious effects of treatments such as ortho-
static hypotension and injurious falls, which can have serious consequences in older 
patients. Therefore, the gold standard to confirm the diagnosis of hypertension 
remains the use of a 24-h ambulatory blood pressure monitor (ABPM). However, 
ABPM may be problematic for some older patients, where travel to and from clinics 
may be difficult, so home blood pressure monitoring (HBPM) has been shown to be 
a useful alternative to office measurements in such patients and is supported by most 
guidelines [144].

4.2  Benefits of Treating Hypertension in Older Adults

Lewington et al. reported a meta-analysis of observational studies, which indicated 
that the risks for both stroke and ischemic heart disease start to increase progres-
sively from as low as 115 mmHg, even among those >80 years [145]. The benefits 
of treating hypertension in patients over the age of 60 years have been recently sum-
marised in an updated Cochrane systematic review by Musini et al., which com-
bined data from 26,795 healthy ambulatory adults ≥60 years across 16 randomised 
trials that compared antihypertensive treatment to no treatment or placebo [146]. 
The average age of participants within the review was 73.8 years with a mean base-
line blood pressure of 182/95 mmHg. Treatment of hypertension resulted in a reduc-
tion in all-cause mortality (risk ratio 0.91, 95% CI 0.85–0.97; participants 25,932; 
I2 = 8%; p = 0.01), primarily due to a significant reduction in fatal stroke and fatal 
myocardial infarction. On subgroup analysis, this benefit was mainly seen in those 
aged 60–79 years (risk ratio, 0.86; 95% CI 0.79–0.95; I2 = 48%), with a non-signif-
icant effect in those over the age of 80 years (risk ratio, 0.97; 95% CI 0.87–1.10; 
I2 = 52%). Cardiovascular morbidity and mortality were also significantly reduced 
(risk ratio, 0.72; 95% CI 0.68–0.77; I2 = 64.98%; p < 0.0001), representing an abso-
lute reduction from 136 events (in the no treatment/placebo group) to 98 events per 
1000 participants (in those treated) over a mean duration of treatment of 3.7 years. 
Relevantly, on subgroup analysis, this benefit extended to those ≥80 years (risk 
ratio, 0.75; 95% CI 0.65–0.87; I2 = 0%), with no significant subgroup effect between 
those aged 60–79 years and those ≥80 years. This would suggest that age does not 
modify the effect of antihypertensive treatment in comparison to placebo or no 
treatment. Treatment of hypertension not only impacts CV disease prevention but 
has also been shown to lower the risks of dementia and cognitive impairment [147].
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4.3  Target BP: The Debate

4.3.1  The J-Shaped Curve and Potential Risks with Treatment

While there is no doubt that treatment of hypertension is of benefit in most older 
adults, a significantly controversial area remains the decision surrounding an appro-
priate blood pressure target [148, 149]. A particularly apt example of the disagree-
ments on this issue comes from the Eight Joint National Committee (JNC 8) in 
2014, which provided a recommendation to raise the SBP goal to <150 mmHg for 
patients aged 60 years or older [150]. This decision was viewed as so controversial 
at the time, that some members of the committee refused to endorse this recommen-
dation and published a minority report to advocate for a target of SBP of less than 
140 mmHg in persons 60 years or older [149]. Two of the authors of this minority 
report would ultimately go on to author the landmark trial SPRINT [45].

The question becomes, is lower simply better? Or is there a middle ground that 
we should be aiming for? The idea that there is a nadir point at which further lower-
ing of a patient’s blood pressure becomes associated with an increased cardiovascu-
lar risk has become known as the J-shaped or U-shaped curve [151]. Observational 
data have previously suggested that there may be an increased risk with lowering 
SBP below 110–120 mmHg or DBP below 60–70 mmHg [152]. However, this may 
be in part due to confounding or reverse causation; for example, where those with a 
higher number of co-morbidities may have a lower BP and are hence less likely to 
survive. In support of this theory, a large community-based study including adults 
≥85 years in the Netherlands reported an inverse relationship between blood pres-
sure and mortality, in that 5-year mortality was higher among those who had a DBP 
<65 mmHg (compared to those with higher DBP) and among those with a systolic 
BP <125 mmHg (compared to those with higher SBP) [153]. Significantly, how-
ever, this inverse relationship between blood pressure and all-cause mortality disap-
peared after adjustment for health status and frailty [153]. The existence of the 
J-shaped curve has recently been further challenged by the landmark trial SPRINT, 
which did not find increased adverse outcomes in those treated to a mean BP of 
121.5 mmHg. Indeed, SPRINT demonstrated a benefit on the primary CVD end-
point that was consistent across baseline quintiles of diastolic BP [45].

Significant fear of lowering blood pressure excessively in older adults is the 
increased risk of adverse events. The use of anti- hypertensive medications has been 
associated with an increased risk of falls, orthostatic hypotension, fractures, strokes, 
cognitive problems, depression, and reduced survival [154–159]. However, the risk 
of serious fall injuries seems to be highest within the first 14 days, with a recent 
meta- analysis suggesting no overall long-term risk once this period has passed 
[160–162].
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4.3.2  Targets in Those Aged 60–79 Years

A summary of trials recruiting those over the age of 60 years with systolic/diastolic 
hypertension and isolated systolic hypertension is summarised in Table 5.

One of the first major hypertension trials to target an exclusively older popula-
tion was the European Working Party High Blood pressure in the Elderly (EWHPE) 
trial, which recruited participants ≥60 years old with an SBP between 160 and 
239 mmHg and a DBP in the range 90–119 mmHg and compared treatment with 
hydrochlorothiazide to placebo [163]. The trial was terminated early after a 27% 
reduction in all cardiovascular mortality was seen (p = 0.037), achieving a mean BP 
of 150/85 in the treatment group at the 5-year follow- up. A year later, Coope and 
Warrender published the results of a small randomised controlled trial comparing 
treatment with antihypertensive therapy (this time starting with beta blocker ther-
apy) to usual care in those 60–79 years (mean age 68.75) with an SBP 170–280 mmHg 
or DBP 105–120 mmHg [164]. They achieved a consistent difference of approx. 
18/11 mmHg between groups, and noted a significant reduction in stroke (rate ratio 
0.58; 95% CI 0.35–0.96; p < 0.03), but no reduction in fatal coronary events, left 
ventricular failure, cardiovascular or all-cause mortality. Meanwhile, the SHEP 
(Systolic Hypertension in the Elderly Program) trial was underway. This was the 
first trial to target patients with isolated systolic hypertension (>160 mmHg at the 
time) [169]. This double-blind, placebo- controlled trial randomised 4736 patients 
≥60 years (mean age 71.6 years) with isolated systolic hypertension to placebo or 
treatment (46% received chlorthalidone, and 23% atenolol, 21% other, 9% no medi-
cation), targeting a blood pressure of ≤159 mmHg (or a reduction in BP of at least 
20 mmHg for those with a baseline BP between 160 and 170 mmHg). After an aver-
age follow-up of 4.5 years, the treatment group had achieved a mean BP of 
143/68 mmHg with a notable 36% reduction in the incidence of stroke (relative risk 
of 0.64; 95% CI, 0.5–0.82; p = 0.003). In contrast to the previous trials, the inci-
dence of nonfatal MI and coronary death was 27% lower in the active treatment 
group, when compared to those assigned to the placebo group. All-cause mortality 
was 13% lower in the treatment group, although this did not reach statistical signifi-
cance. There was a higher rate of some adverse events in the treatment group, for 
example, the prevalence of falls was 12.8% in the treatment group vs. 10.4% in the 
placebo group.

STOP hypertension recruited a slightly older cohort (mean age 75.65), and 
showed that reducing a blood pressure to 167/87 mmHg, using either a beta blocker 
or beta blocker thiazide combination, reduced stroke from 31.3 events per 1000 
patient years in those receiving placebo, to 16.8 events per 1000 patient years in 
those receiving treatment (relative risk 0.53; 95% CI 0.33–0.86; p = 0.0081) [172]. 
The investigators also observed a significant reduction in all-cause mortality (rela-
tive risk 0.57 (95% CI 0.37–0.78); p = 0.0079). The Syst Eur and Sys China trials 
both recruited patients over the age of 60 and compared antihypertensive treatment 
with nitrendipine to placebo [176, 178]. Syst-Eur was stopped early following a 
42% reduction in occurrence of fatal and nonfatal strokes (p = 0.003), reaching a 
mean end of treatment BP of 150.8/78.5 mmHg in the nitrendipine group. All-cause 

E. Murphy et al.
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mortality was not significantly different between the two groups and while there 
was a 27% reduction in deaths from cardiovascular causes, this did not reach statis-
tical significance (p = 0.07). Syst China also showed a 39% reduction in cardiovas-
cular mortality and a 58% reduction in stroke mortality, reaching a BP of 
150.7/81.1 mmHg in the treatment group. In contrast to Sys-Eur, all-cause mortality 
was reduced by 39% in the active treatment group (p = 0.003).

Between 2008 and 2013, three trials, JATOS, VALISH and Wei et al. compared 
more intense BP control (SBP <140/90 mmHg) to more lenient control (SBP <150 
or <160 mmHg) in older Asian adults (mean age 75 years across the three trials) 
[184, 186, 188]. Notably, Wei et al. observed a significant reduction in all-cause 
mortality, CV mortality, fatal/nonfatal stroke and heart failure on lowering a blood 
pressure to 135.6/76.2 mmHg. A meta-analysis combining the three trials deemed 
the evidence insufficient to determine which treatment arm was superior, however, 
there was significant heterogeneity between the studies [190]. This is likely due to 
the fact that both JATOS and VALISH noted no difference in cardiovascular events 
between treatment arms.

Following the publication of the landmark trial, SPRINT (Systolic Blood 
Pressure Intervention Trial), 2015 became a pivotal year for hypertension manage-
ment with subsequent major reforms across guidelines [45]. This randomised, con-
trolled, open label trial recruited 9361 patients ≥50 years with a systolic blood 
pressure of ≥130 mmHg and an increased cardiovascular risk, across 102 clinical 
sites in the US and Puerto Rico and assigned participants to an intensive treatment 
arm (with a target blood pressure of <120 mmHg systolic) or a standard treatment 
arm (BP target of <140 mmHg systolic). The mean age of recruited participants was 
67.9 years. SPRINT immediately attracted widespread attention after the trial was 
stopped early by the data and safety monitoring board, after a median follow-up of 
3.26 years, following an observed 25% lower relative risk of major cardiovascular 
events in the intensive treatment arm compared to the standard group (1.65% per 
year vs. 2.19% per year; HR 0.75; 95% CI 0.64–0.89; p < 0.001). There was also a 
significant reduction in all-cause mortality (HR 0.73; 95% CI 0.60–0.90; p = 0.003). 
SPRINT challenged the status quo of aiming for a blood pressure <140/90 mmHg, 
demonstrating that achieving a mean systolic blood pressure of 121.5 mmHg (mea-
sured using automated devices mostly while the participant was left in a room unat-
tended) was associated with improved outcomes [191]. Significantly, a pre-specified 
subgroup analysis of 2636 participants ≥75 years (mean age 79.9) with a baseline 
BP of 141.6 mmHg/71.2 mmHg showed similar results [189]. There was a statisti-
cally significant reduction in the primary outcome between groups (HR 0.66; 95% 
CI, 0.51–0.85; p = 0.001), with a 33% reduction in incident cardiovascular disease 
and a reduction in all-cause mortality of 32% between the treatment groups. There 
was also a significant reduction in heart failure (HR 0.62; 95% CI 0.40–0.95; 
p = 0.03), nonfatal heart failure (HR 0.63; 95% CI 0.40–0.96; p = 0.03) and all-
cause mortality (HR 0.67;95% CI 0.49–0.91; p = 0.009). Interestingly, though the 
point estimates were in the direction of benefit, there was no statistically significant 
difference in the occurrence of stroke (HR 0.72; 95% CI 0.43–1.21; p = 0.22), and 
nonfatal stroke (HR 0.68; 95% CI 0.40–1.15; p = 0.15), which was a contrast to 
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previous trials [169, 176, 178]. Notably, frailty did not impact these results (p = 0.84 
for interaction) and the rate of overall serious adverse events between groups was 
similar, with 637 (48.4%) participants experiencing an SAE in the intensive treat-
ment group, compared with 637 (48.3%) participants experiencing a SAE in the 
standard treatment group.

While the results of SPRINT have already changed major guidelines, a critical 
question remains: are these results applicable to the general population, particularly 
comorbid and older patients [192, 193]? The debate surrounding the applicability of 
hypertensive trial data to the general population isn’t new [194]. Even prior to 
SPRINT, Messerli et al. made the point that many of the large hypertension trials 
exclusion criteria mean that trial results may not be appliable to a general non-trial 
elderly population cohort [195]. They applied the exclusion criteria of 13 large 
hypertension trials to a cohort of elderly patients with hypertension in general prac-
tices in Poland. 71.3% would have met at least one of the exclusion criteria of these 
trials. SPRINT notably excluded patients with adherence issues, a 1-min standing BP 
<110 mmHg, diabetics, those with a history of stroke, symptomatic heart failure or 
those with an ejection fraction of <35%, a limited life expectancy, a diagnosis of 
dementia or residence in a nursing home. The exclusion of these common comor-
bidities have led to the external validity of these results being challenged [196]. Bress 
et al. estimated that only 7.6% of US adults, 16.7% of those with treated hyperten-
sion, and 5% without treated hypertension, met the SPRINT eligibility criteria [197].

Adding to the debate, the findings of SPRINT are contrasted to the similar 
ACCORD trial, which included a younger cohort (mean age 62.2 years). In contrast 
to SPRINT, ACCORD recruited patients with type 2 diabetes. Similar to SPRINT, 
trial participants were randomised to either an intensive treatment arm (with a target 
blood pressure of <120 mmHg systolic) or a standard treatment arm. There was no 
observed significant difference in the primary outcome between intensive and stan-
dard treatment groups (HR 0.88; 95% CI, 0.73–1.06; p = 0.20), though there was a 
significant reduction in stroke [198]. This may be due to a slightly different defini-
tion in primary outcome, with ACCORD including a composite outcome of nonfatal 
MI, nonfatal stroke or death from cardiovascular causes. SPRINT’s primary out-
come was more expansive, including ACS not resulting in MI and nonfatal episodes 
of HF. Analyses combining the results of both trials have reported a reduction in 
outcomes in the intensive treatment arm [199]. Given that ACCORD excluded those 
over 80 years, the SPRINT criteria have not been tested in diabetic patients 
≥80 years.

One of the major concerns of lowering BP excessively is the increased risk of 
orthostatic hypotension and falls. Notably, the SPRINT authors reported no differ-
ence in the occurrence of serious adverse events in those ≥75 comparing those 
assigned to the intensive treatment group vs. standard treatment (HR 0.99; 95% CI 
0.89–1.11; p = 0.895). Significantly, the risk of hypotension or injurious falls was 
the same across both groups. However, the composite outcome of hypotension lead-
ing to a SAE or ER visit was increased in the intensive arm (3.3% vs. 2%; HR 1.66; 
95% CI 1.03–2.73; p = 0.039). These results are in keeping with findings in the 
ACCORD trial, albeit the latter was a much younger cohort [200].
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The method of BP measurement used in SPRINT has also generated significant 
controversy [201]. In an attempt to avoid the effects of white coat hypertension, BP 
in SPRINT was recorded using an average of three automated office BP measure-
ments following 5 min of quiet rest with participants mostly left unattended (i.e., the 
health care provider left the room for the measurement) [189]. This is in contrast to 
all other major hypertension trials (Table 5), and most everyday clinical practices, 
where attended (or observed) measurements are the common practice. Blood pres-
sures taken in an observed fashion in routine clinical practice have been shown in 
some studies to vary significantly from those taken in a research setting, or by 
ambulatory methods [202]. It has been argued that BP measured in this unobserved 
fashion could result in blood pressure readings up to 5–10 mmHg lower than when 
measured manually, or in an observed setting [201, 203].

Unlike many other trials, SPRINT also pre-specified that participants in the stan-
dard treatment arm should not achieve a BP of <130 mmHg on any occasion or 
<135 mmHg on two consecutive occasions [204]. In fact, 87% of patients in the 
standard treatment group required at least one reduction in their medications to 
maintain systolic blood pressure in the range of 135–139 mmHg [205]. While these 
reductions were required to test the hypothesis of SPRINT, it would not be standard 
of care to withdraw treatment in an asymptomatic hypertensive patient with these 
blood pressure readings, and this nuance; therefore, is worth noting when interpret-
ing the SPRINT results [206].

A meta-analysis including SPRINT, combined data on 65,890 patients ≥50 years 
(mean age of 69.4 years) demonstrated that treating to a mean blood pressure of 
140.7/79.1 compared to 150.1/83.5, results in a significant reduction in major car-
diovascular events (risk ratio 0.74, 95% CI 0.64–0.86; p  = 0.000; I2 = 79.71%), 
stroke (risk ratio 0.72; 95% CI 0.64–0.82; p = 0.000; I2 = 32.45%), heart failure 
(Risk ratio 0.53; 95% CI 0.43–0.66; p = 0.000; I2 = 1.23%), CV mortality (risk ratio 
0.76; 95% CI 0.66–0.89; p = 0.000; I2 = 39.74%) and all- cause mortality (risk ratio 
0.83; 95% CI 0.73–0.93; p = 0.001; I2 = 53.09%) [207].

4.3.3  Targets in Those Over 80 Years

A large observational study carried out among primary care practices in the UK 
aimed to assess the associations between systolic blood pressure (SBP) and all-
cause mortality, cardiovascular events and fragility fractures in those over 80 years 
[208]. They included 79,376 patients over the age of 80 years diagnosed with hyper-
tension, prescribed at least one class of antihypertensive and who were free of 
dementia, recent cancer, stroke, heart failure, coronary heart disease and end stage 
renal disease. Patients with these conditions were excluded in an effort to minimise 
confounding on the outcomes. After a mean (±SD) follow-up of 4.4 years (±2.9), 
the results demonstrated that the lowest mortality was in those with an on-treatment 
SBP of 135–154 mmHg. A systolic blood pressure of <135 mmHg being associated 
with a greater morality (HR 1.25; 95% CI 1.19–1.31), suggesting a J-shaped asso-
ciation between SBP and outcomes in this observational cohort [208]. The risk of 
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incident stroke increased once the SBP was about 145–154 mmHg. Incident heart 
failure increased at both lower pressures (SPB <125  mmHg; HR 1.2; 95% CI 
1.02–1.4) and rose progressively at higher blood pressures (SBP above 
145–154mmHg). By contrast, the authors noted that the risk of incident MI increased 
in an approximately linear fashion with increasing BP. As an example, those with an 
SBP <125 mmHg had an HR of 0.6 (95% CI 0.43–0.84) compared to an HR of 0.85 
(95% CI 0.76–0.94) for those with an SBP of 135–144 or an HR of 1.12 (95% CI 
1.01–1.24) for those with an SBP of 155–164 mmHg for example. The observa-
tional nature of the study has its limitations, including the possibility of confound-
ing or reverse causation explaining the J-shaped associations reported.

By 1999 no trial had exclusively recruited patients over the age of 80 [209]. 
Gueyffier et  al. therefore combined the data on those ≥80 from available trials, 
demonstrating a 34% reduction in stroke in those receiving antihypertensive ther-
apy, as well as significant reductions in heart failure and overall cardiovascular 
events [209]. However, when including only double blinded trials, they observed a 
14% (p = 0.05) increase in total mortality.

Since then, the first and only trial to exclusively recruit patients over the age of 
80 is the HYVET trial [182, 210]. A double blind, placebo-controlled trial, the 
investigators recruited 3845 patients with a mean age of 83.86 years, a baseline 
systolic blood pressure of 160–199  mmHg and diastolic BP 90–109  mmHg. 
Participants were randomised to either receive 1.5 mg sustained release indapamide 
(aiming for a target BP <150/80 mmHg), or a placebo. The trial was terminated 
early due to a significant reduction in both the primary outcome (fatal or nonfatal 
stroke), as well as an unexpected reduction in all-cause mortality. Over a median 
follow up of 1.8 years, there was a 30% reduction in the primary outcome of fatal or 
nonfatal stroke (unadjusted HR 0.70; 95% CI 0.49–1.01; p = 0.06). There was a 
significant reduction in all-cause mortality of 21% in the active treatment group 
(unadjusted HR 0.79; 95% C9 0.65–0.95; p = 0.02) as well as fatal or non-fatal heart 
failure events (unadjusted HR 0.36; 95% CI 0.22–0.58, p < 0.001). Death from car-
diovascular causes was also reduced (p = 0.06). Notably, they reported fewer serious 
adverse events in the treatment group (358 vs. 448; p = 0.001). With a mean end of 
trial blood pressure of 143.5/77.9 mmHg in those who received treatment (com-
pared to 173/90.8 mmHg at baseline), results of the HYVET trial suggest that low-
ering a SPB <150  mmHg/80  in those over 80 is both safe and associated with 
significant benefits. Relevantly, the observed benefits began to appear within the 
first year of the trial. There remain a number of caveats when interpreting these 
results. Similar to previous hypertension trials, the HYVET trial included a rela-
tively healthy trial population, excluding co-morbid patients such as those with 
heart failure requiring treatment with antihypertensives, a creatinine >150 μmol/L, 
dementia and those requiring nursing care. Because the trial was ended prematurely, 
the follow up time was also short (median of 1.8 years). While HYVET provides 
some data on those over 80 years old, the mean age of participants was only 83.86 
years, meaning that we have little information about those in their late 80s or nona-
genarians [211].
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In 2010, a meta-analysis by Bejan-Angoulvant et al., combined all available data 
on hypertensive patients ≥80 from eight major hypertension trials or pilots at the 
time that had compared active treatment to no treatment or placebo in this patient 
cohort [212]. This included data from SHEP, SHPP, SYST-EUR, EWPHE, STOP, 
HYVET Pilot, Coope and Warrender and HYVET.  Cumulatively, these trials 
included over 6701 patients over the age of 80 years. A weakness of this meta-
analysis was the use of aggregate and not participant-level data. Contrary to the 
findings of HYVET, there was no significant reduction in relative mortality (relative 
risk 1.06; 95% CI 0.89–1.25; p = 0.54; I2 = 45.7%). Antihypertensive therapy was; 
however, associated with a 35% reduction in stroke (relative risk 0.65; 95% CI 
0.52–0.83; p < 0.001; I2 = 0%), 27% reduction in cardiovascular events (relative risk 
0.73; 95% CI 0.62–0.86; p < 0.001; I2 = 0%) and 50% reduction in heart failure 
(relative risk 0.50; 95% CI 0.33–0.76; p = 0.001; I2 = 21%).

Despite the results of HYVET, and the above meta-analysis, there continues to 
be a debate in relation to treatment targets and benefits in this age group [213]. The 
recently published OPTIMISE trial included 569 patients ≥80 years of age recruited 
through primary care centres, who had a SBP <150 mmHg and were receiving two 
or more antihypertensive medications [214]. The aim of the trial was to assess if 
reducing the intensity of a patient’s anti-hypertensive regime would significantly 
impact the number of patients meeting a target BP of <150 mmHg after 12 weeks. 
Participants were deemed eligible if they were felt to potentially benefit from medi-
cation reduction due to either polypharmacy, co-morbidities, non-adherence, dislike 
of the medications or frailty by their general practitioner. Participants were then 
randomised to either a medication reduction arm or usual care. The mean systolic 
BP at baseline was 129.4 mmHg in the medication reduction group, compared to 
130.5 mmHg in the usual care group. After 12 weeks of follow-up the mean SBP 
was 133.7 mmHg in the medication reduction group and 130.8  in the usual care 
group. 86.4% of patients in the medication reduction group had a BP SBP 
<150  mmHg compared to 87.7% in the usual care group (adjusted relative risk; 
0.98; 95% CI 0.92 to infinity). Participants in the medication reduction group were 
taking 0.6 fewer antihypertensive medications than the usual care group at 12-week 
follow-up, indicating that some older adults might be able to de-intensify anti-
hypertensive drug treatment without major increases in SBP. Unfortunately, the fol-
low up period of 12 weeks was extremely short and there were no reports on 
long-term clinical outcomes.

With increasing numbers of co-morbidities and an increased prevalence of frailty 
with age, it seems probable that those over 80 are more likely to be a heterogenous 
group. A personalised stepwise approach, aiming for a target of <140/90 as long as 
treatment is well tolerated, with the goal of going lower or higher in some older 
adults depending on patient preferences, side effects, and individual comorbidities, 
would seem a practical approach [215].
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The Impact of Frailty on Setting a Blood Pressure Target

The use of chronological age to classify patients into CVD risk categories (and in so 
doing to influence hypertensive treatment targets) may not be the optimum approach 
in producing meaningful outcomes [171]. The likelihood of encountering frailty or 
an impaired level of functioning in the context of managing hypertension is high, 
with observational data suggesting that 72% of frail individuals have hypertension, 
while 14% of those with hypertension may be considered frail [216]. A lower BP in 
these patients may in fact be a marker of declining health, with higher BP a marker 
of good health [203]. With this comes the concept that lowering blood pressure in 
frailer patients may have less therapeutic benefit compared to healthier adults, and 
may in fact be associated with increased harm [217–219]. Using data from 2340 
patients from the NHANES study, Odden et al. demonstrated that in slower walkers 
(gait speed <0.8 m/s), a blood pressure ≥140/90, was not associated with increased 
mortality [220]. Bromfield et al. examined the relationship between six frailty mark-
ers (low body mass index, cognitive impairment, depressive symptoms, exhaustion, 
limited mobility and a history of falls), blood pressure level, antihypertensives and 
falls [219]. They included 5236 Medicare patients with a mean age of 73 and a mean 
BP 133/76 mmHg, of which 55.7% had no indicators of frailty, 26.6%, 11.8% and 
5.9% had 1, 2 or ≥3 indicators of frailty, respectively. Following multivariable 
adjustment, they found that having ≥2 indicators of frailty was associated with a 
significantly increased risk of falls. In contrast, taking antihypertensive medications 
at baseline, SBP, DBP and the number of antihypertensive medications prescribed, 
were not associated with an increased risk of serious injurious falls after multivari-
ant adjustment. This adds important context when considering blood pressure tar-
gets, as well as anti-hypertensive medications in older adults. Frailty may be a more 
powerful indicator of adverse outcomes in older adults being treated for hyperten-
sion compared to the blood pressure value or chronological age itself. This finding 
suggests that interventions to prevent or reverse frailty may be a better approach to 
reducing falls than de-intensification of BP therapy in hypertensive older patients.

Almost three decades after the initial trial results were published, the SHEP 
study group published a post hoc analysis of the trial data, which suggested that the 
presence of self-reported physical ability limitations (PAL) modified the observed 
benefits of the antihypertensive therapy [171]. The analysis found that those in the 
treatment group who reported no PAL, had a lower rate of death (8.3% vs. 8.8%; HR 
0.82; 95% CI 0.66–1.00), CV death (3.7% vs. 8.4%; HR 0.71; 95% CI 0.51–0.98), 
and MI (3.3% vs. 4%; HR 0.57; 95% CI 0.40–0.81) compared to those who received 
placebo [171]. In adjusted Cox proportional hazard models, treatment was protec-
tive against cardiovascular death in those with no PAL (HR 0.71; 95% CI 0.51–0.98), 
but not for those with a PAL (HR 1.27; 95% CI 0.71–2.28) Similar patterns were 
seen for MI. In contrast, treatment remained protective for stroke, regardless of self-
reported PAL status. The investigators observed a higher rate of falls in those on 
treatment with a PAL, although this failed to reach statistical significance. HYVET 
also did a similar post hoc analysis on their trial data using a frailty index, which 
suggested that both frailer and fitter older adults with hypertension appear to benefit 
equally from treatment when targeting a blood pressure of <150/80 mmHg [183]. 
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Because both of these reports are post-hoc analyses their results should be inter-
preted with some caution. There are several potential explanations for the discrepant 
results between SHEP and HYVET.  Whereas SHEP analyzed functional status 
using a self-reported questionnaire, HYVET employed a frailty index derived from 
a mix of 60 self-reported and objectively measured variables. Secondly, the HYVET 
population had a lower prevalence of comorbid health conditions compared to a 
general community dwelling population, making it a healthier population. Finally, 
while both SHEP and HYVET used diuretics as the primary medication class, the 
secondary drug was a beta blocker in SHEP and an ACEI in HYVET.

The SPRINT group carried out an exploratory subgroup analysis that demon-
strated higher events rates in those with increasing frailty (assessed using a frailty 
index), but ultimately absolute events rates were lower in the intensive treatment 
group (mean on-treatment SBP 121.5  mmHg) compared to standard treatment 
(mean SBP 134.6 mmHg) [45, 189]. These analyses need to be interpreted with cau-
tion, as they were exploratory in nature and were not prespecified in the trial proto-
col [221].

Carrying out a frailty assessment prior to starting or intensifying antihyperten-
sive therapy in older adults might be considered to identify patients at high risk of 
adverse outcomes. From a practical perspective, easy-to-use tools to aid with the 
identification of frailer adults that can be used by non-geriatricians need to be agreed 
upon so that they can be incorporated into busy clinical practices for those making 
decisions in relation to blood pressure management in older adults [222]. One 
approach suggested by Mühlbauer et al. is to target an SBP of 150 mmHg for those 
with a gait speed <0.8 m/s, with a target of 130–139 mmHg for those with a gait 
speed >0.8 m/s [223]. However, as it stands, there is insufficient evidence to provide 
a definitive BP target for frailer adults and the preponderance of data suggests that, 
while frailty is a high-risk state and one that is accompanied by significant compet-
ing risks for non-CVD death, frail adults appear to benefit just as much from good 
BP control as non-frail adults. It is also worth remembering that, though in some 
patients the best achievable BP without medication side effects may be higher than 
a recommended target, any amount of BP lowering is likely to be of benefit, particu-
larly in preventing incident stroke and heart failure.

Blood Pressure Targets in Nursing Home Residents and Those with Dementia

The primary reason for considering these cohorts in a separate paragraph is that 
most of the hypertension trials to date, including SPRINT, have excluded nursing 
home residents or those with dementia. Therefore, trial data for hypertension targets 
in these patients are lacking. Observational data suggests that intensive approaches 
to antihypertensive therapies may not be of benefit in long-term nursing home resi-
dents [224]. Evidence is also emerging that de-intensifying of antihypertensive 
treatment in these patients does not result in increased adverse outcomes [225]. 
Those who are not expected to live beyond 2 years are unlikely to live long enough 
to experience the benefits of intensive BP control and therefore more lenient blood 
pressure targets seem pragmatic in this patient cohort [222]. In 2014, a consensus 
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statement from the CRIME project (CRIteria to assess appropriate Medication use 
among Elderly complex patients), specifically recommended against targeting a 
blood pressure below 140/90 in those with dementia, cognitive impairment, limited 
function status or those with a limited life expectancy [226]. It should be noted; 
however, that not all nursing home residents are frail or have dementia, and so, as 
always, an individualised patient approach should be adopted, avoiding age or place 
of residence as a singular deciding factor in setting an appropriate BP target.

4.4  Choice of Antihypertensive Therapy: 
Practical Considerations

Anti-hypertensive choices remain the same in older patients as they are in younger 
patients, but with some special considerations. ACEI, ARBs, calcium channel 
blockers and thiazide diuretics are all generally suitable options [227]. The European 
guidelines also include beta blockers as a therapeutic option, however their use in 
older patients to exclusively treat hypertension, remains controversial [211]. Unless 
there is a concurrent indication, loop diuretics and alpha blockers should be avoided 
given their association with falls. Many patients will have co-morbidities or target 
organ damage to which the first drug should be tailored [228]. Given that the 
HYVET trial used thiazide diuretics and ACEI, these may be an appropriate first 
choice in those over 80 years [182]. Where the use of polypills is advocated in 
younger patients, consideration for starting with low dose monotherapy in those 
≥80 or with increased frailty, may be more appropriate [229]. If considering a more 
intense treatment goal, the likelihood of polypharmacy increases. For example, in 
SPRINT-SENIOR, the majority of patients in the intensive treatment group were on 
either 2 or 3 medications (30.4% and 31.1% respectively), compared to 2 medica-
tions in the standard treatment group (30.9%) [189]. In that context, it becomes 
important to consider drug-drug interactions.

One of the main fears of starting antihypertensive therapy in older patients is the 
perceived increased risk of falls. This risk seems to be higher following initiation of 
treatment, and so closer follow-up should be considered during this period in older 
patients [158, 160, 161]. There are also suggestions that gaps in medication adher-
ence can increase the risk of self-reported injurious falls by up to 18%, and so 
addressing adherence issues may be an important consideration in the oldest old or 
frailer patients [155].

4.5  Current Guideline Recommendations

The debate surrounding blood pressure targets highlighted above is reflected in the 
lack of unity seen across global hypertension guidelines Table 6. Encouragingly, 
older patients are now recognised in most guidelines although definitions remain 
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based on chronological ages and vary from ≥60 years to ≥80 years. While the 
European Society of Cardiology Guidelines (ESC), recommend a blood pressure 
target of <140/90, with consideration to aiming for 130/80 if tolerated, the American 
Heart Association (AHA) Guidelines recommend a target of <130/80, re©ecting an 
emphasis on the results of the 2015 SPRINT trial [45, 229, 230]. NICE and the 
International Society of Hypertension Global Hypertension Practice Guidelines are 
in keeping with the ESC Guidelines, recommending a BP target of <140/90 [231, 
232]. In contrast, guidelines from the American College of Physicians and the 
American Association of Family Practitioners, published in the same year as the 
AHA Guidelines, recommend a systolic blood pressure of <150 mmHg, 20 mmHg 
higher than most other societies, as does the JNC-8 (albeit published prior to 
SPRINT). Meanwhile, Hypertension Canada recommend an SBP target of 
<120 mmHg for those over 75 with an SBP between 130 and 180 mmHg [233]. 
These kind of discrepancies represent a real challenge for the physician treating 
hypertension in older patients, leaving ultimate choices to physicians [142, 234].

4.6  Practical Tips and Take-Home Points

While the guidelines may not be harmonised on what de�nes an older patient or on 
a recommended treatment target for this patient group, there is one thing that 
remains in consistent agreement. An individualised approach should be used for the 
older patient cohort making decisions based not on age alone, but on the overall 
medical, physical, social and mental characteristics of the patient [142]. While we 
do need to be mindful of potential adverse outcomes, it is a dangerous misconcep-
tion to assume that increased age alone excludes a patient from a more intensive BP 
treatment plan. A summary of the above discussion points is provided in Box 3.

Box 3 

Blood PressureB

• Even those with increased chronological age can bene�t from lowering BP.
• While various guidelines may not currently be harmonised on targets, all 

guidelines currently agree that an individualised approach should be used 
for the older patient cohort making decisions based not on age alone, but 
on the overall medical, physical, social, and mental characteristics of the 
patient (including frailty assessment).
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1  Cholesterol

Box 1 

CholesterolC

Primary Prevention
   •  40–75 years old: statin therapy is recommended for all patients at high or very high 

risk of ASCVD.
   •  Patients with diabetes should receive a statin for primary prevention regardless of 

risk.
   •  Data in those aged 65–75 years is largely based on subgroup analyses of larger trials 

and should be considered in that context.
   •  Presence of risk modi�ers can be used to reclassify patients and guide statin 

decisions in those considered at moderate risk.
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   •  Patients >75 years old have been largely underrepresented in major lipid trials. 
Currently, evidence would suggest that statins offer at least some benefit, but all 
guidelines emphasise an individualised clinical assessment and risk discussion.

   •  There is little guidance around what to do once a patient, who is already taking a 
statin, reaches a more advanced age or develops comorbidities. Given the lack of 
evidence currently available for benefit in primary prevention adults over the age of 
80 years, revaluation of the risk-benefit ratios as patients become older seems 
pragmatic.

Secondary Prevention
   •  Statin therapy is recommended in the context of secondary prevention of ASCVD for 

all age groups.
   •  SAMS are more common with higher dose statin therapy and become more common 

with increased co-morbidities.
   •  Moderate intensity, as opposed to high-intensity statins, may be more appropriate for 

certain patient groups (e.g., those with co-morbidities or more advanced age).
   •  Ezetimibe and PCSK-9 inhibitors can be added to statin therapy as required for those 

failing to meet LDL targets.
   •  To date, no randomised trials examining statin prescription in the context of either 

primary or secondary prevention have included a validated measure of frailty.

1.1  Cholesterol and ASCVD in Older Adults

The relationship between cholesterol and its lipoproteins (LDL, very low-density 
lipoprotein and HDL) and cardiovascular disease is well known. The role of LDL-C 
in particular as a dominant and causal driver of atherosclerotic disease in the general 
population is well established [1]. While the relative risks of ASCVD appear similar 
per 1 mmol/L increase in LDL-C at older ages, the absolute benefits of reducing 
LDL-C increase [2–5]. A recent meta-analysis of lipid-lowering therapy trial data 
by Gencer et al., included 21,492 primary and secondary prevention older adults 
over the age of 75 years (mean age 79 years) [4]. They observed a 26% relative risk 
reduction in major vascular events for every 1 mmol/L reduction in LDL-C choles-
terol (Rate ratio 0.74; 95% CI 0.61–0.89; p  =  0.0019) over a median follow-up 
period of 2.2–6 years. Similarly, relative risk reductions in cardiovascular death, 
myocardial infarction, stroke and coronary revascularisation were 15%, 20%, 27% 
and 20% respectively for each 1 mmol/L reduction in LDL- C. Notably, the risk 
reductions in those over 75 years were comparable to those in patients younger than 
75 years (p for interaction 0.37), suggesting that even the oldest old benefit from a 
reduction in LDL-C. In keeping with this, Mortensen et al. also demonstrated that 
the relative risk of developing an MI or ASCVD in those with high LDL-C levels 
compared to lower LDL-C levels was similar in primary prevention adults aged 
70–100 compared to those aged 50–59 years [6]. Furthermore, they observed 2.5 
myocardial infarctions per 1000 patient years for every 1 mmol/L increase in LDL-C 
in those aged 80–100 years, compared to 0.5 myocardial infarctions for those aged 
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50–59 years for the same LDL increase. Thus, the absolute benefits of reducing 
LDL-C in older patients is greater. For example, the estimated number needed to 
treat (NNT) for 5 years (using a moderate intensity statin), to prevent one MI was 
80 in those aged 80–100 years, compared to 439 for those aged 50–59 years.

1.2  Elevated Cholesterol and All-Cause Mortality

While an elevated cholesterol level has been clearly associated with an increased 
risk of ASCVD, its association with all-cause mortality in older patients has gener-
ated significant debate, particularly within observational data. While some studies 
have failed to find any association between cholesterol and all-cause mortality, oth-
ers have been contradictory, reporting both positive and inverse relationships, par-
ticularly among persons over 80  years old [3, 7, 8]. More recently, U-shaped 
relationships between LDL-C levels and all-cause mortality have also been reported; 
In other words, both low and high levels of LDL-C may be associated with increased 
mortality in the elderly [9, 10]. For example, following a multivariable adjusted 
analysis, Johannsen et al. reported that the concentration of LDL-C associated with 
the lowest risk of all-cause mortality was 3.6 mmol/L (140 mg/dL) in those not 
receiving lipid-lowering therapies, compared to 2.3 mmol/L (89 mg/dL) in those 
who were receiving lipid-lowering therapies, both of which are well above the target 
recommended by most preventive guidelines [9]. Some experts have used these 
observational findings, suggesting increased risk for death at very low levels of 
LDL-C, to argue against the use of statins among the elderly- especially given the 
paucity of randomized data in older adults.

The association of lower levels of cholesterol and increased mortality may be due 
to reverse causation. Low cholesterol and LDL-C levels may be a marker of poor 
health, poor nutritional status and frailty, all of which increase the risk of mortality in 
older adults [11–13]. Supporting this theory, Johannsen et al. demonstrated that those 
with lower LDL-C levels are more likely to have co-morbidities and that the associa-
tion between all-cause mortality and lower LDL-C levels was reduced following 
adjustment for these baseline comorbidities (ASCVD, cancer, COPD or <5 years of 
follow up) [9]. However, other analyses have reported an increased risk for death 
with lower total cholesterol levels despite adjustment for comorbidities (e.g., obesity, 
hypertension, diabetes) and markers of frailty (physical inactivity, mobility limita-
tion and cognitive impairment) [11, 14].While the latter analyses question whether 
reverse causality is the sole explanation for the U-shaped association of LDL-C with 
death, it is possible that these analyses were unable to fully adjust for all possible 
factors contributing to reverse causation, thereby resulting in residual confounding.

Other potential theories for this U-shaped observational relationship include that 
lipids and lipoproteins play a protective role in the setting of inflammation and so 
lower levels may make older patients more vulnerable to inflammatory processes 
and infections [11]. Higher LDL-C levels have also been inversely associated with 
cancer [7].
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However, the findings from observational data of an inverse relationship between 
LDL-C and mortality are not supported by the recent meta-analysis of randomized 
trial data by Gencer et al., where they observed no increased risk of all-cause mor-
tality (risk ratio per 1 mmol/L reduction in LDL-C; 0.93; 95% CI 0.84–1.02) in 
primary and secondary prevention patients >75 years treated with lipid-lowering 
therapies (either statin or non-statin), compared to those who received placebo or 
usual care [4]. As such, unlike in meta-analyses of younger samples, Gencer et al. 
did not find that LDL-C lowering reduced mortality. The authors did find that 
LDL-C lowering in this elderly sample did reduce fatal and non-fatal CVD. The 
mean achieved LDL across included studies was between 1 mmol/L (40 mg/dL) and 
3.2 mmol/L (123.8 mg/dL), suggesting that lowering LDL to these levels is safe in 
this age group.

1.3  Laboratory Measurement of Cholesterol

Contrary to previous guidelines, current guidelines suggest that a non-fasting lipid 
profile is reasonable for most patients [15, 16]. This offers significant benefits for 
older patients who now no longer need to routinely fast prior to attending for the 
test. The exceptions, where a fasting sample is recommended, is in the setting of 
hypertriglyceridemia or suspected familial hyperlipidemia. Caution should be 
exerted when LDL-C levels are <1.8 mmol/L as the commonly used Friedewald 
equation can become less reliable at these levels, particularly in non-fasting samples 
[17]. The Martin/Hopkins method is a useful alternative in this setting, and also 
performs better in the setting of hypertriglyceridemia. Measurement of apolipopro-
tein B can be used as an alternative to LDL-C or can be used to refine risk in those 
at intermediate risk [16].

1.4  Primary Prevention Lipid-Lowering Therapy

The benefits of lipid-lowering therapy, particularly in those over the age of 75 years, 
are particularly controversial in the primary prevention of CVD. We will therefore 
discuss the topic across three different age groups (those 40 to ≤65, those 
66–75  years and, those >75  years), focusing primarily on the latter two groups. 
These categories, while somewhat arbitrary, have been chosen to facilitate discus-
sion of current guidelines and to support discussion of clusters of evidence available 
within each category. Improved dietary habits and increased exercise remain as 
first-line interventions for all patients, with pharmacological treatment recom-
mended in appropriately selected individuals.
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1.4.1  Primary Prevention Lipid-Lowering Therapy in Those Aged 40–65

Patients up to the age of 65 years, without a history of ASCVD but with elevated 
risk due to the presence of ASCVD risk factors, have been well represented in high- 
quality primary prevention statin trials that have consistently demonstrated an over-
whelming benefit of statins in this cohort in reducing all-cause cardiovascular events 
in these patients [18] (Table 1). The quality of available data in this age cohort is 
reflected in the consensus among major guidelines in providing either a class I or 
strong recommendation for statin therapy for those deemed at very high or high risk 
for ASCVD in this age group [15, 16, 19, 20]. In fact, the AHA/ACC also recom-
mend a minimum of a moderate intensity statin for all patients with diabetes melli-
tus aged 40–75 years, regardless of estimated 10-year risk [15]. For those patients 
deemed at borderline or intermediate/moderate risk, risk modifiers and coronary 
artery calcium scoring are recommended to guide decisions [15, 16, 19]. Ezetimibe 
and PCSK-9 inhibitors can be added on as required in those failing to reach appro-
priate LDL-C treatment goals on statin therapy alone [15, 16].

1.4.2  Primary Prevention Lipid-Lowering Therapy in Those Aged 65–75

Most of the data on patients nearing the age of 75 has been extrapolated from 
exploratory subgroup analyses of larger trials (see bottom portion of Table  1). 
Interpretation of this data, therefore, comes with the caveat that these analyses are 
likely underpowered and may therefore fail to detect small differences in outcomes 
between groups. Significantly, however, there appears to be little difference in the 
benefit between the old and young in most analyses.

A post-hoc analysis of the ALLHAT-LLT trial (Antihypertensive and Lipid- 
Lowering Treatment to Prevent Heart Attack Trial—Lipid Lowering Trial) found no 
reduction in all-cause mortality (140 events vs 130 events; HR 1.08; 95% CI 
0.85–1.37; p = 0.55), cardiovascular mortality (64 events vs 62 events; HR 1.02; 
95% CI 0.72–1.45; p = 0.91) or stroke (44 events vs 42 events; HR 1.03; 95% CI 
0.68–1.57; p = 0.89), in the subgroup of participants aged 65–74 years who received 
pravastatin 40 mg compared to usual care [26]. These findings were in keeping with 
those younger than 65 years. This subgroup of patients aged 65–74 represented a 
relatively small percentage of the overall population (21%, or 2141 of the trial popu-
lation). There was a significant crossover between the two study groups, with 29% 
of those in the usual care group taking a statin by year 6, compared to 77.9% in the 
pravastatin group, which may have diminished potential between-group 
differences.

The subsequent CARDS trial randomised patients with type 2 diabetes and at 
least one additional ASCVD risk factor, to either atorvastatin 10 mg daily or pla-
cebo. 1129 (40%) of the trial population were aged 65–75 years [31]. In contrast to 
ALLHAT-LLT, a subgroup analysis of CARDS participants between 65–75 years of 
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age demonstrated a 38% relative risk reduction in major cardiovascular events 
(composite of deaths from acute MI, other acute CHD deaths, nonfatal MI, revascu-
larisation procedures, unstable angina, resuscitated cardiac arrest or stroke) (7.2% 
vs 11.1%; relative risk −38%; 95% CI -58 to −8. Absolute risk reduction, 3.9%; 
p  =  0.017) [37]. This reduction was almost identical to that observed in those 
<65 years (relative risk −37%; 95% CI -57 to −7; p = 0.019); however, the absolute 
risk reduction in major cardiovascular events was greater in older patients (3.9% vs 
2.7%), reflecting their increased risk of events. These significantly positive findings 
may reflect an increased benefit in diabetic patients. Similar to ALLHAT-LLT, there 
was no significant reduction in all-cause mortality in those ≥65 or <65 years.

The MEGA trial investigators randomised hypercholesterolemic (total choles-
terol 5.69–6.98  mmol/L) Japanese primary prevention adults to diet or diet plus 
pravastatin (10–20  mg daily) [32]. They found that those aged 60 or older who 
received pravastatin had a numerically greater relative reduction in the occurrence 
of coronary heart disease (fatal and nonfatal MI, angina, cardiac and sudden death 
and a coronary revascularisation procedure) compared to those younger than 60 
receiving pravastatin (HR 0.59, 95% CI 0.40–0.88 vs HR 0.81, 95% CI 0.49–1.32; 
p for interaction 0.34). Similarly, a subgroup analysis of the HOPE-3 trial reported 
that the benefit of rosuvastatin (10 mg daily) in preventing the composite outcome 
of nonfatal MI, nonfatal stroke or cardiovascular death, was similar in those 
>65.3 years (HR 0.75; 95% CI 0.61–0.93) compared to those ≤65.3 years (HR 0.78; 
95% CI 0.59–1.05) who had at least one cardiovascular risk factor [35].

There has been only one trial to date that has shown a significant reduction in 
all-cause mortality (p = 0.02) in primary prevention adults who received treatment 
with statins: the JUPITER (Justification for the Use of Statins in Primary Prevention: 
an Intervention Trial Evaluating Rosuvastatin) trial [34]. This double-blinded ran-
domised controlled trial aimed to assess the benefits of treatment of rosuvastatin 
(20 mg daily) compared to placebo, in primary prevention adults with normal or low 
cholesterol levels but relatively elevated high-sensitivity C-reactive protein (hsCRP) 
levels. A post-hoc secondary subgroup analysis of the main trial, which included 
5695 patients who were 70 years or older, demonstrated a significant 30% relative 
reduction in a composite of MI, stroke and all-cause mortality (HR 0.70; 95% CI 
0.56–0.87; p = 0.001), in those treated with rosuvastatin, compared to placebo [39]. 
Relevantly, the observed benefits of statin therapy were consistent with those seen 
in younger patients (50–69 years).

Since publication, however, the JUPITER trial has come under some criticism 
[41–43]. The trial was terminated early after a median of 1.9 years of follow up and 
although the reason for early termination was cited as being due to a highly signifi-
cant reduction in morbidity and mortality, pre-specified stopping rules were not 
published in detail in the study protocol. Focusing on hard endpoints, such as fatal 
and nonfatal MI and stroke, the trial was discontinued after only 240 events such 
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events [41]. Finally, the all-cause mortality curves were beginning to converge as 
the trial was ended, raising the question as to whether the difference between groups 
would have disappeared if the follow-up period of the trial had been longer [41].

A meta-analysis by Savarese et  al., focussing on adults ≥65 years (mean age 
73 years) with no prior history of CV disease, included trials that compared statin 
use to placebo [36]. They reported a 39.9% reduced risk of MI (relative risk; 0.606; 
95% CI 0.434–0.847; p = 0.003) and 23.8% reduction in stroke risk (relative risk 
0.762; 95% CI 0.626–0.926; p  =  0.006) for a mean LDL reduction of 
0.69 mmol/L. From this, they estimated that the NNT for 1 year to prevent 1 event 
was 24 for MI and 42 for stroke. In contrast, all-cause mortality, and cardiovascular 
death were not significantly reduced, at least in the short term (mean follow-up 
3.5 years). A similar meta-analysis by Teng et al. also included trials of patients ≥65 
(mean age 72.7 years) where statin therapy was compared to placebo or usual care, 
with the same mean follow up of 3.5 years [38]. They confirmed similar findings, 
with a significant reduction in MACEs (relative risk 0.82; 95% CI 0.74–0.92; 
I2–71.5%) and no reduction in all-cause mortality (relative risk 0.96; 95% CI 
0.88–1.04, I2 = 0). Similar to Savarese et al., they noted a 26% reduction in total MI 
(relative risk 0.74; 95% CI 0.61–0.90) and significantly also in nonfatal MI (RR 
0.75; 95% CI 0.59–0.94). In contrast, however, they concluded that statins did not 
reduce the risk of fatal stroke (relative risk 0.76; 95% CI 0.24–2.45), nonfatal stroke 
(relative risk 0.76; 95% CI 0.53–1.11) or total stroke (relative risk 0.85; 95% CI 
0.68–1.06). A potential reason for the lack of concordance with Savarese et  al’s 
findings, is that the respective analyses included different trials. While both analyses 
included data from ASCOT-LLA [28], CARDS [31], MEGA [32] and, PROSPER 
[27], Teng et al. included data from the ALLHAT-LLT [25] trial in their analysis on 
stroke (weight: 22.50%), while Savarese et al. included data from the JUPITER [34] 
trial (weight: 17.55%). The most recent meta-analysis by Ridker et al. combined the 
results of the JUPITER and HOPE-3 trials and described a net benefit of rosuvas-
tatin compared to placebo in preventing ASCVD “hard” events (composite of non-
fatal MI, nonfatal stroke or cardiovascular death) across the different age strata; <65 
(HR 0.75; 95% CI 0.57–0.97), 65–<70 (HR 0.51; 95% CI 0.38–0.69) and ≥70 (HR 
0.74; 95% CI 0.61–0.91) [40].

Overall, statins appear to be of benefit in primary prevention for at risk adults up 
to the age of 75, bearing in mind that many trials were of a short duration of follow 
up and a significant portion of trial data for those over the age of 65 has been extrap-
olated from post hoc subgroup analyses. All guidelines offer a class I or strong 
recommendation for statin therapy for those deemed at very high or high risk for 
ASCVD in this age group [15, 16, 19, 20]. For those deemed at borderline or inter-
mediate risk, risk modifiers and coronary artery calcium scoring are recommended 
to guide decisions.
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1.4.3  Primary Prevention Lipid-Lowering Therapy in Those Over 
75 Years

Limited inclusion of those ≥75 years in cholesterol-lowering trials [26–28, 31, 35, 
39], coupled with recent observational data yielding conflicting results, has created 
a real challenge for the preventive community when faced with decisions surround-
ing statin use for primary prevention in this age group. The only statin trial to date 
designed to include a significant number of patients over the age of 75 was the 
Prospective Study of Pravastatin in the Elderly at Risk (PROSPER) trial [27]. This 
included a mixture of primary (3239; 56%) and secondary (2565; 44%) prevention 
patients with a mean age of 75.4 years (41% >75 years) [18]. Primary prevention 
adults were required to have at least one CVD risk factor to be considered for inclu-
sion. When considering the study population as a whole (i.e., both primary and 
secondary prevention patients), treatment with pravastatin 40 mg daily, compared to 
placebo, significantly lowered the risk of cardiovascular events; a composite out-
come of definite or suspected CHD death, definite or suspected nonfatal MI and 
fatal and nonfatal stroke (14.1% vs 16.2%; HR 0.85; 95% CI 0.74–0.97; p = 0.014) 
over a mean follow up of 3.2 years. The authors also observed a 24% relative risk 
reduction in coronary heart disease deaths (3.3% vs 4.2%; HR 0.76; 95% CI 
0.58–0.99; p = 0.043). However, though there was no evidence for statistical inter-
action, when primary prevention patients only were considered there was no signifi-
cant reduction in the primary outcome (HR 0.94; 95% CI 0.77–1.15) or the 
secondary outcomes of the trial. The fact that the trial was not powered to detect a 
significant effect in each subgroup, may offer one explanation for this lack of 
observed benefit in the older primary prevention cohort [44]. These findings are in 
keeping with a subgroup analysis of the ALLHAT-LLT trial, where daily pravastatin 
failed to demonstrate any major benefit, compared to usual care, in preventing major 
CV events, such as CV death, CHD death, heart failure, fatal or nonfatal stroke in 
726 primary prevention patients ≥75 years old (7% of the trial population) [26].

A meta-analysis by the Cholesterol Treatment Trialists’ Collaboration (CTC) has 
corroborated these findings, combining all trial data (from both primary and sec-
ondary prevention adults) in those >75 that compared those who received statin 
therapy to control/less intense statin therapy [18]. There was a net benefit of statin 
therapy in reducing major vascular events in those >75 years (mean age 78.8) with 
a prior history of vascular disease, with a 15% proportional risk reduction per 
1 mmol/L decrease in LDL cholesterol (756 events vs 845 events; rate ratio 0.85; 
99% CI 0.73–0.98). This statistically significant benefit was not observed in adults 
>75 years without a history of vascular disease (295 events vs 308 events; rate ratio 
0.92; 99% CI 0.73–1.16), though the confidence intervals include the possibility of 
a benefit and overlap with the findings of participants with a history of vascular 
disease. The authors also noted a borderline significant trend towards smaller pro-
portional risk reductions with increasing age (ptrend = 0.05) in primary prevention 
patients. As has been the case with most trials, older patients, those with frailty, and 
functional or cognitive decline have been underrepresented in trial data.
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Somewhat at odds with statin meta-analysis subgroup data from persons over 75, 
a recent non-statin trial, the Ezetimibe Lipid-Lowering Trial On Prevention of 
Atherosclerosis in 75 or Older (EWTOPIA) 75 trial, compared ezetimibe (10 mg 
daily) to usual care in hypercholesterolemic Japanese patients ≥75 years (mean age 
80.6 years), without a history of CAD, and reported favourable results [45]. Over 
86.7% of participants had at least one CV risk factor. Over a median follow up 
period of 4.1 years the investigators reported a significant reduction in the primary 
outcome (composite of sudden cardiac death, fatal/nonfatal MI, coronary revascu-
larisation, or fatal/nonfatal stroke), cardiac events (HR 0.60; 95% CI 0.37–0.98; 
p = 0.039) and coronary revascularisation (HR 0.38; 95% CI 0.18–0.79; p = 0.007) 
in the ezetimibe group compared to those assigned to usual care (HR 0.66; 95% CI 
0.50–0.86; p = 0.002). Similar to the statin trials, they found no significant reduction 
in stroke (HR 0.78; 95% CI 0.55–1.11; p = 0.17) or all-cause mortality (HR 1.09; 
95% CI 0.89–1.34; p = 0.43).

It is clear that those over the age of 75 years have been underrepresented in clini-
cal trials, with all data to date coming from post hoc subgroup analyses with trials 
excluding co-morbid patients. To add to the uncertainty, and as noted above, several 
recent observational studies have reported mixed findings that, at times, have been 
at odds with the available trial data; particularly in relation to observed reductions 
in all-cause mortality in those treated with statins. For example, in favor of statins, 
a recent retrospective cohort study that included 326,981 US veterans aged 75 and 
older (mean age 81.1 years) without a history of ASCVD, found that statin use, 
compared to no statin use, was associated with a lower risk of all-cause mortality, 
cardiovascular mortality and ASCVD (defined as time to first MI or ischemic stroke 
or CABG/PCI) over a mean follow up of 6.8 years [46]. Significantly, the reductions 
in both all-cause mortality and CV mortality remained consistent even in those over 
the age of 90 or with dementia. The authors observed no reduction in ischemic 
stroke (HR 0.98; 95% CI 0.96–1.01; p = 0.20). In concordance with these favorable 
results, the SCOPE-75 study and Jun et  al. observed a reduction in all cause- 
mortality in Korean populations [47, 48]. SCOPE-75, a retrospective, propensity 
score matched observational study, found that statin users over the age of 75 years 
(median age 78 years) had lower rates of major CVD (HR 0.59; 95% CI 0.41–0.85; 
p = 0.005) and all-cause mortality compared (HR 0.65; 95% CI 0.34–0.93; p = 0.02) 
to non-statin users over a median period of 5.2 years [47]. On subgroup analysis, the 
association of statins with a decrease in all-cause mortality was more pronounced in 
diabetic patients (HR 0.28; 95% CI 0.11–0.71), compared to non-diabetics (HR 
0.79; 95% CI 0.43–1.48). Significantly, Jun et al. noted that the benefits of statin use 
appeared to increase with time, with no observed benefit observed within the first 
year of starting treatment. Other groups have observed that the benefit of statins in 
primary prevention adults ≥75 years are only seen in those with other modifiable 
ASCVD risk factors (diabetes, currently being dispensed antihypertensive therapy, 
antiplatelet agents or anticoagulants) [49]. This is worth noting because, while the 
majority of adults over 75 years have either hypertension or other CVD risk factor 
or are elevated risk by CVD risk calculators, a small fraction of this older population 
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remain healthy and without CVD risk factors. Further supporting the benefit of 
statins among the elderly, a population-based cohort study including 120,173 French 
primary prevention adults, suggested that statin discontinuation in those ≥75 years 
may be associated with a 33% increased risk of hospitalisation for cardiovascular 
events [50]. However, these results are subject to potential confounding, in that is 
possible that those who discontinued the statins had poorer health or were frailer 
and thus more likely to require hospitalisation for reasons other than statin 
discontinuation.

While the potential benefit of statin therapy on all-cause mortality in older adults 
has also been reported in other observational studies [51], the observational data for 
statins in adults over 75 years have been mixed, as noted above. A recent retrospec-
tive cohort study by Ramos et  al., including 46,864 primary prevention adults 
75  years or older in Spain, found that statins were not associated with reduced 
ASCVD or all-cause mortality in those without diabetes, over a median follow-up 
of 7.7 years (IQR 7.2–8 years) [52]. The authors did note a benefit in those with 
diabetes aged 75–84 years, with a 24% relative reduction in ASCVD (HR 0.76; 95% 
CI 0.65–0.89) and 15% relative reduction in all-cause mortality (HR 0.84; 95% CI 
0.75–0.94). These benefits were reduced in those aged 85 years and above (ASCVD: 
HR 0.82; 95% CI 0.53–1.26; all-cause mortality: HR 1.05; 95% CI 0.86–1.28) and 
disappeared completely in nonagenarians, suggesting that statin benefit was limited 
to those <85 years old. The sample size of those ≥85 with diabetes was limited 
(1239 patients) in this study, and so lacked statistical power and may in part be 
responsible for the lack of observed effect in this group, but the effect of diminish-
ing benefits with increased age is in keeping with that observed in the PROSPER 
trial and in the meta-analysis by Gencer et al. Similarly, the accentuated benefit in 
diabetics is in keeping with the SCOPE-75 study and other previous data in older 
diabetic patients [47, 53].

The question remains, why have there been differences within the observational 
data and differences between trials and observational data? One reason could be 
differing inclusion criteria. For example, the above analysis by Ramos et al. excluded 
patients with cancer, dementia, paralysis, those receiving dialysis, and those in resi-
dential care. This is in contrast to the work by Orkaby et  al., who specifically 
included those with cancer, dementia and paralysis in an attempt to achieve a more 
representative population [54]. Orkaby et al. included a predominantly male popu-
lation (97.3% of included veterans were male) and found that statin use was associ-
ated with an 18% lower risk of all-cause mortality, HR 0.82 (95% CI 0.69–0.98).

The open question as to whether statins are of value in elderly primary preven-
tion adults will be further addressed in the STAin therapy for Reducing Events in 
the Elderly trial (STAREE) trial, which is aiming to recruit 18,000 primary preven-
tion adults aged 70 years or more, in order to assess whether treatment with 40 mg 
atorvastatin daily compared with placebo will prolong the length of a disability- free 
life in these patients (NCT02099123). This is the first primary prevention statin trial 
designed specifically around an older population. Unfortunately, as the recruitment 
age starts at 70, it is likely that this trial will add little substantial data to those 
>80 years with multiple comorbidities [55]. The use of placebo in this trial reflects 
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the uncertainty surrounding benefit. French investigators are concurrently aiming to 
evaluate the cost/effectiveness ratio of station cessation in those 75 years and older 
as part of the SITE (Statins In the Elderly) trial (NCT02547883).

Guideline Recommendations

Compared to the class I recommendations in younger adults, the ESC provides a 
class IIb recommendation for primary prevention adults 75 and above who are con-
sidered at high risk or above, emphasising the importance of a risk-benefit discus-
sion with the patient [16]. The AHA provides a similar class IIb recommendation 
for statin therapy for those >75 who are diabetic, providing a recommendation for 
an individualised clinical assessment and risk discussion for those >75 without dia-
betes [15]. In contrast, the NICE guideline recommends statin treatment in those 
with a 10% 10-year risk of CVD up to the age of 84 [20]. They also recommend 
consideration of atorvastatin 20 mg for patients aged 85 or older, taking into account 
potential benefits from lifestyle modifications, informed patient preference, comor-
bidities, polypharmacy, general frailty and life expectancy. A summary of recom-
mendations is provided in Box 1.

1.5  Secondary Prevention Lipid-Lowering Therapy

Unlike in primary prevention, the benefit of cholesterol-lowering therapies, particu-
larly statins, are well established in the setting of secondary prevention. Lifestyle 
measures remain a fundamental adjunct to all pharmacological treatments in sec-
ondary prevention.

1.5.1  Statins in Secondary Prevention

The Cholesterol Treatment Trialists’ Collaboration (CTC) have recently provided 
an updated meta-analysis of randomised evidence on the effects of statin therapy 
across 6 different age groups: 55  years or younger, 56–60  years, 61–65  years, 
66–70  years, 71–75  years, and older than 75  years [18]. The analysis included 
186,854 primary and secondary prevention patients, with 14,483 (7%) over the age 
of 75 years at the time of randomisation. They reported that treatment with a statin 
or more intensive statin regimen compared to control or a less intensive statin regi-
men resulted in a 21% relative reduction in major vascular events for every 1 mmol/L 
reduction in LDL-C (HR 0.79; 95% CI 0.77–0.81). Significantly, they observed 
independently significant risk reductions in each of the age subgroups, even in those 
over 75 years (HR 0.87; 95% CI 0.77–0.99). Considering only secondary preven-
tion patients, statins led to significant reductions in major vascular events that were 
again, similar across all 6 age groups, including those over 75 years (HR 0.85; 95% 
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CI 0.73–0.98), suggesting that statins continue to offer benefit with increasing age 
in the setting of secondary prevention.

Previous studies have shown that statins do not reduce major vascular events in 
those with moderate or severe heart failure, or those undergoing dialysis for renal 
failure (see references 16–20 in CTC). Interestingly, most of the patients included 
in these trials were older.

1.5.2  Non-statin Therapy in Secondary Prevention

Ezetimibe is the most commonly prescribed non-statin cholesterol-lowering agent 
and is currently recommended as a first-line alternative for those who cannot toler-
ate statin therapy or who fail to achieve adequate LDL-C levels despite maximally 
tolerated statin doses. The IMPROVE-IT trial demonstrated that a combination of 
simvastatin-ezetimibe was superior to simvastatin monotherapy in reducing cardio-
vascular events (death from CVD, a major coronary event or nonfatal stroke) in 
patients (mean age 63.6 years) following an acute coronary syndrome (absolute risk 
reduction of 2%; HR 0.936; 95% CI 0.89–0.99; p = 0.016) [56]. The authors also 
observed a significant reduction in myocardial infarction and stroke. Cardiovascular 
deaths and all-cause mortality were similar across both groups. A subsequent pre- 
specified secondary analysis compared those aged <65 (10,173 or 56.1%), to those 
aged 65–75 (5173 or 28.5%) and those ≥75 (2798 or 15.4%) [57]. When compared 
to simvastatin monotherapy, the simvastatin-ezetimibe combination conferred 
greater absolute risk reductions in the primary endpoint in those ≥75 years (7-year 
Kaplan Meier event rates of 38.9% vs 47.6%; HR 0.80; 95% CI 0.70–0.90) com-
pared to those younger than 75. The numbers needed to treat to prevent 1 primary 
endpoint event by treatment with simvastatin-ezetimibe was 11(95% CI 2–23) for 
those ≥75 compared to 125(95% CI 113 to infinity) for those <75. Unlike statins, 
ezetimibe has relatively few associated adverse events, making it an attractive alter-
native for older adults at risk of adverse events. In recognition of the above, the 
latest AHA/ACC guidelines suggest that it may be reasonable to add ezetimibe to 
moderate intensity statin therapy in those ≥75 years of age, where high intensity 
therapy would otherwise be indicated (i.e., secondary prevention) but is not toler-
ated, provided the LDL-C remains ≥1.8 mmol/L [15].

PCSK9 inhibitors have emerged as a potent adjunctive therapy to statins in reducing 
LDL-C and major cardiac events. The FOURIER trial included 27,256 patients (mean 
age 63 years. 22.6% >69 years) with a history of ASCVD [58]. Patients were ran-
domised to either evolocumab or matching placebo and followed for a median of 
26 months. Treatment with evolocumab resulted in a 15% relative risk reduction in 
major cardiovascular events (composite of cardiovascular death, myocardial infarc-
tion, stroke, hospitalisation for unstable angina, or coronary revascularisation) com-
pared to placebo (1344 events vs 1563 events; HR 0.85; 95% CI 0.79–0.92; p < 0.001). 
The authors also observed significant reductions in MI, stroke and coronary revascu-
larisation individually. There was no observed benefit in cardiovascular mortality. 
Subsequent subgroup analysis confirmed that evolocumab significantly reduced 
LDL-C levels across all age groups. Reductions in the primary endpoint were also 
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sustained across all age groups with no significant differences in efficacy between 
those <56, 56 to ≤63, 63 to ≤69 years or >69 years old [59]. Most recently, age-strati-
fied outcomes from the ODYSSEY OUTCOMES trial showed that the addition of the 
PCSK9 inhibitor alirocumab to maximum tolerated statin therapy, reduced the primary 
composite endpoint of coronary heart disease death, nonfatal MI, ischemic stroke, 
unstable angina requiring hospitalisation, compared to placebo in both younger and 
older patients with a recent ACS [60]. 5084 (26.9%) of patients were ≥65 years, 1007 
(5.3%) aged ≥75 years and 42 (0.2%) 85 years or older. Alirocumab reduced the risk 
of the primary endpoint by 22% in those aged 65 years or older (Kaplan-Meier at 
3 years: 12.9% vs 16.8%; HR 0.78; 95% CI 0.68–0.91), compared to 11% in those 
younger than 65 years (Kaplan-Meier at 3 years; 8.8% vs 9.7%; HR 0.89; 95% CI 
0.80–1.00; pinteraction = 0.19). Alirocumab also decreased the rate of the primary outcome 
in those >=75 and those <75 years compared to placebo, however, this was not a pre-
specified analysis and included relatively few patients. As expected, the risk of MACE 
increased with advancing age, leaving a greater absolute risk reduction in those ≥65 
compared to younger patients (p = 0.015). The NNT for 3 years to prevent one primary 
composite outcome decreased with increasing age; 43 at age 45  years, 26 at age 
75 years and 12 at age 85 years. Excess cost remains one barrier to physician prescrib-
ing these drugs. While PCSK-9 inhibitors may be a promising option to lower LDL-C 
levels there are practical considerations that become relevant in older patients. There 
may be limitations in practicality of delivering a subcutaneous injection; patients may 
not be able to self-administer and may not be able to travel to get them administered.

1.5.3  Guideline Lipid Lowering Therapy in Secondary Prevention

In secondary prevention, the AHA/ACC offer a class I recommendation for high inten-
sity statin therapy in those ≤75 with a history of ASCVD [15]. In contrast, they give 
only a class IIa recommendation for moderate or high-intensity statin therapy in those 
over the age of 75. They also add the recommendation that this decision be made in the 
context of consideration of adverse effects, drug-drug interactions, as well as patient 
frailty and patient preferences. In contrast, the ESC recommends that treatment remains 
the same in younger and older patients in the setting of secondary prevention, recom-
mending lipid-lowering therapy in all patients with LDL ≥1.4 mmol/L or 55 mg/dL 
(Cholesterol mmol/l × 38.67 = mg/dl) [16]. So too do the NICE guidelines [20].

1.6  Special Considerations in Older Adults

1.6.1  Adverse Events of Statins

Current trial data suggest that statins are generally well tolerated in older adults, 
however with important caveats [18, 36, 38]. Data are limited in those >75, and 
particularly in those >80 years old. It should also be remembered that those enrolled 
in clinical trials are generally a healthier population than patients often encountered 
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in routine clinical practice, and so trial results may not be directly applicable to the 
older patient in a general clinic [6].

One of the most common adverse effects reported with statin use are statin- 
associated muscle symptoms (SAMS). [61] These represent a spectrum of outcomes 
ranging from myalgias to myositis and rarely rhabdomyolysis. Advanced age, 
female sex, physical disability, renal impairment and a lower BMI are all risk fac-
tors for the development of SAMS [61]. Higher statin doses also make these side 
effects more likely. Despite this, a meta-analysis by Iwere et al. included data on 
18,845 patients aged 65 or older who had been either randomised to receive a statin 
or placebo, and did not report any increased risk in SAMS [62]. As such, and despite 
common perceptions, trial data on statin use from older and younger populations 
consistently question whether the association between statin use and SAMS is 
causal. Furthermore, Iwere et al. did not observe any significantly increased risk of 
myalgia (OR 1.03; 95% CI 0.90–1.17; p = 0.66) or rhabdomyolysis in those assigned 
to statin treatment (OR 2.93; 95% CI 0.30–28.18; p = 0.35). This is in contrast to 
data from observational studies, where myopathy was reported more frequently in 
those assigned to statins (OR 2.63; 95% CI 1.50–4.61), albeit it with significant 
heterogeneity between studies (I2 = 98.2%) [63].

As statins are metabolised by the cytochrome P450 system of isoenzymes, 
there is a significant potential for increased adverse effects when patients are co- 
prescribed a medication that competes for catabolism by this system. This 
becomes an important consideration in the setting of polypharmacy, particularly 
in older adults. Examples of statin drug-drug interactions include non- 
dihydropyridine calcium channel blockers, macrolide antibiotics, ranitidine, 
fibrates, and amiodarone.

There have also been concerns that statin use increases the risk of haemorrhagic 
stroke in patients with a prior history of ischemic stroke. However, the absolute risk 
is very small and the net benefit of statins in reducing ischemic stroke and other 
vascular events, generally outweighs the risk [64].

Although the exact mechanism is currently unclear, statin therapy has also been 
shown to modestly increase the risk of developing newly diagnosed diabetes, with 
an estimated hazard ratio of approximately 1.1 for moderate intensity statin and 1.2 
for high intensity statin therapy for 5 years, equating to an absolute risk of about 
0.2% per year in major trials [64]. This risk seems to be predominately confined to 
patients who already have multiple risk factors for the condition, and the risk seems 
to be higher in older women [65].

While there have been previous concerns that statin use may be associated with 
cognitive impairment and dementia, a number of recent meta-analyses do not sup-
port these concerns [66].

1.6.2  Statins in Frail Older Adults

To date, no randomised trials examining statin prescription in the context of either 
primary or secondary prevention have included a validated measure of frailty. A 
meta-analysis by Hale el al, included observational data on 153,082 older adults 
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living with frailty, and while they reported a lower mortality among patients who 
were prescribed a statin in the context of secondary prevention there was no data on 
primary prevention adults, and insuf�cient data to conclude whether statins reduces 
ASCVD in frail older adults [67]. Further research is required in this area to estab-
lish a risk bene�t relationship of lipid lowering therapies in this patient cohort.

1.6.3  Role for Deprescribing Statins

As it stands, the majority of statin prescribing in older adults happens in the context 
of secondary prevention, even in those over 80  years old [68]. However, as co-
morbidities and frailty increase with age, in tandem with a more limited life expec-
tancy, the question remains whether there is an age at which statins could, or even 
should, be discontinued i.e., where the risks of treatment now outweigh the bene�ts 
(see Fig.  1). While guidelines place a particular emphasis on a patient centred 
approach when initiating statins in the oldest old, there is little guidance around 
what to do once a patient, who is already taking a statin, reaches a more advanced 
age or develops comorbidities. Given the lack of evidence currently available for 
bene�t in primary prevention for adults over the age of 80, revaluation of the risk-
bene�t ratios as patients become older seems pragmatic. In fact, statin deprescribing 
is already happening, and as one might expect, it appears to be more common with 
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Patient worries more about risk of:

Possible muscle-related adverse effects of statin therapy
(ex: myalgia leading to decreased mobility)

Possible disability from cardiac event
(ex: speech and swallowing issues resulting from a stroke,

ex: worsened heart failure resulting from an MI and
leading to frequent hospitalizations

Functional Status:
-Unable to complete activities of daily living?
-Experiencing statin side effects?

NO

Specific LE considerations-Does the patient have:
-Advanced dementia, living in long term careb?
-Any end stage illness e.g. end stage renal disease, end
stage heart failure, end stage cancer, end stage frailtyc?

Consider deprecribing statin;
Do not start a statin

Mobility

Mind

Medications

Multi-complexity

Matters Most

The Geriatrics 5M’sa,b

Fig. 1 Deprescribing statins. Need permission (this �gure is obtained from a Springer publica-
tion) from 10.1007/s40266-019-00673-w
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increasing age and in the setting of primary prevention [69]. Data from a small, 
randomised trial, support statin discontinuation in patients who have advanced and 
life-limiting illnesses [70]. Further work is required in this area to help proactively 
identify older patients where risk-benefit ratios shift and where statin deprescribing 
may become appropriate.

2  Cigarette Smoking

2.1  Benefits of Cessation in the Older Adult

The link between cigarette smoking and the development of atherosclerotic cardio-
vascular disease is well established with the 10 year fatal CVD risk approximately 
doubled in smokers compared to non-smokers [71]. While the rates of cigarette 
smoking in the population are declining overall, the deleterious consequences of 
smoking occur disproportionately in older patients due to the cumulative adverse 
effects of smoking over the years [72]. Smokers over the age of 60 years continue to 
have a twofold increased risk of acute coronary events and a 1.5-fold increased risk 
of stroke events compared to non-smokers [73]. Although smoking cessation at 
older ages cannot reverse all of the accumulated harm from years of smoking, ces-
sation continues to be of benefit in those with increased chronological age, even 
when aged 80 and older [74, 75]. Follow up from the British Male Doctors study, 
suggested that those who quit smoking at age 60 years, gained 3 years of life expec-
tancy compared to those who continued to smoke [76], with similar results seen in 
a US population [77]. Likewise, an observational meta-analysis by Mons et  al. 
reported that cardiovascular mortality was significantly reduced in those over 60 

Box 2 

Cigarette SmokingC

• Consider smoking status a vital sign.
• Smoking cessation continues to confer benefits, even in those 80  years 

and older.
• As such, smoking cessation is recommended in all patients.
• Use both motivational interviewing and pharmacotherapy as part of a 

patient tailored smoking cessation programme.
• Nicotine replacement therapies, bupropion, and varenicline are all poten-

tial pharmacological interventions.
• Electronic nicotine delivery systems (e-cigarettes) are currently not recom-

mended as part of smoking cessation programmes.
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who quit smoking within 5 years, compared to those who continued smoking [73]. 
Despite the fact that older smokers are less likely to attempt smoking cessation, 
those who are motivated and do attempt cessation are more likely to be successful 
[78–80]. This may in part be due to the fact that older patients are more likely to 
avail of smoking cessation assistance [78]. And thus, the major take home point 
when considering older aged smokers is to avoid the fatalistic misperception that 
there is “no point” in tackling smoking cessation with more advanced age [81].

2.2  Smoking Cessation Interventions

Despite the benefits of cessation, evidence-based tobacco cessation treatments are 
underutilised in older adults, and so there is significant scope to improve cessation 
measures in such patients [82]. There is an increasing awareness of this need to 
include older adults in cessation programmes, with the National Cancer Institute’s 
campaign “smokefree60+” targeting such groups. In an attempt to prioritise the 
importance of smoking cessation as a preventive measure, the AHA now also rec-
ommends recording tobacco use as a vital sign at each visit [83].

All guidelines now support a dual-pronged approach to smoking cessation in all 
adults, regardless of age, using a combination of motivational interviewing and 
pharmacotherapy [83, 84]. All smokers should receive cessation counselling at 
every healthcare encounter. There is a particular impetus for smoking cessation 
around the time of diagnosis of CVD event, often leaving cardiologists uniquely 
posed to act when known diagnoses are established. In addition to clinician counsel-
ling, there are now multiple helplines available, for example in America through the 
National Cancer institute and Smokefree.gov, where patients can access trained 
counsellors that are valuable adjuncts for those working in busy clinical settings.

There are currently 7 FDA-approved cessation medications and most of which 
have the advantage of having relatively few major side effects. Both short (gum, 
lozenge, nasal spray, inhaler) and long-acting nicotine replacement therapies (NRT) 
like patches can be used as initial starting measures and have been shown to increase 
the rate of quitting by up to 50–70% [85]. Bupropion, an atypical antidepressant, has 
been shown to be as effective as NRT [86]. Bupropion increases a patient’s seizure 
risk, affecting approximately 1 in 1000 users, so it should therefore be avoided in 
patients with a propensity for seizure. Varenicline remains the most effective phar-
macological adjunct to smoking cessation, with potentiated effects when used in 
combination with NRT [87]. Initial concerns of an increase in suicidal ideation fol-
lowing the initiation of varenicline were not substantiated in the EAGLES study [88]. 
The most common adverse events observed in those taking varenicline are nausea 
and sleep disturbances [89]. Importantly, varenicline has not been demonstrated to be 
unsafe when used in persons with recent acute coronary syndrome. As varenicline is 
almost exclusively renally excreted it requires dose adjustment once the estimated 
creatinine clearance drops below 30ml/min, and so a history of CKD in older adults 
becomes a relevant consideration when commencing such pharmacotherapy.

Atherosclerotic Cardiovascular Disease Prevention in the Older Adult: Part 2
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While the introduction of Electronic Nicotine Delivery Systems (ENDS) (often 
called e-cigarettes) was initially hoped to provide a safer alternative to tobacco 
smoking, there is evidence suggesting potential adverse CV effects, with no long 
term outcome data available [90–92]. ENDS are therefore currently not recom-
mended as part of a smoking cessation programme [83].

3  Diabetes

Both type 1 diabetes mellitus and type 2 diabetes mellitus and pre-diabetes are 
independent risk factors for ASCVD [93]. Furthermore, CVD is the leading cause 
of death in diabetic patients. It is estimated that almost a quarter of those aged 
65 years and older in the US have diabetes, with a further quarter reaching a diag-
nosis of pre- diabetes [94]. The overlap of older age, diabetes and other ASCVD risk 
factors, such as hypertension, mean that the risks for microvascular and macrovas-
cular diabetic complications are also heightened in this population cohort, making 
diabetes and pre-diabetes a key target in our preventive efforts.

3.1  Diagnosis and Screening of Diabetes in Older Adults

The American Diabetes Association (ADA) recommends screening for diabetes in 
all adults over the age of 45 years, with repeat testing every 3 years or sooner if a 
patient has multiple additional risk factors [95]. In contrast, Canadian guidelines 

Box 3 

DiabetesD

• A target HbA1c of <7% is recommended in an otherwise well older patient, 
with a long-life expectancy.

• Consider more lenient targets in those with functional impairment, frailty, 
limited life expectancy or those with multiple comorbidities.

• For older patients residing in a nursing home, those with a limited life 
expectancy or those with certain chronic conditions, the aim should be to 
minimise the symptoms related to hyperglycaemia, rather than aiming for 
a target HbA1c.

• Where tight glycaemic control is difficult or impossible, addressing other 
ASCVD risk factors more intensively can add significant benefit.

• Metformin remains the first-line drug in older adults with type 2 diabetes.
• Where possible, avoid drugs that increase the risk of hypoglycaemia (e.g., 

sulphonylureas).

E. Murphy et al.
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recommend individualised screening in older adults, acknowledging that screening 
for diabetes in those over the age of 80 is unlikely to be beneficial [96]. This is 
supported by data from a large Swedish registry, including over 200,000 patients 
with type 2 diabetes and over one million controls, which found that a diagnosis of 
type 2 diabetes at age 65 years resulted in a median loss of 2 years of life, in con-
trast to no accelerated loss of life if diagnosed after the age of 80 [97]. Relevantly, 
a new diagnosis of type 2 diabetes after the age of 80 years, resulted in an adjusted 
mortality risk of <1.0 for both CVD mortality and non-CVD mortality, with risks 
for other outcomes significantly attenuated also. For nonagenarians, the only out-
come for which the risk was higher in those with new type 2 diabetes vs controls 
was stroke [97]. This data questions the value of screening for diabetes in those 
over 80, particularly where comorbidities are present. It also highlights the rele-
vance of reassessing whether intensive glycemia treatment goals are appropriate in 
those over the age of 80 with a new diagnosis of diabetes, particularly if they are 
asymptomatic.

Outside of a clear clinical diagnosis (i.e., a patient in a hyperglycaemic crisis or 
classic symptoms of hyperglycaemia and a random glucose ≥200  mg/dL or 
≥11.1 mmol/L) a diagnosis of diabetes can be established with a fasting plasma 
glucose of ≥126 mg/dL (7.0 mmol/L), a glucose of ≥200 mg/dL (11.1 mmol/L) 2 h 
post oral glucose tolerance test, or a serum HbA1c level of ≥6.5% (48 mmol/mol) 
[95]. While these cut-offs remain consistent across guidelines, it is worth nothing 
that HbA1c levels have been shown to increase with age by an estimated 0.1–0.2% 
per decade, even in non-diabetic patients [98–100]. Given the potential discordance 
between fasting plasma glucose levels and HbA1c levels in older patients, Canadian 
guidelines make the recommendation that a diagnosis of diabetes should ideally be 
based on a combination of 2 different tests in older adults, particularly where the 
HbA1c level is modestly elevated [96, 101].

Guidelines also recommend routine assessment for evidence of microalbumin-
uria in all diabetic patients in order to help identify patients at risk of diabetic 
nephropathy or at high risk of future CVD events who may benefit from more inten-
sive treatment strategies [102, 103].

3.2  Glycaemic Targets in Older Adults: The Background

Given the association of hyperglycaemia with both microvascular and macrovascu-
lar complications, the seemingly rational hypothesis is that achieving a near eugly-
cemic state should minimise the complications associated with diabetes. However, 
while there is a significant body of evidence confirming that intensive glucose con-
trol benefits microvascular endpoints, the relationship between intensive glucose 
lowering and the reduction in incidence and/or progression of macrovascular com-
plications is less clear [104].

One of the first landmark trials to explore glycaemic targets was the Diabetes 
Control and Complications Trial (DCCT) [105]. This historical trial demonstrated 
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that patients with type 1 diabetes with more intensive insulin regimens (achieving a 
mean HbA1c 7.4%) could delay the onset of microvascular complications compared 
to those who aimed for more lenient control (mean HbA1c 9.1%) [105]. Interestingly; 
however, the investigators observed no significant reduction in CV events over the 
6.5-year follow-up period. A subsequent follow-up study, which collected data on the 
same participants followed for a mean of 17 years, did however show a benefit, with 
0.38 cardiovascular events per 100 patient years occurring in the intensive group, 
compared to 0.80 per 100 patient years in the control group (p = 0.007) suggesting 
early glycaemic control may take some time to manifest benefits in macrovascular 
disease [106]. The DCCT trial inspired a host of subsequent trials with a focus on 
glycaemic control to reduce ASCVD in patients with type 2 diabetes (Table 2).

One of the first trials to compare the effect of more intensive glycaemic control 
to less stringent control on cardiovascular outcomes in type 2 diabetic patients was 
the UK Prospective Diabetes Study (UKPDS) [108]. This trial enrolled almost 4000 
non-overweight patients (mean age 53  years), and found that maintaining more 
intensive glycaemic control with either a sulphonylurea or insulin (to a median 
HbA1c level of 7%), was superior in the prevention of microvascular complications, 
compared to conventional care (median HbA1c 7.9%) in those with a new diagnosis 
of type 2 diabetes [108]. While there were reductions in the occurrence of myocar-
dial infarction (relative risk 0.84; 95% CI 0.71–10; p = 0.052), and the incidence of 
CV mortality (relative risk 0.80; 95% CI 0.71–1.00; p = 0.052) in those assigned to 
intensive control, these findings were not statistically significant. There was also no 
reduction observed in the occurrence of stroke (relative risk 1.11; 95% CI 0.81–1.51; 
p  =  0.52). By contrast, a separate arm of the UKPDS trial enrolled overweight 
patients, who were primarily assigned to metformin, and reported a reduction in MI 
(relative risk 0.61; 95% CI 0.41–0.89; p = 0.01), all-cause mortality (relative risk 
0.64; 95% CI 0.45–0.91; p = 0.011) and cardiovascular mortality (relative risk 0.5; 
95% CI 0.23–1.09; p  =  0.02) with stricter glycaemic targets (mean end of trial 
Hba1c of 7.4% in the intensive group vs 8% in the conventional group) [109].

A 10-year post-trial follow-up of the UKPDS showed that, despite an early loss 
of differences in HbA1c levels between groups within 1-year post-trial completion, 
the observed benefits for any diabetes-related endpoint and microvascular disease 
were maintained—an effect now frequently referred to as “the legacy effect” [125]. 
This observation of a maintained benefit over time has also been observed by others 
[126, 129]. A 5-year post-trial follow-up of the ACCORD trial, demonstrated a sim-
ilar sustained benefit of intensive glycaemic control, despite diminishing differ-
ences in glycaemic control between groups, with a consistent reduction in nonfatal 
MI (HR 0.84; 95% CI 0.72–0.96; p = 0.02) [129].

There was a second interesting observation at the UKPDS 10-year follow-up. 
Similar to the DCCT trial follow-up study, there was an emergence of a significant 
post-trial reduction in myocardial infarction (Risk ratio 0.85; 95% CI 0.74–0.97; 
p = 0.01) and death from any cause (risk ratio; 0.87; 95% CI 0.79–0.96; p = 0.007) 
in the those assigned to the sulphonylurea/insulin intensive arm at the 10-year mark, 
despite no observed reduction during the active trial period [125]. The Veterans 
Affair Diabetes trial (VADT), observed similar effects. In this trial a HbA1c of 6.9% 
was achieved in the intensive group during the trial period compared to 8.4% in the 
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standard group (mean age 60.4 years) [122]. After a median follow-up of 5.6 years, 
there was no observed reduction in time to first major CV event (HR 0.88; 95% CI 
0.74–1.05; p = 0.14). A subsequent observational follow-up approximately 4 years 
after trial completion (median 9.8 years since the trial began), noted that while the 
difference in HbA1c between groups had reduced to approximately 0.2–0.3%, there 
was now a 17% lower risk of primary CV events (HR 0.83; 95% CI 0.70–0.99; 
p = 0.04) in those who had received intensive therapy, compared to those who had 
been assigned to the standard group during the active trial period, suggesting a mod-
est long term cardiovascular benefit of more intensive glycaemic control [130]. 
These delayed benefits on CV outcomes may have significant implications when 
considering a time to benefit for older patients.

There have also been concerns that excessive glycaemic control may cause harm. 
The ACCORD trial included over 10,000 type 2 diabetic patients and was termi-
nated 17  months prior to the scheduled end of study, following an unexpected 
increase in both all-cause mortality (5% vs 4%; HR 1.22; 95% CI 1.01–1.46; 
p = 0.04) and cardiovascular mortality (2.6% vs 1.8%; HR 1.35; 95% CI 1.04–1.76; 
p = 0.02) in those assigned to the intensive treatment arm [120]. There was, however, 
a significant reduction in the occurrence of nonfatal MI (HR 0.76; 95% CI 0.62–0.92; 
p = 0.004). The target HbA1c in this trial was tight at <6% in the intensive arm, with 
a median end of trial HbA1c of 6.4% in the intensive group, compared to 7.5% in the 
standard treatment arm. Follow-up studies of trial participants out to 8.8 years con-
firmed persistence of an increased risk of CV mortality, but with a neutral effect on 
all-cause mortality long term, despite diminished differences in HbA1c levels 
between groups (At 8.8  years: HbA1c of 7.8% in those who had been assigned 
intensive treatment vs 8% in those assigned to conventional care) [128, 129]. Of 
note, observational data suggest a link between hypoglycemic episodes and myocar-
dial injury (detected using high-sensitivity troponin) and ASCVD events [132, 133].

Several meta-analyses have been conducted in an attempt to further elucidate if 
intensive glucose lowering confers a benefit in reducing cardiovascular events in 
type 2 diabetic patients [134–138]. Considering these, it appears that lowering 
patients’ HbA1c by an average of 1% has a limited benefit on all-cause mortality, 
results in an approximate 10% reduction in the risk of microalbuminuria and a 
15–20% reduction in the incidence of nonfatal MI [139]. There are however several 
important caveats to consider when applying this data to older patients. Firstly, most 
of the trials to date have almost exclusively recruited younger patients (Table 2), 
with limited data on those over the age of 70 years, meaning that we have insuffi-
cient trial data to guide decisions on best glycaemic targets in older patients. 
Secondly, a consistent trade-off noted in intensive treatment arms across all trials 
was the increased risk of hypoglycaemia, which can have heightened deleterious 
effects in older patients and so remains a key consideration when making an indi-
vidualised risk benefit decision for a patient. And finally, patients assigned to inten-
sive interventions were closely followed and monitored during the conduct of trials. 
As an example, in the Action in Diabetes and Vascular Disease: Preterax and 
Diamicron Modified Release Controlled Evaluation (ADVANCE) trial the intensive 
group had an average of 31 study visits over the 5 years compared to 11 for the 
standard treatment group [119]. These extensive follow up regimens may not be 
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practical or feasible if attempting to achieve similar targets for community-dwelling 
older adults, and less frequent follow-ups may make intensive regimens unsafe.

While we do not currently have adequate trial data to guide decision making on 
glycaemic targets in older adults, there have been several large observational studies 
that appear to support a more lenient approach to glycaemic control in this popula-
tion. A large retrospective cohort study by Huang et  al. including over 70,000 
patients 60  years or older (mean age of 71  years, with 14.6% over the age of 
80  years) with type 2 diabetes demonstrated that the risk of developing chronic 
microvascular complications and chronic cardiovascular events increased in a step-
wise fashion with each unit increase in HbA1c above 6% (42 mmol/mol) [140]. In 
contrast, there was a U shaped relationship between HbA1c and mortality, suggest-
ing that HbA1c levels <6% or ≥ 10% (86 mmol/mol) were associated with increased 
mortality risks [140]. From this observation they recommended an optimum HbA1c 
of below 8% (64 mmol/mol) in older patients but with a caution that a level < 6% 
was associated with increased mortality risk. This is in keeping with data from 
ACCORD and from the NHANES III study which also found that a HbA1c >8% in 
those ≥65 years was associated with elevated all-cause mortality and cardiovascular 
mortality [141]. Others have reported similar findings with elevated mortality at 
both extreme ends of HbA1c even in younger patients, leading to suggestions that 
guidelines should also include a minimum HbA1c value, although no guideline to 
date has provided a specific recommendation to this effect [142].

While the focus of management of type 2 diabetes has historically been predomi-
nantly glucocentric, it has been recently been highlighted that this approach may 
require a paradigm shift, moving away from a largely solitary focus on intense gly-
caemic control, and instead concentrating on ensuring adequate and equitable 
access to diabetes care, individualising glycaemic targets to patients’ goals and cir-
cumstances, minimising complications of the disease itself but also of treatment 
effects, as well as improving quality of life [143]. This is further supported by the 
fact that recent cardiovascular outcome trials have demonstrated that microvascular 
and macrovascular complications can be meaningfully improved with certain anti- 
diabetic medications that appear to primarily act via novel glucose lowering thera-
pies, with most trials achieving significant improvements in CV outcomes with 
mean HbA1c levels between 7–8% (Table 3).

3.3  Glycaemic Targets in Older Adults: 
Guideline Recommendations

Contemporary guidelines generally advocate for a patient-centred approach when 
making decisions surrounding care in diabetes. Reflecting the lack of clear evi-
dence, a discordance remains as to what the optimal glycaemic target should be in 
older adults. In general, guidelines recommend that the approach to managing dia-
betes in an otherwise well older patient with an anticipated long-life expectancy 
should be largely similar to younger patients, with most agreeing on a target HbA1c 
of <7% in these patients (Table 4). However, there is increasing recognition that 
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rigidly applying similar strategies to functionally impaired, frail, individuals with 
multiple co-morbidities or a more limited life expectancy may lead to excess harm 
in these patients, and so various guidelines have recently been published recom-
mending more lenient glycaemic targets for these patients [164–166]. Canadian 
guidelines have also incorporated a clinical frailty index to guide decisions on gly-
caemic targets [96]. Similarly, the American College of Physicians recommends 
minimising the symptoms related to hyperglycaemia, rather than targeting a specific 
HbA1c, for those residing in a nursing home, those with a life expectancy less than 
10 years due to advanced age, or those with certain chronic conditions [167]. For 
those with very poor health or those nearing the end of life, the focus should shift to 
the prevention of hypoglycaemia and symptomatic hyperglycemia [168]. Efforts 
have been made to develop tools that can help to predict life expectancy in older 
diabetic patients, and may be useful adjuncts in determining risk-benefit ratios [169].

While maintaining good glycaemic control is important in non-frail older patients 
with diabetes, control of other cardiovascular risk factors, such as hypertension, 
may result in greater reductions in morbidity and mortality, and, so, when achieving 
tighter glycaemic control is difficult or not possible, addressing these other ASCVD 
risk factors more intensively can still add significant benefit [168].

With advancements in technology, continuous glucose monitoring might also 
afford opportunities to monitor glycaemic control more closely, particularly in older 
patients at risk of hypoglycaemia. The Wireless Innovation in Seniors with Diabetes 
Mellitus (WISDM) trial, showed that continuous glucose monitoring in older 
patients (median age 68 years) with type 1 diabetes, reduced the time spent in hypo-
glycaemia compared to those with standard monitoring [170]. While the trial only 
included 203 patients, it does support the relevance of further research in this area 
in older patients, potentially increasing the safety profile of antidiabetic regimens in 
higher risk patients.

3.4  Antihyperglycemic Therapies

Lifestyle interventions, as discussed in more detail in later sections in this chapter, 
remain a critical component in the prevention of ASCVD in all diabetic patients. In 
particular, early lifestyle intervention in older patients with pre-diabetes, primarily 
in the form of weight loss and an increase in physical activity, offer a unique preven-
tive opportunity in potentially halting the progression to type 2 diabetes, and, hence, 
the subsequent requirement for pharmacological interventions and their associated 
risks [180–182]. All patients with diabetes should receive advice on nutrition [183]. 
Diabetes self-management programmes that include tailored interventions and psy-
chological support have also been shown to be a useful adjunct in improving dia-
betic control, adherence to diabetic medications and attendance at retinal screening 
in older adults [184, 185].

When it comes to adding in medications for diabetic patients, the same principles 
apply as with all other diagnoses in older patients: one should avoid polypharmacy 
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and try to use simplified treatment regimens (e.g., once daily) where possible [171]. 
While there have been few RCTs examining metformin use exclusively in older 
patients with diabetes, it remains the first line medication in most patients with type 
2 diabetes [183, 186]. Particular advantages of metformin include its low risk for 
hypoglycaemia, while its gastrointestinal side effects and contraindications in cases 
of renal impairment, are potential drawbacks in older patients. There have been 
questions raised as to the benefit of continuing metformin in those over the age of 
80, although overall evidence in this age group is too scarce to guide definitive rec-
ommendations [186].

The are several new classes of drugs emerging, which have shown some impres-
sive results in reducing cardiovascular risk, achieving HbA1c levels averaging 
between 7 and 8%. Additionally since 2008, following the finding that rosiglitazone 
was linked to an increased risk of CV events and mortality, the FDA mandated that 
all glucose-lowering drugs must demonstrate cardiovascular safety in post- 
marketing studies with non-inferiority designs [187]. As a result of these CVOT 
trials, we have had a rapid increase of data on the effect of new glucose lowering 
drugs on relevant CV outcomes.

3.4.1  Sodium Glucose Co-transporter 2 (SGLT-2) Inhibitors

SGLT-2 inhibitors are a particularly exciting new class of anti-diabetes drug in the 
area of preventive cardiology. By inhibiting the sodium dependent glucose trans-
porter (SGLT-2) in the early proximal tubule of the kidney, these medications reduce 
renal glucose reabsorption, in turn increasing urinary glucose excretion [188]. One 
of the first CVOTs to assess the impact of SGLT-2 inhibitors was the EMPA-REG 
trial [148]. Here the investigators demonstrated that empagliflozin, compared to 
placebo, resulted in a reduction in the primary outcome of death from CV causes, 
nonfatal MI (excluding silent MI), or nonfatal stroke (HR 0.86; 95% CI 0.74–0.99; 
p < 0.001 for noninferiority and p = 0.04 for superiority) as well as a significant 
reduction in all-cause mortality and hospitalisations for heart failure. Almost 50% 
of the trial population were ≥65  years of age (3172 patients), and on subgroup 
analysis, the reductions in the primary outcome in the empagliflozin group were 
greater in those ≥65 (HR 0.71; 95% CI 0.59–0.87) compared to those <65 years 
(HR 1.04; 95% CI 0.84–1.29), with a significant p-value for interaction of 0.01. The 
subsequent CANVAS trial demonstrated similar results with canagliflozin in reduc-
ing CV mortality, nonfatal MI or nonfatal stroke and hospitalisations for heart fail-
ure in those with a history of ASCVD or known CV risk factors, again with greater 
reductions observed in those ≥65 years. In the DECLARE-TIMI trial, dapagliflozin 
also reduced the rate of hospitalisation for heart failure, but the reduction in major 
CV events failed to reach statistical significance [158]. Recently, the VERTIS-CV 
trial again showed a reduction in a composite outcome of cardiovascular mortality, 
nonfatal MI and nonfatal stroke with ertugliflozin, where 50% of the trial popula-
tion were ≥65 years [162]. The most recent trial, SCORED (Effect of Sotagliflozin 
on Cardiovascular and Renal Events in Patients with Type 2 Diabetes and Moderate 
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Renal Impairment Who Are at Cardiovascular Risk), was unfortunately terminated 
early at 16 months follow-up due to loss of funding from the sponsor [163]. Due to 
fewer than expected event rates, the primary outcome was adjusted prior to data 
analysis. Despite early termination, they observed a lower risk of the composite 
primary outcome (deaths from CV causes, hospitalisations for heart failure and 
urgent visits for heart failure), with sotagliflozin compared to placebo (5.6 vs 7.5 
events per 100 patient years; HR 0.74; 95% CI 0.63–0.88; p < 0.001) in type 2 dia-
betics with CKD and increased CV risk. On subgroup analysis, these benefits were 
continued to those aged 65 and over.

A recent meta-analysis examining SGLT-2 inhibitor use in older patients, con-
firmed their efficacy in reducing major cardiovascular events in those over 65 years 
[189]. Significantly the observed reduction in heart failure hospitalisation was 
greater in those older than 65 compared to younger patients. While those aged 
75  years and older were under-represented, the available data does suggest that 
these patients may see similar benefits.

Given the increased glucose concentration in the urine with SGLT-2 inhibitor 
use, one of the main side effects that trials have observed is an increased propensity 
to develop urinary tract infections, as well as mycotic genital infections. The resul-
tant osmotic diuresis also means that potential volume depletion is also a risk that 
may be particularly relevant in older adults. Some trials have also reported an 
increased risk for DKA [158, 163].

3.4.2  Glucagon-Like Peptide 1 (GLP-1) Agonists

GLP-1 agonists have also been shown to have significant cardiovascular benefits. 
A recent CVOT assessing the impact of GLP-1 agonists, was the PIONEER-6 trial 
[161]. Here, oral semaglutide was non-inferior to placebo in reducing the primary 
outcome, a composite of death from CV causes, nonfatal MI and nonfatal stroke 
(HR 0.79; 95% CI 0.57–1.11; p < 0.001 for non-inferiority) in type 2 diabetics 
with either established CVD or with risk factors for CVD (mean age 66 years) 
over a period of 15.9 months. These results were similar to the previous similar 
SUSTAIN-6 trial, which found that semaglutide given subcutaneously over a 
median period of 2.1 years was superior to placebo in reducing the same primary 
outcome (HR 0.86; 95% CI 0.74–0.99; p < 0.001 for noninferiority and 0.04 for 
superiority) [152]. This lower risk was primarily driven by a significant 39% 
decrease in the rate of nonfatal stroke (HR 0.61; 95% CI 0.38–0.99; p = 0.04) and 
a non-significant 26% reduction in nonfatal MI (HR 0.74; 95% CI 0.51–1.08; 
p = 0.12). The authors observed no significant difference in the rate of CV death 
over a follow-up period of 2.1 years. The SUSTAIN-6 group did, however, note an 
increased risk of heart failure hospitalisations, as well as retinopathy. The latter 
was particularly notable in the early part of the trial. On subgroup analysis, the 
reductions in occurrence of the primary outcome were greater for those less than 
65 years old in PIONEER-6, while in the SUSTAIN-6 trial those ≥65 conferred a 
greater benefit.
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In the REWIND trial (N = 9901, mean age 66.2 years), dulaglutide was superior 
to placebo in reducing the composite outcome of nonfatal MI, nonfatal stroke and 
death from CV or unknown causes over a median 5.4 years, a reduction which was 
largely driven by a 24% reduction in nonfatal stroke (HR 0.76; 95% CI 0.61–0.95; 
p = 0.017) [159]. Albiglutide and exenatide were also found to reduce composite 
cardiovascular events in the HARMONY and EXSCEL trials respectively [155, 
156]. While both trials failed to show a significant reduction in nonfatal stroke, the 
HARMONY trial did observe a 25% reduction in fatal or nonfatal MI (HR 0.75; 
95% CI 0.61–0.90; p  =  0.003). The earlier LEADER trial demonstrated similar 
benefits with liraglutide in reducing the rate of first occurrence of death from CV 
causes, nonfatal MI and nonfatal stroke, as well as independently statistically sig-
nificant reductions in cardiovascular mortality, all cause mortality and microvascu-
lar events [151]. Notably, 75% of those in the LEADER trial were aged 65 years or 
older, with 9% of the trial population 75 years or older. The short acting GLP-1 
agonist, lixisenatide was found to have a neutral effect on CV outcomes compared 
to placebo in the diabetic patients with a recent ACS [149].

The benefits of GLP-1 agonists in reducing the composite outcome of ASCVD 
in those aged 65 years and older was confirmed in a recent meta-analysis, reducing 
the risk by 11% (HR 0.89; 95% CI 0.82–0.96; I2 = 48%; 6 trials). Cardiovascular 
mortality was also found to be reduced by 22% (HR 0.78; 95% CI 0.63–0.97; 
I2 = 25%; two trials), with reductions in stroke risk (HR 0.80; 95% CI 0.69–0.92; 
I2 = 0%; 3 trials) and myocardial infarction (HR 0.85; 95% CI 0.73–0.98; I2 = 0%; 
2 trials) also noted [189]. In addition, although more rigorous research is required, 
there have been suggestions of potential additional pleiotropic effects of GLP-1 
agonists, including modest reductions in cholesterol and blood pressure, that may 
make this class of drug useful in the setting of polypharmacy [190–192].

In terms of potential drawbacks, gastrointestinal disorders are more common 
with some GLP-1 agonists and injection site reactions are also more common if 
these medications are given subcutaneously. Dose reductions with slow up titration 
of doses may be required in older, more frail adults [191]. While once weekly dos-
ing regimens available for most GLP-1 agonists may be appealing, delivery by sub-
cutaneous injection may not be practical for all older adults.

3.4.3  DPP-4 Inhibitors

There have been several studies that have examined the efficacy and safety of DPP-4 
inhibitors in older adults and in those with co-morbidities [193, 194]. Relevantly, 
DPP-4 inhibitors have been shown to lower HbA1c to the same extent as sulfonyl-
ureas, but without the same risk of hypoglycaemia [195]. Linagliptin, in addition to 
usual care, has been shown to be non-inferior to both placebo plus usual care and 
glimepiride plus usual care in reducing a composite outcome of CV death, nonfatal 
MI and nonfatal stroke, in patients with more advanced CKD or at high CV risk 
respectively, making it a useful option in older patients with renal impairment 
[157, 160].
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There have been trials suggesting an increased risk of hospitalisation for heart 
failure, particularly with the use of saxagliptin [146]. However, others have found 
no increased risk of hospitalisation with sitagliptin or linagliptin [150, 157]. Given 
the uncertainty, guidelines recommend against their use in patients with a known 
history of heart failure.

3.4.4  Thiazolidinediones

Thiazolidinediones have been shown to maintain glycaemic targets longer when 
compared to metformin or the sulfonylurea, glyburide, albeit in a younger patient 
cohort (mean age 57  years), while avoiding the risk of hypoglycemia [196]. 
However, there are a number of drawbacks associated with thiazolidinedione use in 
older patients, in particular the increased risk of oedema and heart failure. The 
RECORD (Rosiglitazone Evaluated for Cardiovascular Outcomes in Oral Agent 
Combination Therapy for Type 2 Diabetes) trial found a two-fold increased risk of 
heart failure in those who received rosiglitazone compared with active control (met-
formin or sulfonylurea) [144]. Significantly, these events resulted in hospitalisation 
and increased heart failure deaths, meaning that, at least in some cases, 
thiazolidinedione- associated heart failure is not benign. As a result, rosiglitazone in 
particular, should be avoided in patients with a history of heart failure. Rosiglitazone 
should also be used with caution in those at high risk of fractures, particularly in 
women [144]. Given rosiglitazone’s link with an increased risk of stroke, heart fail-
ure and all-cause mortality in patients over the age of 65 years, pioglitazone should 
be ideally used preferentially if considering thiazolidinedione use in older patients 
[197, 198].

3.4.5  Insulin and Others

There has only been one RCT evaluating the effects of insulin on macrovascular 
outcomes [199]. While there was an improvement in glycaemic control, there was 
no benefit for cardiovascular outcomes. A major drawback of insulin use in the 
older adult is the risk of hypoglycaemia. Administration of insulin therapy also 
requires good visual and motor skills, as well as good cognitive ability. This may be 
a barrier to administration in some patients. Where possible, once daily dosing 
should be used.

Sulfonylureas, particularly long-acting formulations, should be avoided if pos-
sible in older patients due to their risk of hypoglycaemia and its associated conse-
quences [200].
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4  Diet

While maintaining a healthy diet is intuitive for improving general health, most 
of the evidence for a relationship between diet and ASCVD comes from observa-
tional research, with a paucity of high quality, large, randomised trials assessing the 
impact of diet on hard ASCVD outcomes, particularly in older patients. Much of the 
evidence discussed below is therefore derived from data in younger patients. 
However, given the low risks associated with maintaining a healthy diet, as well as 
the general health benefits gained from maintaining a healthy diet, it would seem 
reasonable to recommend similar measures for older patients. Additionally, a reduc-
tion in salt intake and weight have has been shown to have the added benefit of 
reducing the requirement of antihypertensive therapy in older adults by up to 30%, 
thereby reducing the risk of unwanted medication side effects as well as potential 
polypharmacy [201].

4.1  Benefits of Maintaining a Healthy Diet in Older Adults

One of the key outputs of maintaining a healthy diet is maintaining a healthy body 
weight. Traditionally, a healthy weight has been defined as a body mass index 
between 18.5 and 24.9kg/m2 [202]. An elevated BMI has consistently been shown 
to be linked to higher all cause and CVD mortality even up to the age of 75 years, 

Box 4 

DietD

• Both the Mediterranean diet and DASH diet are recommended dietary 
patterns.

• Dos: diet rich in fruit, vegetables, skinless poultry, fish, unsaturated fats, 
nuts and whole grains.

• Don’ts: diets high in sugar, salt, trans fats, saturated fats, and red meat.
• Limit daily alcohol consumption to ≤2 drinks (20g/day of alcohol) in men, 

and ≤1 drink (10g/day of alcohol) for women.
• Both low and high BMIs are associated with increased ASCVD in 

older adults.
• While the ideal BMI in younger patients is defined as being between 18.5 

and 24.9kg/m2, a slightly higher BMI may be acceptable in older adults.
• An increasing prevalence of sarcopenic obesity, and growing recognition 

of its link to ASCVD, means there may be a role for measuring grip 
strength in association with BMI to achieve a more accurate picture of a 
patient’s ASCVD risk.
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albeit with attenuation in associated risk observed with increasing age [203, 204]. 
Despite this, it has been estimated that two-thirds of those over the age of 65 years 
in westernised countries have a BMI above the recommended target, meaning we 
have significant opportunity to improve our preventive efforts in this area [205, 206].

While there is an agreement that an elevated BMI is associated with increased 
CVD risk, there has been some debate in the literature if the same target range for 
BMI is appropriate for older adults as is generally targeted in younger adults [207, 
208]. Winter et al. recently reported a U-shaped observational relationship between 
BMI and all-cause mortality in community dwelling adults aged 65 years or older, 
with the nadir of the curve sitting at a BMI between 24 kg/m2 and 30.9kg/m2, raising 
the question as to whether slightly higher BMIs may be an acceptable target in cer-
tain older adults [209]. There are also some limitations to reliance on BMI as the 
sole measure of weight in older adults as it does not account for changes in body 
composition with age, specifically the decline in muscle mass and strength, and this 
potential impact on CVD risk [210]. With a concurrent increase in the prevalence of 
obesity and an aging population, the prevalence of obesity in the presence of a low 
muscle mass or strength, also known as sarcopenic obesity, is becoming increas-
ingly recognised as a relevant marker of CVD risk in older adults [211]. A prospec-
tive cohort by Stephen et al. included 3366 community-dwelling primary prevention 
adults and demonstrated that while obesity (determined using waist circumference) 
and sarcopenia alone were not sufficient to increase CVD risk in these patients, the 
presence of both i.e., sarcopenic obesity (defined as a high waist circumference and 
low grip strength) increased the risk of CVD by 23% [212]. There may therefore be 
a role for assessing grip strength as part of weight assessments in older patients. 
Measuring a patient’s waist circumference can also help unmask increased visceral 
adiposity and is increasingly recommended as part of the routine assessment [213]. 
An elevated waist circumference, even in those with a normal BMI, is indepen-
dently associated with an increased CVD risk. Guidelines currently agree that a 
normal waist circumference is <40 inches in men or < 35 inches in women, with 
smaller measures for those of South Asian, Chinese or Japanese ethnicity [83, 214].

4.2  Components of a Healthy Diet

A diet rich in fruit and vegetables, skinless poultry, fish, unsaturated fats, nuts and 
whole grains remains key to reducing both the risk of cardiovascular disease and 
all- cause mortality [215–218]. Conversely, diets high in sugar consumption, salt, 
trans fats, saturated fats and red meat have all been linked to increased CVD events 
and mortality [217, 219–223]. While single food groups and nutrients have been 
linked to CV disease, there is now increased attention on studying dietary patterns, 
as individual dietary components are almost always consumed in combination with 
strong correlations between each other [224]. While there are numerous dietary 
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patterns globally, probably two of the most commonly encountered in CV literature 
are the Mediterranean diet (MedDiet) and the DASH diet.

The term “Mediterranean Diet” (MedDiet) began appearing in the literature fol-
lowing a landmark study in the 1980s, which demonstrated that CVD risk varied 
across countries with different dietary habits [225]. The study by Keys et al., found 
that there was a lower CHD mortality rate in countries bordering the Mediterranean. 
While there are some variations in definitions, generally the Mediterranean diet is 
accepted as a diet where olive oil is the main source of dietary fat, where there is a 
high intake of plant foods, a low to moderate intake of animal foods and wine in 
moderation with meals [226]. Since the original work by Keys et al., there have been 
several meta-analyses examining the effects of adherence to a Mediterranean diet on 
various CVD risks, with suggestions that such a diet is inversely associated with the 
risk of developing diabetes and metabolic syndrome, with beneficial effects on 
blood pressure, triglycerides, LDL-C, body weight and development of heart failure 
[226–228]. Relevantly, adherence to a Mediterranean diet has also been shown to 
improve overall survival in those over 70 years, meaning that evaluation of a patient’s 
diet should continue to form a key part of preventive conversations even in older 
patients [229]. While there was some controversy surrounding the initial published 
report, data from the PREDIMED trial demonstrated that a Mediterranean diet sup-
plemented with extra-virgin olive oil or a Mediterranean diet supplemented with 
mixed nuts was superior to a reduced fat diet (control) in preventing major cardio-
vascular events in those at high risk of CVD [230]. Current guidelines are consistent 
in recommending a Mediterranean type diet, rich in vegetables, fruits, legumes, 
nuts, whole grains and fish, while avoiding trans fats and minimising intake of pro-
cessed meats, carbohydrates and sweetened beverages [83, 84].

The Dietary Approaches to Stop Hypertension (DASH) diet has large overlaps 
with the MedDiet, including a high intake of fruit and vegetables, legumes, low fat 
diary, whole grain products, nuts, fish and poultry, with a reduced intake of satu-
rated fat, red and processed meats and sweet beverages [231]. This dietary pattern 
has been associated with improved blood pressure control and a reduction in CV 
events [222].

Other dietary patterns, including those low in carbohydrates but high in fat, so 
called “ketogenic diets,” have been associated with short term weight loss in younger 
patients, at the expense of increased LDL-C [17]. Similarly, diets with very low or 
very high carbohydrate intake have been associated with an increase in mortality 
[232]. At present, guidelines do not recommend ketogenic diets for ASCVD 
reduction.

There have been suggestions that consumption of alcohol in moderation may in 
fact improve vascular function and reduce the risk of ASCVD, however advice to 
increase alcohol consumption should be avoided given the other health risks associ-
ated with excessive drinking [233]. Daily alcohol consumption should be limited to 
≤2 drinks (20g/day of alcohol) for men, and ≤  1 drink (10g/day of alcohol) for 
women [83, 84].
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5  Exercise

Regular physical activity helps improve weight loss, blood pressure control, cho-
lesterol levels and insulin sensitivity, and thus, maintaining a physically active life-
style remains a critical component in the prevention of ASCVD. Additional benefits 
of exercise in older adults include anti-inflammatory and anti-thrombotic effects, 
improved cardiovascular hemodynamics, improved psychological wellbeing, quality 
of life and decreased risk of falls and injury. Similar to other lifestyle interventions, 
the benefits of being physically active on balance significantly outweigh any poten-
tial risks in most patients. Despite this, it is estimated that more than a quarter of all 
adults globally are not engaging in enough physical activity [234]. Compounding the 
issue further, physical activity levels tend to progressively decline with increasing age.

5.1  Recommended Exercise Prescription

There is an inverse dose response relationship between the amount of moderate to 
vigorous physical activity and incident ASCVD events and death. This dose- 
response relationship is curvilinear, meaning that those who go from a relatively 

Box 5 

ExerciseE

• Regular exercise helps improve weight loss, muscle mass, blood pressure 
control, cholesterol levels and insulin sensitivity.

• Guideline recommendations are that all adults should engage in at least 
150 min of accumulated moderate intensity or 75 min of vigorous intensity 
aerobic physical activity per week.

• Older adults who cannot reach those targets should be as physically active 
as their condition allows.

• Any exercise is better than none.
• Sedentary behaviour (defined as all sitting or reclining with low energy 

expenditure) increases the risk of ASCVD independent of physical activity 
levels, and thus minimising such behaviour is key.

• Ideally, exercise should include a combination of balance training, aerobic 
exercises and muscle strengthening activities.

• The FITT-VP principle provides a useful structure for discussing an indi-
vidualised exercise regime.

• Inclusion of older adults in cardiac rehabilitation programmes remain a 
key component in the setting of secondary prevention.
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inactive lifestyle to engaging in mild or moderately physical activity will yield a 
relatively large risk reduction in CVD outcomes, whereas further increases in physi-
cal activity levels beyond this will produce smaller risk reductions [235, 236]. While 
current guidelines recommend that all adults should engage in at least 150 min of 
accumulated moderate intensity or 75 min of vigorous-intensity aerobic physical 
activity per week, the benefits of encouraging older adults who do little or no exer-
cise to engage in any form of physical activity can have substantial health benefits 
[83, 166, 237]. To realise the full health benefits of being physically active, older 
adults should ideally includes combination of balance training, aerobic exercises 
and muscle strengthening activities into their weekly physical activity routine [238]. 
There is increasing recognition that older adults who cannot reach these targets 
should be as physically active as their abilities and conditions allow [238, 239]. 
Those with physical activities well below guideline recommendations continue to 
observe CVD and general health benefits. Replacing sitting with even light intensity 
physical activity or standing may provide significant health benefits for patients 
[240]. Similarly, the addition of only 30 min of normal walking per day for 5 days 
a week has been associated with a 19% reduction in CHD risk [241]. O’Donovan 
et al. demonstrated that patients (mean age 58.9 years) who reported 1–2 sessions of 
moderate- or vigorous intensity leisure time physical activity, which is less than 150 
min, per week had a reduced all-cause mortality and CVD mortality as compared to 
those who were physically inactive [242].

While sedentary behaviour was previously conceptualised as one end of the 
physical activity spectrum, it is increasingly being recognised as a distinct construct 
from physical activity. Defined as, all sitting or reclining with low energy expendi-
ture (<1.5 metabolic equivalents), sedentary behaviour has been shown to pose a 
significant risk for the development of ASCVD, independent of physical activity 
levels [243–246]. Sedentary behaviour has increased in the last decade, and is high-
est in older adults, with adults over the age of 60 years estimated to spend 80% of 
their awake time engaged in sedentary activities [245, 247, 248]. A recent large 
meta-analysis by Patterson et  al., including data from over one million patients, 
found that self-reported sitting for more than 6–8 h a day was linked to increased 
CVD mortality, even after adjustment for physical activity levels [244]. Significantly, 
data from the OPACH study, including 5638 women aged 63–97 years (mean age 
78.55 years), found that reducing sedentary time by 1 h per day was associated with 
a 12% lower risk of CVD (defined as the first occurrence of an MI, revascularisa-
tion, hospitalised angina, heart failure, stroke or death attributable to CVD) and a 
26% lower risk of heart disease [249]. Increased bouts of time spent in sedentary 
positions were also associated with increased risk, while short interruptions to sed-
entary time with light intensity exercise is associated with lower CVD risk. Data 
from the Canadian Fitness Study observed similar findings; among those who 
achieve physical activity recommendations, the subgroup who spent more time sit-
ting were at increased risk of CVD mortality compared to those who spent less time 
sitting [250]. Thus, a key component when counselling older patients should include 
an emphasis on reducing the total sedentary time, as well as bouts spent engaging in 
sedentary activities.
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On the other extreme end, there has been some observational evidence to suggest 
early atherosclerotic disease development in those engaged in an excessive volume 
of high intensity exercise [251]. The exact mechanisms for atherosclerotic develop-
ment in athletes is unknown, but some potential speculative pathways include 
altered coronary hemodynamics, increased inflammation, imbalanced diet, 
performance- enhancing drugs, increased systolic blood pressure and increased 
mechanical stress [252]. Contrasting these findings, cohorts of elite athletes have 
been shown to have improved life expectancy and lower CVD mortality [253]. 
Therefore, while the curvilinear association between exercise and CVD is well 
established, suggesting diminishing returns in terms of CVD benefit from more 
excessive exercise practices, whether too much exercise can cause harm is not fully 
known and the data to date are mixed.

The FITT-VP principle (Frequency, Intensity, Time, Type, Volume and 
Progression) can be a useful guide when discussing an individualised exercise 
regime with older adults [254]. Older adults with more complex comorbidities may 
need health screening prior to engaging in more vigorous exercise programmes. 
However, it is important to realise that exercise is safe for most people, particularly 
at lower to moderate intensity levels where benefits far outweigh the risks, and 
therefore efforts should be made not to over screen or place unnecessary obstacles 
for patients who are keen to engage in regular physical activity [255].

5.2  Identifying Barriers and Motivators to Exercise 
in Older Adults

Although the benefits of regular physical activity are well established, most older 
adults do not maintain the guideline recommended levels. In fact, it is estimated that 
almost 90% of older adults have at least one perceived barrier to exercise participa-
tion [256]. Frequently cited barriers to regular physical activity include presence of 
co-morbidities (e.g. osteoporosis), lack of time, fear of injury, lack of access to an 
area for exercising, lack of knowledge and lack of motivation, fear of “slowing oth-
ers down” or lack of belief in their capabilities [257–259].On the contrary, motiva-
tors for regular exercise include physician advice, family influences, health benefits, 
and psychosocial reasons such as enjoying group activities and meeting friends 
[257]. It has been suggested that older adults may be more likely to respect physi-
cian advice compared to younger patients, and therefore physicians and healthcare 
providers should make it a priority to regularly counsel older adults about the con-
tinued benefits from regular physical activity with aging [260]. To help sustain regu-
lar exercise, it is important to encourage patients to find an activity that they enjoy 
and can include into their daily routine [84]. Increased access to group based physi-
cal activity programs may also help in increasing participation in regular exercise 
[261]. Use of technology, such as step counters or wearable devices and fitness apps 
can be helpful adjuncts in promoting physical activity, even in older patients [238].
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5.3  Cardiac Rehabilitation in Secondary Prevention

Cardiac rehabilitation (CR) remains a critical component in the continuum of care 
for older patients who have known cardiovascular disease. Using a combination of 
patient education, health behaviour modification and exercise training, CR has been 
shown to improve mortality, hospital readmissions, and health related quality of life 
in secondary prevention patients. Significantly, cardiac rehab has been shown to 
confer a similar benefit for older patients compared to their younger counterparts 
[262, 263]. Cardiac rehabilitation is currently recommended for all patients after a 
myocardial infarction, percutaneous coronary intervention, coronary artery bypass 
graft surgery or in the setting of chronic coronary syndromes or symptomatic 
peripheral arterial disease [264–267]. It is also recommended for patients in the set-
ting of heart failure with reduced ejection fraction [268]. Despite the clear indica-
tions and benefits, cardiac rehabilitation is often underutilised in older adults, 
particularly more frail older adults, women or those from minority groups [269–
272]. Home based cardiac rehabilitation may be an option for selected older patients 
in overcoming barriers such as transportation challenges or lack of availability of a 
programme near a patient’s home [273, 274].

6  Conclusion

The prevalence of both cardiovascular risk factors and incident ASVCD increase 
linearly with advancing age, adding significantly to morbidity, reduced quality of 
life and early mortality in older adults. With a rapidly ageing population, early and 
appropriate preventive strategies are therefore a major global health priority. While 
the risks of CV disease are increased, changing physiology and an increasing preva-
lence of comorbidities, frailty and polypharmacy, also make this patient cohort 
more vulnerable to adverse effects of more intensive medical interventions on 
ASCVD risk factors. Thus, clinicians face unique challenges when considering pre-
ventive care strategies for older adults.

The common misperception that it is “too late” to implement changes should be 
avoided. Assessment of a patient’s risk should involve consideration of the potential 
benefit gained from an intervention, weighed against potential risks. It is particu-
larly important to think outside of chronological age, considering both frailty and 
potential comorbidities. Undertreatment based on age alone is a common and peril-
ous pitfall. New ASCVD risk prediction tools for older adults, such as the SCORE2 
OP, may help overcome age-based therapeutic malaise. Shared clinician- patient 
decisions are key, both in establishing treatment goals and priorities for all patients.

Going forward, inclusion of older patients with co-morbidities, representative of 
the everyday older adult, in larger trials is a major research priority. Consideration 
of outcomes relevant to older adults, such as quality of life, will be key.
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Cardiovascular Pharmacology of the Older 
Patient

Brent G. Petty

1  Concentration of Medication in Our 
Bodies: Pharmacokinetics

Pharmacokinetics has been described as “what our bodies do to medications.” The 
factors that in�uence the concentrations of medications in our bodies include 
absorption, distribution, metabolism, and elimination. Absorption usually depends 
on the gastrointestinal tract, but alternative routes are sometimes effective for ade-
quate absorption (e.g., sublingual, buccal, rectal, or transdermal). The most impor-
tant organs involved with metabolism are the liver and the gastrointestinal mucosa, 
which both contain metabolizing enzymes. Elimination of medications and their 
metabolites may involve the liver, gastrointestinal mucosa, biliary tract, and kidneys.

2  Physiology of Aging

Our bodies are fantastic machines, but they tend to wear over time. All organ sys-
tems are affected in the physiology of aging [1], but the ones that are most important 
concerning medications are the renal and hepatic systems, and to a small degree, the 
gastrointestinal system.
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2.1  Reduction of Kidney Function

With the passage of time, there is a reduction in the number and size of nephrons. 
There is also glomerular sclerosis, glomerular basement membrane thickening, and 
reduction of renal blood flow [1]. All of these factors contribute to the progressive 
reduction of renal function. This impairs the body’s ability to eliminate certain med-
ications and/or metabolites, consequently exposing the elderly patient to higher 
medication concentrations and longer persistence of increased concentrations com-
pared to younger patients.

2.2  Reduction of Liver Function

As humans age, both liver mass and hepatic blood flow fall [1]. The ability of 
hepatic enzymes to metabolize medications is reduced in advancing age. This slows 
the conversion of medications to metabolites and slows the conversion of active 
metabolites to inactive molecules. It may also delay the change of an inactive “pro- 
drug” (e.g., codeine) to its active form (morphine).

2.3  Gastrointestinal Absorption

There is little influence of aging on gastrointestinal absorption. The bioavailability 
of medications, or the fraction of medication absorbed, is not substantially altered 
with advancing age for most drugs. For compounds that are better absorbed in an 
acidic gastric environment, such as iron or calcium, the reduction of gastric acid 
production sometimes seen in elderly patients affects absorption [1, 2].

Figure 1 shows a representative example of the blood concentrations of vera-
pamil in a young patient compared to an elderly patient. The peak level with the first 
dose does not differ much between young and elderly patients, but the idifference in 
the peaks will increase between them over time with continued dosing. The lowest 
(trough) concentration will also be higher and will progressively increase in the 
elderly patient compared to the younger patient.

The overall conclusion regarding pharmacokinetics in elderly patients is that 
both medication concentrations and half-lives will be increased compared to 
younger patients [3]. This means that lower doses, perhaps given less frequently, 
may be sufficient for the desired effect and/or to avoid concentration-related toxici-
ties. Upward titration of doses for greater effect should be done more conservatively 
in older patients because they will have a greater rise in concentrations.
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3  Effects of Medication on Our Bodies: Pharmacodynamics

The in�uence of aging on medication effect is variable. A variety of medications 
and their pharmacodynamic responses are outlined in Table 1. The effect of age on 
medication responses varies not only among medications but varies with the par-
ticular response measured [3]. In many cases, elderly patients can be more sensitive 
than younger people to the effect of a given dose or blood concentration of a medi-
cation [4]. Yet in other cases, including the sensitivity of the same individual and to 
the same medication, the nature of the response can be different. For example, the 
effect of diltiazem at equal concentrations on reducing blood pressure is greater 
with elderly patients compared to young patients, yet the effect of diltiazem on pro-
longation of the PR interval is less with elderly compared to young patients. And 
while the effects of verapamil on blood pressure and heart rate are greater in older 
than younger patients, elderly patients are less sensitive to the effects on cardiac 
conduction.
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Table 1 Selected pharmacodynamic changes with agea

Medication Measured effect
Response to equal blood concentrations in 
elderly compared to younger patients

Adenosine Heart-rate response ↔
Amlodipine [24] Blood pressure response ↔
Diazepam Sedation, postural sway ↑
Diltiazem Acute and chronic 

antihypertensive effect
↑

Acute PR interval prolongation ↓
Diphenhydramine Postural sway ↔
Enalapril ACE inhibition ↔
Furosemide Peak diuretic response ↓
Heparin Anticoagulant effect ↔
Isoproterenol Chronotropic effect ↓
Phenylephrine Αlpha1-adrenergic 

responsiveness
↔

Propranolol Antagonism of chronotropic 
effects of isoproterenol

↓

Verapamil Acute antihypertensive effect ↑
Cardiac conduction ↓

Warfarin Anticoagulant effect ↑
↑ = increase; ↓ = decrease; ↔ = no significant change; ACE = angiotensin-converting enzyme
a Adapted from Mangoni and Jackson [3]

4  Polypharmacy

As patients age, they tend to develop more medical problems, they consult more 
medical providers, and they are treated with more and more medications. Over 90% 
of patients in long-term care take five or more medications daily [5]. As the number 
of medications taken increases, the patient is more likely to have adverse effects 
and/or clinically significant drug interactions [6]. The principle should always be to 
use the lowest doses of the fewest number of medications to adequately (not per-
fectly) control the patient’s problems.

The conscious effort to reduce the number of medications that patients take is 
called “deprescribing.” This has become more and more popular in recent years 
[5–7]. There have even been calls for investigating the deprescribing of medications 
as part of the process of new drug development in order to reduce the risk of 
withdrawal- associated harms and to include this information in product labels [8]. 
Epidemiologic data suggest that statins used for primary prevention of cardiovascu-
lar events might best be continued after age 75 and not be deprescribed [9].

In summary, the cautious and reasonable approach to take with regard to dosing 
most medications in the elderly is to “start low and go slow” [10]. This will help 
avoid excessively high concentrations of medications in the elderly and takes into 
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account the potential synergistic effect of multiple, simultaneous pharmacodynamic 
responses in these patients. Consideration of age is incorporated into recommended 
dose reduction for some drugs, such as apixaban [11].

5  Drug Interactions

As mentioned above, drug interactions are common and increase with the number 
of medications a patient is taking. Access to drug interaction data is widely available 
on medication databases such as Lexicomp and Micromedex, or on the internet 
through sites such as the FDA [12] or Indiana University [13]. It is important to 
remember that drug interactions are influenced not only by the addition of medica-
tions to a patient’s regimen but also by removals. For example, in a patient taking 
both simvastatin and diltiazem, stopping the diltiazem can lead to a reduction in the 
simvastatin concentration because the diltiazem no longer slows the elimination of 
simvastatin.

6  Interventions

6.1  Avoidance

One strategy to avoid toxicity due to medications in the elderly is simply to avoid 
using all medications that may contribute to problems in elderly patients. That was 
the approach proposed in the original Beers list [14], which called for certain medi-
cations not to be used in elderly patients. In recent years, as the American Geriatric 
Society has been revising and rewording the list, their approach has become more 
realistic and reasonable [15]. Now there is a recognition that the plurality of medica-
tions are just relatively contraindicated, and with appropriate dose adjustment these 
drugs can be used safely and effectively in most elderly patients.

6.2  Therapeutic Drug Monitoring

Treatment of any patient should follow the “ideal therapeutic algorithm” (Table 2). 
First, the prescriber should have a therapeutic goal in mind, whether it is to lower 
the blood pressure to a certain point, reduce the hemoglobin A1c below a certain 
threshold, or drive the LDL cholesterol down under some concentration. With the 
goal in mind, an appropriate agent is selected, and then an appropriate starting dose 
of the agent is chosen. When relevant patient characteristics or concomitant medica-
tions are known, the dose may be individualized somewhat. After allowing a 
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1. Determine the therapeutic goal.
2. Choose an appropriate agent.
3.  Choose the appropriate dose, individualizing for each 

patient when possible.
4.  Know when/how to monitor for effectiveness and safety, 

including the essential criteria for appropriate 
therapeutic drug monitoring.

5.  Properly adjust the therapy (e.g., increase the dose, add 
another medication, switch to another agent, etc.) to 
attain the therapeutic goal and avoid toxicity.

a From “Rational Therapeutics” course, the Johns Hopkins 
University School of Medicine

Table 2 Ideal therapeutic 
algorithma

1.  Medication concentration or effects can be measured 
reliably and accurately

AND
2.  The efficacy of medication treatment can be enhanced 

by achieving a certain concentration or effect range
AND/OR
3.  The toxicity of medication treatment can be reduced 

by maintaining a certain concentration or effect range

Table 3 Criteria for 
appropriate therapeutic drug 
monitoring

sufficient period of time for the intervention to reach a substantial or peak effect, 
which may be days or weeks, a repeat measurement is performed and is compared 
to the pre-treatment reading and the therapeutic goal. Then, whatever the starting 
dose may have been, adjustments in the dose may well be needed to achieve the 
therapeutic goal. After the response to the new dose is observed, another adjustment 
in dose, or adding or substituting another medication, can be considered. All the 
while there is monitoring for evidence of adverse effects.

Therapeutic drug monitoring is a term that usually implies the measurement in 
some body fluid of a substance that is either the medication that is being monitored 
or a related substance. Therapeutic drug monitoring is best employed when certain 
criteria can be met (Table 3). If measuring a drug concentration or a physiological 
result [e.g., activated partial thromboplastin time (aPTT)] is part of the monitoring, 
one must be confident that the laboratory to be used can measure the item accurately 
and in a timely fashion. Then, it must be known that the efficacy of the drug is 
enhanced or the toxicity of the drug is reduced by adjusting the dose of the medica-
tion. If the efficacy or toxicity of a medication cannot reliably be improved by 
adjusting the dose to achieve a result in the “therapeutic range,” then therapeutic 
drug monitoring is without value. We should avoid the temptation to measure drug 
concentrations just because we can. Achieving and maintaining results in the “thera-
peutic range” should reduce the risk of toxicity or improve efficacy, or both. It 
should be emphasized that measuring drug concentrations in plasma or serum estab-
lishes individual patient pharmacokinetics. One well-done drug concentration is 
more valuable than any algorithm that seeks to predict concentration or effect using 
patient characteristics, co-morbidities, or other factors.
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6.3  Proper Medication Use [16]

The choice of initiating medication treatment or not should always be carefully 
weighed. Before a medication is ordered for a hospitalized patient or prescribed for 
an outpatient, the prescriber needs to consider the (1) efficacy, (2) safety, and (3) 
cost of the medication, in that order of importance. Without efficacy for the condi-
tion being treated, no medication should be given. “It’s not likely to be harmful” is 
no justification for giving a medication without demonstrated efficacy for the 
patient’s problem.

It is always an option in medicine to do nothing (offer no treatment), and some-
times no treatment is the best option. For example, in a patient with an acute inferior 
wall myocardial infarction who develops Mobitz I block (Wenkebach), the occa-
sional missed beat is often of no clinical consequence, creates no risk for the patient, 
and almost always resolves without intervention. Treating such a problem with atro-
pine or a pacemaker would be a mistake, introducing some risk of toxicity or com-
plication for no clinical benefit, so no treatment is the best approach for the transient 
conduction defect in such patients.

Additionally, there are often “non-pharmacologic approaches” that may be alter-
natives or adjuncts to medications for certain medical conditions. These non- 
pharmacologic approaches include lifestyle modification and behavioral therapies. 
Weight loss, dietary changes, smoking cessation, stopping alcohol, and prudent 
exercise are among the options.

6.3.1  Evidence for Efficacy

The quality of medical studies supporting the use of medications varies widely. The 
strongest studies that direct medical practice are clinical trials that are well designed, 
randomized, controlled, “blinded” or “masked,” and prospective. Each of these ele-
ments is important to increase the likelihood that the results of the study can be 
accepted as accurate rather than be the result of chance. The study question is 
framed as a “null hypothesis,” which is often not what the investigators actually 
expect to find. In fact, most investigators begin with the expectation of showing a 
difference between the test compound and either standard treatment or inactive (pla-
cebo) treatment. So for example, if one were comparing the effect of two HMG- 
CoA reductase inhibitors (“statins”) on serum cholesterol, a null hypothesis could 
be, “There is no difference between atorvastatin and rosuvastatin in patients with 
hypercholesterolemia and symptomatic coronary artery disease.” Then the study is 
conducted with a sufficient sample size to attempt to disprove the null hypothesis 
with a certainty of at least 95% that the degree of difference between the two drugs 
is greater than zero and not just the result of chance (alpha or type I error = 0.05). 
More frequently now than in the past, the investigators may propose that there will 
not be a significant difference between the two arms, or what is called a “non- 
inferiority” study. The confidence of saying that two medications are “equivalent” 
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or “non-inferior” often requires a larger sample size because (1) the difference for a 
treatment to be considered inferior (the margin of clinical equivalence) is often 
smaller than the treatment effect hypothesized in a superiority study, and (2) the 
beta, or probability of type II, error is normally set at 0.2, but when investigators 
want more certainty that they are not missing a treatment difference that truly exists, 
the beta may be reduced to 0.1.

Once the study is completed, having achieved the intended sample size, the 
results are analyzed. The most balanced approach is to assume that either of the two 
groups could be superior to the other, which leads to a “two-tailed” statistical test. 
It is especially interesting to see how close each group actually performed compared 
to the predicted response when the study hypothesis was developed and the sample 
size was calculated. The analysis can determine whether one group had a more 
favorable outcome than the other, and by how much they differed. The difference is 
“statistically significant” if it is less likely than 5% to have reached that difference 
through chance alone. The 5% threshold is, of course, arbitrary as a level to embrace 
an observation with absolute conviction vs. 6% to discount as nothing very mean-
ingful. In fact, when the difference reaches a 6% degree of certainty for being 
beyond a chance finding, it seems inappropriate to say that the outcomes of the 
groups were “not different.” The truth is that the groups’ outcomes were different, 
but there was not sufficient evidence to reject the null hypothesis. Regrettably, in 
such cases, one often hears the term “trend” used to describe the difference, with the 
assumption that the difference would have reached statistical significance if only the 
sample size were larger and the proportional responses held the same levels with 
additional subjects. What is important to emphasize is that the difference may be 
clinically meaningful and that further research should be done to assess the 
difference.

Too often readers ignore the Methods sections of published papers, giving their 
limited time instead to the Abstract, a few figures or tables in the Results, and the 
highlights of the Discussion section. This approach may save time, but it ignores the 
critical information about characteristics of the study population recruited, what 
kinds of patients were excluded, how other medications were managed, and many 
other aspects that ultimately determine whether the results of the study are valid and 
whether they can be applied to any other population/patient group besides those 
enrolled into the study. The paper rises or falls on its Methods, so results or conclu-
sions are not valid if the procedures involved in conducting the study are seri-
ously flawed.

Among the difficult issues with clinical trials is whether the results can be 
extrapolated to all drugs in the same class. Extrapolation across a class is somewhat 
common but also hazardous, as drug formulation, absorption, duration of effect, and 
frequency and severity of drug interactions differ among drugs in the same class. 
Even with HMG-CoA reductase inhibitors, whose effects on LDL cholesterol are 
mostly affected by drug potency and can often be equated through adjustment of 
dose, the efficacy related to clinical outcomes and frequency of adverse effects may 
vary. Thus, what is true for one drug in a certain class may not always be true for 
other drugs in the same class.
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Another issue regarding the validity of clinical trials is the use of “surrogate 
markers” in place of “hard clinical endpoints.” An example is a reduction of HIV 
RNA levels as a surrogate for medication efficacy instead of prolonged survival in 
patients with AIDS. Some surrogate markers have been demonstrated through rigor-
ous clinical studies to be closely associated with hard clinical endpoints, providing 
assurance that they can be trusted as substitutes. Other surrogate markers have less 
data to justify their use as substitutes. A published study points out the hazard of 
surrogate markers: a study of interleukin-2 therapy in patients with HIV infection 
showed a substantial and sustained elevation of CD4+ cell count over a period of 
7–8 years average follow-up, but no improvement in survival or in the incidence of 
opportunistic infections [17]. In this case, the positive effect of the medication on 
the surrogate marker was not accompanied by improvement in the clinical end-
points. And recent emphasis has been focused on a questionable surrogate marker 
related to a controversial medication for treatment of Alzheimer’s Disease [18].

Another common outcome strategy in clinical trials is “composite endpoints,” 
combining as an “event” any one of several conditions, such as cardiac death, non- 
fatal myocardial infarction, and admission to a hospital for unstable angina. 
Obviously, all of these conditions are defensible as outcomes in patients with coro-
nary artery disease, but they are decreasingly reliable as “hard clinical endpoints” 
for an intervention intended to influence the course of coronary artery disease. 
Especially when the most frequent of the three conditions contributing to the com-
posite endpoint is the result of variable clinician judgment (e.g., the threshold for 
when to admit a patient for unstable angina), the reliability of the composite end-
point decreases. In the words of one author, “…inconsistent or even inappropriate 
construction of composite endpoints is a common and completely avoidable threat 
to appropriate understanding and interpretation of trial results” [19].

6.3.2  Safety

Throughout all phases of drug development before drug approval (Phases I, II, and 
III), safety is assessed, but at best these studies involve only a few thousand study 
subjects for the vast majority of drugs. With this number of patients, only side 
effects of moderate frequency (around 1–10 per thousand) will be identified. More 
rare (and often more serious) side effects may only become recognized with much 
more extensive use, involving tens of thousands of people. The experience with 
drugs such as troglitazone [20] emphasizes the importance of post-marketing report-
ing of toxicities associated with newly-approved medications to MedWatch and/or 
to the manufacturer.

There is a risk of toxicity with virtually all medications, so there must be a con-
sideration of risk and benefit before starting or continuing medications. In many 
cases, the toxicity emerges without warning (“idiosyncratic”), such as rashes in 
response to penicillin. These “adverse drug events” are usually unpredictable and 
are not considered “medication errors.” In other cases, the possible toxicities of 
medications can be identified and treated before they become clinically dangerous 
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(e.g., hypokalemia with loop diuretics or hyperkalemia with ACE inhibitors). These 
adverse drug events are not medication errors either unless the patient is not moni-
tored appropriately with occasional serum potassium measures.

6.3.3  Cost

The cost of medical care seems to steadily rise. Spending on healthcare in the U.S. in 
2019 rose 4.6%, to a total of $3.8 trillion. This represented 17.7% of our overall 
economy [21]. Interestingly, while the spending on drugs continues to go up each 
year, the rates of increase have varied [22]. Data for the annual increases in total 
U.S. drug expenditures for the past 10 years are shown in Table 4.

Retail prescription drug expenditures rose by 2.2%, 3.8%, and 5.7% in calendar 
years 2017, 2018, and 2019, respectively [22]. No wonder patients sometimes find 
that they are unable to afford their medications, and as a result they go without them. 
This “economic non-compliance” increases during difficult economic periods or 
when people have fixed incomes and must choose between paying for these medica-
tions or their food or housing. Additionally, if hospitals and health systems could 
pay less for their medications, they would have more funds available for capital 
improvements or expanded personnel services.

The drug that contributed the most to overall drug expenditures in 2020 was 
adalimumab [22]. In second place, with about half the total expenditure, was apixa-
ban (Table 5). Other cardiovascular drugs in the top 25 for 2020 included rivaroxi-
ban and epinephrine, and their costs for 2020 are also shown.

Clinical trials have increasingly been including assessment of quality of life, not 
just the survival rate. The measure of quality-adjusted life year (QALY) is a stan-
dard and internationally-recognized method to assess the relative benefit of medical 
interventions [23]. It combines the duration of survival and the quality of life during 

Table 4 Increase of U.S. drug 
costs year-to-yeara

Year % increase over previous year

2011 4.0
2012 0.02
2013 0.03
2014 13.3
2015 11.7
2016 5.8
2017 1.7
2018 5.5
2019 5.4
2020 4.9
Mean 5.24
Median 5.15

a Adapted from Tichy et al. [22]
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Table 5 Selected drugs from among the top 25 according to overall U.S. drug expenditures 
in 2020a

Rank Drug 2020 Expenditures ($ Thousands) Percentage change (from 2019)

1. Adalimumab 24,856,877 11.5
2. Apixaban 12,805,307 29.9
3. Insulin glargine 9,702,808 2.1
8. Etanercept 7,768,483 −3.5
9. Rivaroxaban 6,628,084 10.2
24. Epinephrine 3,848,533 −1.4

a Adapted from Tichy et al. [22]

each year of life. Although one treatment might help someone live longer, it might 
also have serious side effects (for example, it might make them feel sick or put them 
at risk of other illnesses). Another treatment might not extend survival but it may 
improve quality of life (for example, by reducing pain). The quality of life rating 
can range from 0 (worst possible health) to 1 (best possible health). Having the 
QALY measurement allows one to consider, how much the treatment costs per 
QALY gained. This is the cost of providing a year of the best quality of life avail-
able, which could be one person receiving one QALY, but is more likely to be a 
number of people receiving a portion of a QALY—for example, 4 people receiving 
0.25 QALY.

The combination of cost and effectiveness merge into cost-effectiveness analy-
sis. This is another increasingly popular approach to assessing the impact of inter-
ventions that may have financial benefits. For example, aspirin’s cost is much less 
than the cost of caring for the heart attacks or strokes it prevents. Sometimes a medi-
cation’s benefit is secondary or indirect. For example, acetycholinesterase inhibitors 
are reported to cause a temporary delay in the cognitive decline of patients with 
dementia. If this delay in cognitive decline can postpone a patient from requiring 
institutionalization in a nursing home or full-time care at their home for a period of 
months or years, the costs of such medication may be much less than the cost of the 
care that must otherwise be provided.

Policymakers, including governmental bodies, payers, and influential founda-
tions are interested in maximizing cost-effectiveness. They are convinced, with 
some justification, that many practices and interventions might well be replaced 
with less costly approaches, without diminishing the quality of health care and the 
benefit our patients derive.

6.3.4  Patient Preferences and Values

With rare exceptions, prescribers have a number of possible medications for manag-
ing diseases, and each may cause likely responses (good or bad) in addition to the 
intended response. In all cases, the patient’s inclination to accept the proposed ther-
apy should be considered.
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The prescriber should also consider co-existing medical conditions that might 
likewise benefit from the same therapy, as this may magnify the benefit of the medi-
cation without adding the additional risk of toxicity. For example, in a patient with 
hypertension who also suffers from frequent migraine headaches, a beta blocker or 
verapamil might be favored by the patient over other medications because they may 
reduce the frequency and/or severity of the migraine episodes at the same time the 
blood pressure is being reduced. On the other hand, a patient with hypertension who 
also suffers from asthma may have increased bronchospasm if a beta blocker is 
given as part of the hypertension regimen.

Patients with potentially life-threatening conditions (e.g., metastatic cancer) are 
often treated with potent medications with the potential of side effects that are not 
only miserable but may be life-threatening themselves. When treatments are similar 
in efficacy but differ in types of toxicities, the patients’ preferences are important, 
since hair loss may be more adverse for some patients than risk of infection or inci-
dence of diarrhea. Tailoring the medications used in such cases preserves the 
patient’s autonomy and properly respects their right to choose among reasonable 
options.

6.3.5  Medication Reconciliation

During hospitalization, patients may receive a different drug than when they were 
home. This may be the result of provider preference or formulary restriction. 
Hospital formularies are either “open” or “closed,” and may have additional restric-
tions. “Open” formularies mean that prescribers can order any marketed product 
and the patient will get whatever specific product was ordered. “Closed” formular-
ies limit the selection of medications to a smaller number of products within either 
a chemical class or indication class. For example, rather than having all H2-receptor 
blockers and all proton pump inhibitors on the hospital’s formulary, the hospital 
may restrict the choice to famotidine and/or omeprazole. These determinations are 
generally made based on the assumptions of (1) equal, or at least adequate, efficacy, 
(2) no worse toxicity profile for the selected product, and (3) substantial cost 
savings.

Medication treatment may be either specific (based on the establishment of a 
definite diagnosis) or empiric (based on the best guess of a diagnosis using the avail-
able evidence and considering the usual etiology responsible for the condition, such 
as the most likely bacterial pathogens for a community-acquired pneumonia). 
Oftentimes it is hazardous to withhold treatment until a specific diagnosis is con-
firmed, so empiric treatment is well accepted in many situations.

The initiation of a new medication in the hospital or in the outpatient setting must 
be framed on the background of the medications that the patient previously had 
taken. The process of considering the immediate previous medications (the patient’s 
“home medications”) when ordering new treatment is called medication reconcilia-
tion. “Home medications” may not always have been taken at a patient’s house, as 
the patient may have come to the hospital from a nursing home or may have been 
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transferred from another hospital. Medication reconciliation is not simply copying 
the “home medications” into the hospital’s order system, but rather it is a thoughtful 
consideration of the value of continuing each medication in light of the patient’s 
new medical condition. There should be a conscious decision, for each and every 
medication, whether to stop, continue, or modify the administration of the drug.

At the time of transfer to a new service or level of care, and at the end of the 
patient’s hospitalization, another medication reconciliation should occur. This one 
differs from the one at admission because the consideration of medications to pre-
scribe upon transfer or at discharge should take into account not only the medica-
tions the patient was taking in the hospital just before transfer or discharge but the 
“home medications.” The purpose of this dual consideration is to avoid costly and 
potentially hazardous duplication of medications. As explained above, patients may 
receive one proton pump inhibitor while in the hospital (e.g., pantoprazole), which 
is different than the one they took at home (e.g., omeprazole) or the one they might 
be prescribed at discharge (e.g., lansoprazole). Patients have been known to be tak-
ing supplies of both “warfarin” and “Coumadin” following hospital discharge 
because one had been provided by prescription from their family doctor while the 
other came from their hospital doctors. Since generic and brand products may look 
different, it is easy to understand how patients may not recognize the hazardous 
duplication. Conscientious medication reconciliation can reduce the risk of adverse 
drug events, save unnecessary drug costs, and minimize drug interactions.

References

1. Preston J, Biddell B. The physiology of ageing and how these changes affect older people. 
Medicine. 2020;49:1–5.

2. Bhutti A, Morley J. The clinical significance of gastrointestinal changes with aging. Curr Opin 
Clin Nutr Metab Care. 2008;11:651–60.

3. Mangoni AA, Jackson SHD. Age-related changes in pharmacokinetics and pharmacodynam-
ics: basic principles and practical applications. Br J Clin Pharmacol. 2004;57:6–14.

4. Bowie MW, Slattum PW.  Pharmacodynamics in older adults: a review. Am J Geriatr 
Pharmacother. 2007;5:263–303.

5. Halli-Tierney AD, Scarborough C, Carroll D. Polypharmacy: evaluating risks and deprescrib-
ing. Am Fam Physician. 2019;100:32–8.

6. Hoel RWS, Giddings Connolly RM, Takahashi PY.  Polypharmacy management in older 
patients. Mayo Clin Proc. 2021;96:242–56.

7. Scott IA, Hilmer SN, Le Couteur DG. Going beyond the guidelines in individualising the use 
of antihypertensive drugs in older patients. Drugs Aging. 2019;36:675–85.

8. Lau SWJ, Schlender J-F, Slattum PW, et al. Geriatrics 2030: developing drugs to care for older 
persons—a neglected and growing population. Clin Pharmacol Ther. 2020;107:53–6.

9. Giral P, Neumann A, Weill A, Coste J. Cardiovascular effect of discontinuing statins for pri-
mary prevention at the age of 75 years: a nationwide population-based cohort study in France. 
Eur Heart J. 2019;40:3516–25.

10. ElDesoky ES.  Pharmacokinetic-pharmacodynamic crisis in the elderly. Am J Ther. 
2007;14:488–98.

Cardiovascular Pharmacology of the Older Patient



152

11. Bristol-Myers Squibb. Eliquis® (apixaban tablets). Prescribing information. https://packagein-
serts.bms.com/pi/pi_eliquis.pdf. Accessed 31 Aug 2021.

12. https://www.fda.gov/drugs/drug- interactions- labeling/drug- development- and- drug- 
interactions- table- substrates- inhibitors- and- inducers. Accessed 30 Aug 2021.

13. https://drug- interactions.medicine.iu.edu/MainTable.aspx. Accessed 30 Aug 2021.
14. Beers MH, Ouslander JG, Rollinger I, et  al. Explicit criteria for determining inappropriate 

medication use in nursing home residents. Arch Intern Med. 1991;151:1825–32.
15. American Geriatrics Society Beers Criteria® Update Expert Panel. American Geriatrics 

Society 2019 updated AGS Beers Criteria® for potentially inappropriate medication use in 
older adults. J Am Geriatr Soc. 2019;67:674–94.

16. Petty BG.  Principles of evidence-based prescribing. In: McKean SC, Ross JJ, Dressler 
DD, Scheurer DB, editors. Principles and practice of hospital medicine. 2nd ed. New York: 
McGraw Hill; 2017. p. 56–61.

17. The INSIGHT-ESPRIT Study Group and SILCAAT Scientific Committee. Interleukin-2 ther-
apy in patients with HIV infection. N Engl J Med. 2009;361:1548–59.

18. Alexander GC, Knopman DS, Emerson SS, et al. Revisiting FDA approval of aducanumab. N 
Engl J Med. 2021;385:769–71.

19. West CP.  Outcomes, outcomes everywhere, nor any stop to think? J Gen Intern Med. 
2011;26:1239–40.

20. Gale EAM. Troglitazone: the lesson that nobody learned? Diabetologia. 2006;49:1–6.
21. Martin AB, Hartman M, Lassman D, Catlin A. National health care spending in 2019: steady 

growth for the fourth consecutive year. Health Aff (Milwood). 2021;40:1–14.
22. Tichy EM, Hoffman JM, Suda KJ, et al. National trends in prescription drug expenditures and 

projections for 2021. Am J Health-Syst Pharm. 2021;78:1294–308.
23. www.nice.org.uk/Glossary?letter=Q#QALY. Accessed 30 Aug 2021.
24. Abernethy DR. An overview of the pharmacokinetics and pharmacodynamics of amlodipine in 

elderly persons with systemic hypertension. Am J Cardiol. 1994;73:10A–7A.

B. G. Petty

https://packageinserts.bms.com/pi/pi_eliquis.pdf
https://packageinserts.bms.com/pi/pi_eliquis.pdf
https://www.fda.gov/drugs/drug-interactions-labeling/drug-development-and-drug-interactions-table-substrates-inhibitors-and-inducers
https://www.fda.gov/drugs/drug-interactions-labeling/drug-development-and-drug-interactions-table-substrates-inhibitors-and-inducers
https://drug-interactions.medicine.iu.edu/MainTable.aspx
http://www.nice.org.uk/Glossary?letter=Q#QALY


153

Aging of the Vasculature

Thorsten M. Leucker, Joseph Goldenberg, and Gary Gerstenblith

1  Introduction

Longevity is a vascular question, which has been well expressed in the axiom that man is 
only as old as his arteries. To a majority of men death comes primarily or secondarily 
through this portal. The onset of what may be called physiological arterio-sclerosis depends, 
in the �rst place, on the quality of arterial tissue which the individual has inherited, and 
secondarily on the amount of wear and tear to which he has subjected it.—Sir William 
Osler, 1891 [1].

Sir William Osler’s famous quotation is as relevant today as it was in the late 
nineteenth century. Vascular disease and its consequences remain the most common 
causes of mortality and signi�cant lifelong disability in developed, and most devel-
oping, countries. Age is the most potent risk factor for the responsible vascular 
changes and although these are in part dependent on the “quality of the arterial tis-
sue” we inherit, their trajectory can be impacted by the environment our vessels are 
exposed to. This chapter will review the molecular, cellular, structural, and func-
tional changes associated with aging, the impact of these changes on cardiovascular 
outcomes, and lifestyle and pharmacologic interventions designed to modify them.
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2  Molecular and Cellular Mechanisms of Vascular Aging

The vasculature consists of two primary cell types: endothelial cells and vascular 
smooth muscle cells. The endothelium is the innermost, lumen-facing layer of the 
vasculature [2]. Endothelial cells communicate with vascular smooth muscle cells 
via a variety of mechanisms including paracrine mediators such as endothelial nitric 
oxide synthase-derived nitric oxide, extracellular vesicles, and microRNAs, as well 
as interactions via the extracellular matrix and direct cell-cell pathways [3, 4]. 
Endothelial cell function is considered a “barometer” of vascular health because it 
is a driver of the development, progression, and clinical manifestations of cardio-
vascular and cerebrovascular diseases. Endothelial dysfunction is considered a 
major risk factor for cardiovascular disease, the leading cause of mortality and loss 
of independence in older Americans [5]. The number of older individuals in the 
USA is rapidly growing with a projected increase in those >65 years of age from 
56.2 million in 2021 to 80.8 million in 2040 [6]. Thus, there is an unmet need to 
understand responsible mechanisms, which can inform the development and testing 
of novel treatments for the amelioration of the age-associated increased cardiovas-
cular risk.

Several mechanisms are involved in vascular aging. Among them are reduced 
nitric oxide bioavailability, increased oxidative stress, mitochondrial dysfunction, 
sterile inflammation or “inflammaging”, genomic/epigenetic alterations, telomere 
shortening, and stem cell depletion.

The following sections highlight aging-associated vascular cell changes, and 
their contribution to the pathogenesis of both microvascular and macrovascular dis-
eases (Fig. 1).

Fig. 1 Conceptual model for the role of cell-autonomous and noncell-autonomous mechanisms in 
vascular aging. The model predicts that circulating progeronic (e.g., inflammatory cytokines, 
renin-angiotensin system [RAS], and aldosterone) and antigeronic factors (e.g., IGF-1 [insulin- 
like growth factor 1], mediators of caloric restriction, estrogen) derived from the brain, the endo-
crine system, cells of the immune system, and the adipose tissue orchestrate aging processes 
simultaneously in the endothelial and smooth muscle cells within the large vessels and microcir-
culation. The hierarchical regulatory cascade for vascular aging involves modulation of cell- 
autonomous cellular and molecular aging processes. The resulting functional dysregulation of 
vascular cells (i.e., impaired vasomotor, barrier, secretory, and transport functions of the vascula-
ture, as well as adverse structural remodeling) promotes the development of a wide range of age-
related vascular pathologies. AMI acute myocardial infarction, GDF11 growth differentiation 
factor 11, PAD peripheral artery disease. (From: Circulation Research. 2018;123:849–867)

T. M. Leucker et al.



155Aging of the Vasculature



156

2.1  Role of Oxidative and Nitrative Stress

Nitric oxide (NO) bioavailability and its endocrine and paracrine effects are funda-
mentally important for orchestration of endothelial cell and related vascular func-
tion [3]. Additionally, NO exerts potent anti-inflammatory actions, i.e., reduced 
leukocyte adhesion and antithrombotic effects, and the reduction in NO bioavail-
ability present in the aging vascular phenotype promotes a pro-inflammatory and 
pro-atherogenic milieu [4]. Increased production of reactive oxygen species (ROS) 
from a variety of sources, e.g. reduced NADPH (nicotinamide adenine dinucleotide 
phosphate) oxidases, and mitochondria likely contribute to endothelial dysfunction 
and resulting large artery stiffening in animal models of advancing age and humans 
[7]. Increased ROS production has a variety of effects on vascular function through 
oxidation of critical proteins and induction of redox-sensitive transcription factors; 
however, one of its most important effects is impairing NO production and activity 
leading to an age-related imbalance of endothelium-dependent vasorelaxation and 
vasoconstriction and resulting dysregulation of tissue perfusion [8]. Some impor-
tant examples of NO-deficiency-related end-organ dysfunction in the aging organ-
ism are related to myocardial ischemia and neurovascular uncoupling resulting 
from impaired coronary artery and cerebral vascular dilatation in response to 
increases in oxygen and nutrient demand [9, 10]. Furthermore, alteration in the 
activation of the key enzyme for NO production, endothelial nitric oxide synthase 
(eNOS), by means of reduced substrate (l-arginine) and co-factor (BH4) activity, as 
well as increased endothelin-1 (vasoconstricting factor) and overall reduction in 
eNOS protein expression likely play fundamental roles in the age-related reduction 
in NO bioavailability [11]. The reaction of NO and superoxide yields the reactive 
metabolite oxidant peroxynitrite, which is present in aging vascular endothelial 
cells and is the result of vascular oxidative stress. Peroxinitrite exerts proinflamma-
tory effects via enhancing the redox-sensitive NF-κB (nuclear factor kappa-light- 
chain-enhancer of activated B cells), which triggers pro-inflammatory cytokine 
expression. Furthermore, peroxinitrite exerts direct cytotoxic effects and impairs 
mitochondrial function of aged vascular cells [12, 13]. Another impact of vascular 
oxidative stress is vascular stiffening, which may be related to the development of 
vascular aneurysms. Oxidative stress is linked to MMP (matrix metalloproteinases) 
activation leading to disruption of the structural integrity of aged arteries [14]. The 
ROS-MMP axis is associated with a variety of age-related changes in the cerebral 
micro- and macro-circulation, e.g., development of cerebral microhemorrhages 
leading to cognitive decline [15]. Finally, anti-oxidant interventions decrease vascu-
lar stiffness in preclinical models [16].
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2.2  Mitochondrial Function

Similar to NO-bioavailability, orchestrated mitochondrial activity plays a funda-
mental role in normal vascular function and impaired mitochondrial function related 
to aging leads to diminished respiratory chain function and electron leakage associ-
ated with increased ROS-production and resulting reduced energy production, e.g. 
reduced ATP [17]. Further, mitochondria-derived H2O2 is associated with low-grade 
vascular inflammation via inducing NF-κB activation [18]. Increases in mitochon-
drial ROS (mtROS) and the associated impaired electron transport mechanism, can 
be further exaggerated by peroxynitrite-mediated nitration and inhibition of MnSOD 
(manganese-dependent superoxide dismutase), reduced cellular glutathione con-
tent, and impaired Nrf2 (nuclear factor [erythroid-derived 2]-like 2)-mediated anti-
oxidant defense responses [19]. Additionally, models of hypertension-induced 
mtROS production in aged vascular smooth muscle cells (VSMCs) increased MMP 
activation in the vascular wall, resulted in disruption of the structural integrity of 
aged arteries and led to formation of cerebral microhemorrhages [20]. Targeted 
mitochondrial antioxidant interventions with the mitochondrial antioxidant MitoQ, 
resveratrol, and the tetrapeptide SS-31, were demonstrated to attenuate ROS pro-
duction and improve endothelial function in arteries from rodent models of aging 
and specifically treatment with SS-31 improved neurovascular coupling and 
improved cognitive function in these models [21, 22].

Normal aging increases mutations and deletions in mitochondrial DNA 
(mtDNA) leading to decreased mitochondrial energy production. Furthermore, 
mitochondrial oxidative stress results in mtDNA damage. MtDNA is subject to an 
accelerated mutation rate due to a variety of factors, including proximity to sites of 
ROS production in the mitochondria, a lack of protective histone coverage in the 
mtDNA, and limited efficiency of mtDNA repair mechanisms [23, 24]. The impact 
of such changes in aging was explored in a limited body of literature to date. 
Mitochondrial mutations likely play a causal role in atherogenesis in rodent models 
of atherosclerosis. For example, apolipoprotein E knock-out mice have an mtDNA 
polymerase (polG [DNA polymerase subunit gamma]) deficient in proof-reading 
activity, leading to accumulating mutations in mtDNA and demonstrate dysfunc-
tional proliferation and apoptosis of vascular smooth muscle cells and accelerated 
atherosclerosis [25].

Vascular mitochondrial function depends on the NAD+ (nicotinamide adenine 
dinucleotide)-dependent pro-survival enzyme SIRT1 (sirtuin1) for mitochondrial 
biogenesis and cellular energy metabolism, as well as on controlling mtROS pro-
duction and sequestration of damaged mitochondria by autophagy. Studies have 
demonstrated that treatment with the NAD+ intermediate nicotinamide mononucle-
otide through activation of sirtuin-mediated pathways can improve age-related 
functional alterations in the rodent aorta and reverse the age-related decline in mito-
chondrial function. Additional, and potential related mechanisms contributing to 
impaired bioenergetics in aged vascular cells include oxidation or nitration of mito-
chondrial proteins, impairment of the different electron transport chain complexes, 
and impaired mitochondrial autophagy (mitophagy) [26].
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2.3  Vascular Inflammation

Age-associated inflammation, or “inflammaging”, is associated with macrovascular 
and microvascular pathologies, ranging from atherogenesis and aneurysm forma-
tion to microvascular dysfunction, blood-brain barrier disruption, and Alzheimer 
pathologies. The sterile, low-grade inflammation in aging individuals impacts the 
microenvironment in the vascular wall and promotes vascular dysfunction. Several 
mechanisms have been proposed including a pro-inflammatory shift in the gene 
expression profile of vascular endothelial and smooth muscle cells leading to the 
production of a variety of inflammatory cytokines and mediators [27]. Additional 
mechanisms contributing to vascular inflammation in aging will be discussed in the 
following paragraph.

Aged endothelial and smooth muscle cells exhibit significant activation of the 
inflammatory “gatekeeper” NF-κB [12, 13]. Additional mediators of pro- 
inflammatory pathways described in aging or senescent endothelium and leading to 
the production and release of a wide range of inflammatory cytokines and chemo-
kines are p38MAPK, the DNA damage response pathway, and GATA4 (transcrip-
tion factor GATA-4) [28, 29]. As previously discussed, increases in ROS mediate 
proinflammatory signaling pathways, including NF-κB activation leading to vascu-
lar endothelial activation and expression of proinflammatory paracrine mediators 
and ultimately promote atherogenesis. Impaired resilience to oxidative stress in 
aging also exacerbates vascular inflammation induced by cardiovascular risk fac-
tors, e.g. hypertension, obesity, and metabolic syndrome [30, 31]. NF-κB inhibition 
decreases systemic inflammation and extends health span [32]. Additionally, 
NF-κB-mediated cytokine production is a potent activator of cellular oxidative 
stress (e.g., TNF-α activates NADPH oxidases). Pharmacological activators of 
SIRT1 have anti-inflammatory effects in aging rodents [33].

Activation of the innate immune system by TLRs (toll-like receptors) and the 
NLRP3 (NACHT, LRR, and PYD domains-containing protein 3) inflammasome 
complex is associated with the sterile inflammation in the vascular wall [34]. 
Activation of TLR4-mediated, MyD88-dependent signaling pathways in aging 
VSMCs is associated with the production of several proinflammatory paracrine 
mediators (e.g., IL-1, IL-6, IL-8, and TNF-α). Furthermore, the canonical Nlrp3 
inflammasome contributes to systemic inflammation in aged rodent models [35].

Finally, the interaction between aging and environmental inflammatory factors 
(e.g., particulate exposure) has been proposed to exacerbate vascular inflammation. 
For example, bacterial breakdown products entering the circulation through a leaky 
intestinal barrier or by chronic infection with viruses that exhibit endothelial tro-
pism likely play a role in vascular inflammation. Some viruses, such as the cyto-
megalovirus, replicate in vascular endothelial cells and long-term exposure and 
chronic infection are shown to predict increased incidences of frailty and mortal-
ity [36].

T. M. Leucker et al.



159

2.4  Genomic Instability

Experimental evidence indicates that a variety of genetic lesions accumulate within 
aged cells, including somatic mutations, chromosomal aneuploidies, copy number 
variations, and telomere shortening. Age-related oxidative stress-induced DNA 
damage is often proposed as an interconnecting mechanism between the oxidative 
stress hypothesis of aging and the genomic instability associated with vascular 
aging [37]. Endothelial cells have impaired DNA repair pathways compared to 
other cell types and interventions that cause DNA damage (e.g. radiation) result in 
phenotypic and functional changes in endothelial cells, decrease microvascular den-
sity, impair vasodilation, and promote proinflammatory changes, mimicking several 
aspects of the aging phenotype. Several rodent models have been developed to fur-
ther investigate the impact of genetic stability changes in aging. For example, one 
model with defective nucleotide excision repair genes (ERCC1 and XPD) results in 
an aging-like vascular phenotypes, including endothelial cell dysfunction, increased 
vascular stiffness and senescence cell count, as well as hypertension [38]. Further, a 
second model of genetic deficiency in the spindle assembly checkpoint protein 
BubR1 (budding uninhibited by benzimidazole-related 1), also shows aging- like 
vascular phenotypes, with a phenotype similar to those outlined above [39]. 
However, both models also exhibit a short life span associated with severe func-
tional deficits in multiple organ systems and the relevance of this model to normal 
aging has been questioned. Finally, telomere shortening and associated cellular 
senescence (see following paragraph below for more details) have been proposed as 
an important mechanism in vascular aging [40].

2.5  Epigenetic Alterations

Vascular aging is associated with a variety of cellular epigenetic alterations such as 
DNA methylation changes, posttranslational modification of histones, and dysregu-
lation of microRNAs (miRNAs). Among these, modification in DNA methylation is 
the central regulator of genomic function and aging is associated with adverse 
changes in vascular cell methylation patterns [41]. Furthermore, interventions such 
as caloric restriction can partially reverse alterations in the aging-associated meth-
ylation pattern of several organ systems and altered methylation of genes important 
for vascular function have been observed in a rodent model [42]. Next, post- 
translational histone modifications are regulated by histone acetyltransferases and 
histone deacetylases. Changes in expression and reduced activity of class III histone 
deacetylases, which are the NAD+ utilizing sirtuin family, contribute to vascular 
endothelial cell aging [43]. Most human protein coding genes are controlled via 
posttranscriptional repression by noncoding micro RNAs. Vascular cell micro 
RNAs contribute to the regulation of important biological processes, such as angio-
genesis, atherogenesis, aging related impairment of the angiogenic processes, 
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decreased cellular stress resilience, and atherosclerotic plaque formation and desta-
bilization and are all associated with dysregulation of miRNA expression in vascu-
lar endothelial and VSMCs [44]. More specifically insulin-like growth factor 1 
(IGF-1) deficiency early in life can lead to adverse changes in posttranscriptional 
miRNA-mediated control of vascular function associated genes and may contribute 
to the known adverse cardiovascular late-life effects observed in IGF-deficiency 
[45]. Finally, several of these epigenetic changes are reversible and epigenome- 
influencing interventions may prove to be successful in limiting, preventing, or even 
reversing aging related vascular dysfunction [46].

2.6  Vascular Cell Senescence

As part of the aging process, vascular endothelial and smooth muscle cells, similar 
to other cell types, can permanently withdraw from the cell cycle in response to 
endogenous and exogenous stressors such as oxidative stress, dysfunctional telo-
meres, DNA damage, and a variety of paracrine signals, and undergo distinctive 
phenotypic alterations, including changes to the proinflammatory secretome. This 
process is called cellular senescence and particular endothelial cell senescence con-
tributes to endothelial dysfunction in aging and pathophysiological conditions asso-
ciated with accelerated vascular aging [47, 48]. Additionally, studies have 
demonstrated that elimination of senescent cells can extend the life span in rodents, 
suggesting that cellular senescence plays a fundamental role in the physiological 
decline associated with aging [49]. Accelerating this process in a model of 
irradiation- induced, DNA damage-mediated senescence in a neurovascular rodent 
model was associated with significant cerebral-microvascular dysfunction, simulat-
ing the vascular aging phenotype [50]. Furthermore, genetic and pharmacologic 
interference to eliminate senescent cells in an LDL receptor knockout mouse model 
of atherosclerosis resulted in marked changes in atherosclerotic plaque morphology 
and suggested a role of senescent cells in facilitating plaque instability, e.g., promot-
ing inflammation, and upregulation of MMPs [49]. Different pharmacologic seno-
lytic interventions to clear senescent cells have been shown to improve endothelial 
cell function and are proposed to exhibit an atheroprotective effect. Finally, vascular 
senescence-associated secretory pathways can induce paracrine senescence, and 
alter the function of neighboring endothelial cells and VSMCs, adversely impacting 
vascular function [51].

2.7  The Renin–Angiotensin–Aldosterone System (RAAS)

Alterations of the RAAS via the angiotensin converting enzyme (ACE) homologue 
acn-1 in a model organism, genetic or pharmacological interference with the RAAS 
in a rodent model, and pharmacological ACE inhibition were shown to have a 
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regulatory effect on the life span and may reverse age-related phenotypic and func-
tional changes in the aged vasculature, such as reducing arterial stiffness [52]. 
Further, human data in elderly subjects suggest that upregulation of tissue RAAS 
can lead to intimal thickening and remodeling in large conduit arteries associated 
with an aging vascular phenotype [53]. Additionally, infusion of angiotensin II in 
young rats accelerates vascular aging, e.g., carotid media thickening and intima 
infiltration by VSMCs [54]. A variety of other aging-related changes have been 
observed in experimental models of RAAS upregulation in the vascular wall, e.g. 
inducing low-grade inflammatory and oxidative stress responses, development of 
cerebral microhemorrhages, and disruption of the blood-brain barrier [53, 55]. More 
specifically, local expression of mineralocorticoids and their receptors in the vascu-
lature, e.g., aldosterone, promotes vascular inflammatory changes and leads to 
adverse vascular remodeling of VSMCs [56]. Overall, the overwhelming data of 
RAAS involvement in aging emphasizes the importance of the enzyme system and 
associated peptide hormones in regulating fundamental aging processes.

2.8  Extracellular Matrix (ECM) Remodeling 
in Vascular Aging

Aging of the vasculature is associated with a variety of changes to the ECM of the 
subendothelial basement membrane, intima, media, adventitia, and interstitial 
matrix. Some examples of these changes are decreases in ECM biosynthesis, post- 
translational modifications of ECM components, and alterations in cell-matrix 
interactions [57]. ECM integrity is fundamentally important for vascular integrity as 
it provides mechanical scaffolding as well as mediates the signal transduction 
required for vascular homeostasis, morphogenesis, and cell differentiation. Aging is 
associated with changes in the expression of growth factors that regulate ECM bio-
synthesis and decreased synthesis of several elasticity and resilience-associated 
components such as elastin, which renders the vasculature more susceptible to wall 
tension changes related to pulsatile pressure waves and can result in structural vas-
cular damage [58]. Furthermore, collagen synthesis is impacted by aging-associated 
increased transforming growth factor-β (TGF-β) leading to vascular fibrosis and 
arterial stiffening [59]. Next, changes in the secretory phenotype of vascular cells, 
e.g. endothelial and smooth muscle cells, are observed with aging. An increase in 
MMP secretion and increased MMP activation related to oxidative stress further 
impair structural integrity and promote pathological remodeling, which can lead to 
stiffening, hypertension, and aneurysm formation [60]. Several lines of evidence 
suggest that age-associated activation of the RAAS as well as a decline in IGF-1 are 
also involved and impact the ECM changes observed in aging [61]. Finally, the 
described alterations in the biomechanical properties of large arteries associated 
with age-related ECM remodeling likely also affect microvascular transport mecha-
nism, barrier function, and vein function.
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2.9  Progenitor Cell Exhaustion

Exhaustion of the vascular progenitor cell pool and an inability to replenish the pool 
with functional and differentiated endothelial cells and VSMCs compromise the 
biological functions and impair neovasculariztion of the aged vasculature. 
Additionally, age-associated sterile inflammation, oxidative stress, and activation of 
the RAAS alter the function of circulating EPCs by decreasing differentiation, 
migration, and survival factors [62, 63]. Animal studies highlighted the importance 
of circulating factors, e.g., serum from young rats improved function in EPCs previ-
ously isolated from old rats [64]. Additionally, studies in ApoE knockout mice dem-
onstrated that bone marrow derived EPCs from young rats slowed atherosclerosis 
progression whereas EPCs from older rats was ineffective [63]. However, to date, 
human data are conflicting, and additional data are needed to more clearly define the 
contribution of changes in EPC number and functionality to the aging vasculature 
phenotype.

3  Structural Changes Accompanying Age-Associated 
Increased Stiffness

One of the most important age-associated vascular changes is an increase in central 
vascular, primarily aortic, stiffness, which alters the pressure and flow characteris-
tics of the wave as it travels through the central, to the peripheral, vessels (Fig. 2) 
[65]. With the contraction of the left ventricle, ejection of blood from the heart cre-
ates a pressure wave that travels along the aorta at a velocity dependent on the stiff-
ness and thickness of the artery. As the pressure wave moves forward, it encounters 
resistance due to the branching of the arterial tree. This creates a reflected pressure 
wave that returns at a velocity-dependent, as well, on the stiffness and other proper-
ties of the arterial wall. In healthy young individuals, the reflected pressure wave 
returns to the central aorta during diastole. The expansion of the aorta during systole 
dampens the pressure at that time and forward stroke volume is reduced by the vol-
ume within the expanded aorta. Recoil during diastole increases diastolic pressure 
and forward stroke volume at that time. The elastic aorta in young individuals thus 
dampens central pressure during systole, increases it during diastole, and converts 
the pulsatile flow generated by the heart during systole to a more continuous flow 
throughout the cycle. However, with advancing age the large elastic arteries stiffen, 
and therefore expand less, and the left ventricle must generate more systolic pres-
sure for any given stroke volume. In addition, the lower recoil during diastole results 
in lower central pressure and less forward flow during diastole. The increased “pul-
satility” causes microvascular damage, particularly in high flow dependent organs 
such as the brain, heart, and kidneys.

The major components of the aorta are elastin and collagen and the significant 
changes both undergo with advancing age are responsible for the increase in 
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a

b

Fig. 2 Compliance, distensibility and PWV. (a) Typical relationship between intra-arterial pres-
sure and lumen area when varying the pressure over a suf�ciently large range. The area compliance 
(red line) is the slope to the pressure-area relationship, which can be calculated at any pressure 
level. At low pressure, the load is mainly taken by elastin, and the artery has a high compliance. As 
pressure increases, the load is progressively shifted to stiffer collagen �bers, leading to a function-
ally lower compliance. Vascular smooth muscle tone also affects compliance, particularly in distal 
aortic segments and intermediate-sized arteries. Normalizing area compliance to the local radius 
yields the distensibility coef�cient (see Table 1). (b) For a homogenous tube, the distensibility 
coef�cient (Dist coeff) is theoretically linked to the PWV via the Bramwell-Hill equation (where 
ρ is the density of the blood) in an inverse, non-linear fashion; an increase in PWV by a factor 2 
(which is about the change observed in humans from the age of 20 to the age of 70) implies a 
decrease in distensibility by a factor 4. An alternative formulation is the Moens-Korteweg equa-
tion, linking PWV to the stiffness of the wall material (incremental elastic modulus, Einc), the wall 
thickness (h) and lumen diameter (D). (From: J Am Coll Cardiol. 2019 Sep 3;74(9):1237–1263)
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stiffness [65–68]. There is a decrease and fraying of elastin that results from 
increased activity of matrix metallo proteinases and other enzymes regulated, in 
part, by pro-inflammatory cytokines [68]. Increased activity of the RAAS also 
increases elastin loss and decreases elastin synthesis. Accumulation of collagen, 
also stimulated by the RAAS, is accompanied by cross-links between collagen 
molecules and condensates of glucose produced by nonenzymatic reactions. These 
advanced glycation end-products form cross-links between collagen molecules 
that increase stiffness and are resistant to enzymatic degradation [69]. Increased 
stiffness decreases stretch-induced increases in nitric oxide (NO) bioavailability 
and by interacting with receptors on immune and other cells increases oxidant 
stress and upregulates cytokines, stimulating vascular inflammation. There is, as 
well, proliferation and migration of vascular smooth muscle cells to the intima and 
osteogenic transdifferentiation of the cells, which increases the mineralization of 
the extracellular matrix [70, 71]. These changes are not passive, but rather dynamic 
processes triggered by cellular senescence, autophagy, and mediated, at least in 
part, by oxidative stress, inflammation, RAAS, and angiotensin II signaling [72]. 
Furthermore, the consequent higher systolic and pulse pressures due to stiffening 
may stimulate the production of these factors, resulting in further stiffening and a 
repeating cycle.

3.1  Measures of Aortic Stiffness

Aortic stiffness is best defined by the change in intra-aortic distending pressure rela-
tive to the change in volume. The invasive nature of this assessment, however, pre-
cludes its use in large studies of healthy individuals. More easily assessed indices 
include brachial pulse pressure, the pulse pressure/stroke volume ratio, and carotid 
and radial tonometry-derived central aortic waveforms. The latter can be used to 
assess the augmentation index, defined by the increased pressure accompanying the 
reflected wave divided by the pulse pressure, with higher values indicating increased 
stiffness. One of the first, and remarkably prescient, studies were reported by 
Bramwell and Hill in The Lancet 100 years ago [73]. They studied healthy individu-
als and measured pulse wave velocity using the time between the arrival of the pulse 
in the carotid and radial arteries and the estimated distance the pulse traveled 
through the aorta by subtracting the distance between the sternoclavicular joint and 
the carotid artery from the distance between the sternoclavicular joint and the radial 
artery. A similar non-invasive technique is still used with the exception that the 
femoral, rather than the radial, pulse is recorded, and the distance is obtained by 
subtracting the distance between the carotid measurement site and the sternal notch 
from the distance between the sternal notch and the femoral measurement site. 
Reference values for pulse wave velocity in 11,092 individuals without known car-
diovascular disease and diabetes and who were not receiving anti-hypertensive or 
lipid lowering therapies are presented in Table 1 [74]. Optimal blood pressure was 
defined as <120/80, normal as ≥120/80 and <130/85; high normal as ≥130/85 and 
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Table 1 Distribution of pulse wave velocity (PWV) values (m/s) in the reference value population 
(11,092 subjects) according to age and blood pressure category

Age category 
(years)

Blood pressure category
Optimal Normal High normal Grade I HT Grade II/III HT

PWV as mean (±2 SD)
  <30 6.1 (4.6–7.5) 6.6 (4.9–8.2) 6.8 (5.1–8.5) 7.4 (4.6–10.1) 7.7 (4.4–11.0)
  30–39 6.6 (4.4–8.9) 6.8 (4.2–9.4) 7.1 (4.5–9.7) 7.3 (4.0–10.7) 8.2 (3.3–13.0)
  40–49 7.0 (4.5–9.6) 7.5 (5.1–10.0) 7.9 (5.2–10.7) 8.6 (5.1–12.0) 9.8 (3.8–15.7)
  50–59 7.6 (4.8–10.5) 8.4 (5.1–11.7) 8.8 (4.8–12.8) 9.6 (4.9–14.3) 10.5 (4.1–16.8)
  60–69 9.1 (5.2–12.9) 9.7 (5.7–13.6) 10.3 

(5.5–15.1)
11.1 
(6.1–16.2)

12.2 (5.7–18.6)

  ≥70 10.4 (5.2–15.6) 11.7 
(6.0–17.5)

11.8 
(5.7–17.9)

12.9 
(6.9–18.9)

14.0 (7.4–20.6)

PWV as median (10–90 pc)
  <30 6.0 (5.2–7.0) 6.4 (5.7–7.5) 6.7 (5.8–7.9) 7.2 (5.7–9.3) 7.6 (5.9–9.9)
  30–39 6.5 (5.4–7.9) 6.7 (5.3–8.2) 7.0 (5.5–8.8) 7.2 (5.5–9.3) 7.6 (5.8–11.2)
  40–49 6.8 (5.8–8.5) 7.4 (6.2–9.0) 7.7 (6.5–9.5) 8.1 (6.8–10.8) 9.2 (7.1–13.2)
  50–59 7.5 (6.2–9.2) 8.1 (6.7–10.4) 8.4 (7.0–11.3) 9.2 (7.2–12.5) 9.7 (7.4–14.9)
  60–69 8.7 (7.0–11.4) 9.3 (7.6–12.2) 9.8 (7.9–13.2) 10.7 

(8.4–14.1)
12.0 (8.5–16.5)

  ≥70 10.1 (7.6–13.8) 11.1 
(8.6–15.5)

11.2 
(8.6–15.8)

12.7 
(9.3–16.7)

13.5 
(10.3–18.2)

SD standard deviation, 10 pc the upper limit of the 10th percentile, 90 pc the lower limit of the 90th 

percentile, HT hypertension. From ref. [74]

<140/90, grade 1 hypertension as ≥140/90 and <160/100, and Grade II/III hyperten-
sion as ≥160/100 mmHg.

3.2  Consequences of Increased Stiffness

3.2.1  Cardiovascular Performance

The relationship between central vascular stiffness and left ventricular contractil-
ity is termed arterial-ventricular coupling. It can be quantified using the ratio of 
effective arterial elastance (Ea) to end-systolic left ventricular elastance (Elv) [75, 
76] and estimated non-invasively. A ratio close to 0.5 is associated with optimal 
cardiovascular efficiency [77, 78]. The Baltimore Longitudinal Study of Aging 
reported longitudinal changes in left ventricular volumes as assessed by repeated 
multigated blood pool scans and blood pressures over an average follow-up period 
of 12.2  years in 129 individuals without evidence of coronary or other cardiac 
disease [79]. The projected trajectories of Ea, Elv, and the ratio Ea/Elv in different 
age groups are presented in Fig. 3a, b. Ea increases with age and the rate of increase 
increases with advancing age. Elv also increases with aging; however, the increase 
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in Elv is less than that of Ea, which results in an age-associated increase in Ea/Elv 
indicating progressive AV uncoupling, due primarily to an increase in vascular 
stiffness. This was associated with left ventricular remodeling characterized by 
increased end- systolic volume and reduced stroke and end-diastolic volumes, a 
pattern consistent with that present in individuals with heart failure with a pre-
served ejection fraction.

In addition to these left ventricular structural changes, increased central vascular 
stiffness impacts left ventricular performance, primarily by increasing afterload 
during left ventricular ejection as the pressure required to eject a given volume 
increases with a progressively stiffer aorta. Due to the increase in pulse wave veloc-
ity associated with the stiffer aorta, the reflected wave returns earlier, in systole 
rather than diastole, further increasing systolic pressure and left ventricular after-
load. In addition, the lower diastolic pressure due to both lower “recoil” during 
diastole, and the absence of the reflected wave at that time, decreases coronary 
perfusion pressure, which, when combined with the increased myocardial oxygen 
demand due to the higher afterload, may impact left ventricular performance in the 
setting of obstructive disease.

3.2.2  Clinical Outcomes

In clinical outcome studies, central vascular stiffness is usually assessed as pulse 
pressure, pulse wave velocity, or by using radial or carotid tonometry. Although 
these measures do not precisely define relative changes in aortic volume with aortic 
pressure, they are non-invasive, safe, predictive of outcomes, and, in many clinical 
centers, readily available. The Framingham investigators reported the association 
between stiffness as indexed by carotid-femoral pulse wave velocity on cardiovas-
cular and other events in 7283 Framingham Study participants over a median fol-
low- up period of 15  years [80]. In adjusted analysis, each standard deviation 
increase in the carotid-femoral pulse wave velocity was associated with an increased 
risk of hypertension (HR 1.32), diabetes (HR 1.32), chronic kidney disease (HR 
1.19), dementia (HR 1.27) coronary heart disease (HR 1.37), transient ischemic 
attack or stroke (HR 1.24), and death (HR 1.29) (see Fig. 4). In a pooled analysis 
from 16 studies examining the impact of aortic pulse wave velocity on cardiac out-
comes in 17,635 participants [81], for every one standard deviation increase in loge 
aortic pulse wave velocity, there was a significant 54% increased 5 year stroke risk 
for those 61–70 years of age and a 37% increase for those over 70 years of age. 
Similarly, there was a 31% increase in coronary heart disease events for those 
61–70 years and a 14% increase for those over 70 years of age. In a community of 
adults over 70 years of age, the Health ABC Study investigators reported that over 
a 4.6 year follow-up aortic pulse wave velocity quartiles were significantly associ-
ated with cardiovascular mortality, with a relative risk 2.1, 3.0, and 2.3 for quartiles 
2, 3, and 4 versus the first quartile 1 [82].

Hypertension is the most common risk factor in the older population and is 
strongly related to stroke and heart failure risk (see Chap. 1). In the Atherosclerosis 
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Outcomes

Cardiometabolic Disease

Chronic Kindney Disease (CKD)

Neurocognitive Outcomes

Cardiovascular Disease and Subtypes

Death

Hypertension 1.32 (1.21, 1.44)

Hazard Ratio
per SD increment in CFPWV

(95% CI)

P-value

Diabetes 1.32 (1.11, 1.58)

CKDa

Dementia 1.27 (1.06, 1.53)

1.20 (1.06, 1.36)

1.37 (1.13, 1.65)

1.21 (0.98, 1.51)

1.24 (1.00, 1.53)

1.29 (1.17, 1.43)

1 1.2 1.4 1.6 1.8

CVD (composite)

CHD

Heart Failure

Stroke/TIA

All-Cause Mortality

CKDb

1.19 (1.05, 1.34)

1.17 (1.01, 1.35)

<.0001

0.002

0.01

0.005

0.001

0.08

0.047

<.0001

0.005

0.03

Fig. 4 Relations of carotid-femoral pulse wave velocity (CFPWV) and incidence of outcome 
events dichotomized by median age (50 years for analyses combining FOS [Framingham Offspring 
Study] and Gen 3 [Third Generation; incidence of hypertension, diabetes, chronic kidney disease 
(CKD)b, cardiovascular disease (CVD), CVD subtypes, and death]; 60 years for analyses limited 
to FOS [incidence of CKDa and dementia]). Hazards ratios are per SD increment in CFPWV from 
age-strati�ed models adjusting for model 3 covariates (sex, current smoking status, total choles-
terol concentration in blood/HDL (high-density lipoprotein) cholesterol, diabetes [or fasting blood 
glucose, for incident diabetes], systolic blood pressure, and antihypertensive treatment). Interaction 
p values are from models pooling age groups. CKDa and CKDb refer to de�nitions of incident 
disease based on reduced estimated glomerular �ltration rate (eGFR) and increased urine albumin 
to creatinine ratio vs reduced eGFR alone, respectively. CHD coronary heart disease, TIA transient 
ischemic attack. (From: Hypertension. 2022;79:1045–1056)

Risk in Communities study, pulse wave velocity was an independent predictor of 
incident hypertension [83]. Arterial stiffness was assessed by ultrasound detected 
change in carotid arterial diameter, adjusted for the diastolic and pulse pressures. 
After adjustment for traditional risk factors, there was a signi�cant increase in the 
incidence of hypertension over a mean follow-up of 3 years with rates of 9.6% in the 
least elastic and 6.7% in the most elastic quartiles. For every one standard deviation 
decrease in elasticity there was a 15% greater risk of hypertension. Najjar et  al. 
reported the impact of pulse wave velocity measured using carotid and femoral 
tonometry in 306 Baltimore Longitudinal Study of Aging participants who were 
normotensive at baseline on the development of hypertension over 4  years [84]. 
Thirty-four percent developed hypertension and for every 1 m/s increase in PWV, 
the hazard of developing hypertension was 1.10 (CI 1.00–1.30).

Age also impacts the association between different blood pressure indices and 
coronary heart disease risk. The Framingham Heart Study compared the importance 
of systolic, diastolic, and pulse pressure blood pressures to the risk for coronary 
artery disease over a mean follow-up period of 17 years (Table 2) [85]. Diastolic 
pressure was the strongest predictor for those under 50 years of age and the compo-
nents were equally predictive for those 50–59 years. However, for those 60 years of 
age and older, while systolic blood pressure remained signi�cant (hazard ratio 1.17 
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Table 2 Proportional-hazard regression coefficients relating incidence of CHD to single BP 
components of SBP, DBP, and PP by age groups

Single BP componentsa βb SEb Wald χc HR (95% CI)b

Age < 50 years
SBP 0.13 0.04 10.8 1.14 (1.06–1.24)d

DBP 0.29 0.06 21.8 1.34 (1.18–1.51)e

PP 0.02 0.07 0.1 1.02 (0.89–1.17)
Age 50–59 years
SBP 0.08 0.03 6.3 1.08 (1.02–1.15)f

DBP 0.10 0.06 2.9 1.11 (0.99–1.24)
PP 0.11 0.05 5.4 1.11 (1.02–1.22)f

Age ≥ 60 years
SBP 0.16 0.03 30.0 1.17 (1.11–1.24)d

DBP 0.11 0.06 3.2 1.12 (0.99–1.27)
PP 0.21 0.04 36.9 1.24 (1.16–1.33)d

From: Circulation. 2001;103:1245–1249
aSBP, DBP, and PP were entered in separate models, adjusted for age, sex, body mass index, ciga-
rette smoking, diabetes mellitus, and ratio of total to HDL cholesterol
bHR was associated with a 10 mmHg increase in BP
cWald χ
dp < 0.01
ep < 0.00
fp < 0.05

(1.11–1.24, p < 0.001)), the strongest predictor was pulse pressure, with a hazard 
ratio of 1.24 (1.16–1.33, p < 0.001) for every 10 mmHg increase after adjustment 
for diabetes and other cardiovascular risk factors.

Stiffness, as indexed by pulse pressure, is also related to the development of 
congestive heart failure (CHF). In a study of 1621 participants 65 years or older, 
with a mean age of 77.9 years, there was a 14% increase in the risk of CHF for every 
10-mmHg increase in pulse pressure over a mean follow-up period of 3.8 years and 
for those in the highest quartile, the risk was 55% higher than for those in the lowest 
quartile [86]. In Framingham Heart Study participants 50–79 years of age, there was 
a 55% increased risk for the development of heart failure over a 17.4 year mean 
follow-up period for every 16  mmHg increase in pulse pressure [87]. Increased 
central vascular stiffness is also believed to play an important pathophysiologic role 
in patients with heart failure and a preserved ejection fraction, a common form of 
heart failure in older patients [88]. Abnormal central vascular hemodynamics are 
particularly evident during exercise [89]. In a study comparing measures of cardiac 
function and arterial parameters, at rest and during exercise in 98 patients with heart 
failure and a preserved ejection fraction (mean age 68 years) and 22 control patients 
with hypertension but without heart failure (mean age 62 years), parameters of cen-
tral stiffness did not differ at rest. At a common 20-W supine cycle exercise work-
load and adjusted for age and body mass index, stiffness assessed by end-systolic 
central blood pressure divided by the stroke volume index was significantly higher 
in the heart failure with preserved ejection fraction group (3.26 ± 0.92) than in the 
control group (2.64 ± 0.71, p < 0.004). The higher arterial stiffness correlated with 
higher pulmonary capillary wedge pressures and lower cardiac outputs during the 
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exercise period. Peak exercise capacity was about 40% lower, and stiffness about 
30% higher in the heart failure with preserved ejection fraction group. Thus, there 
is a significant association between central vascular stiffness and cardiac function 
indices of exercise performance in patients with heart failure and a preserved ejec-
tion fraction, which is independent of hypertension.

Measures of vascular stiffness are also associated with incident atrial fibrillation, 
cognitive decline, and renal failure. In Framingham Heart Study offspring and third- 
generation cohorts all older than 45 years and with a mean age of 61 years, each 
standard deviation of augmentation index and of central pulse pressure assessed 
with tonometry wave forms, adjusted for age, sex, and hypertension, was associated 
with atrial fibrillation hazard ratios of 1.16 (95% CI 1.02–1.32, p = 0.02) and 1.14 
(95% CI 1.02–1.28 p = 0.02) for augmentation index and central pulse pressure 
respectively [90]. Cognitive changes and central vascular stiffness were assessed in 
1101 Framingham Offspring participants, all of whom were 60  years of age or 
older, over a 10-year follow-up period. Stiffness, defined by the carotid-femoral 
pulse wave velocity was significantly associated with an increased risk of mild cog-
nitive impairment (HR 1.40, CI 1.13–1.73), all cause dementia (HR 1.45, CI 
1.13–1.87) and Alzheimer’s Disease (1.41, CI 1.06–1.67) [91]. In a 356 participant 
subset of the Cardiovascular Health Study, with a mean age of 77.8 years, for whom 
carotid femoral pulse wave velocity was measured and incident dementia assessed 
over a 15-year follow-up period, the risk of incident dementia for those in the high-
est quartile was 57% higher than for those in the lowest quartile, adjusted for con-
ventional risk factors and anti-hypertensive medications [92]. Longitudinal changes 
in brain MRI scans over a mean 4.9-year follow-up period were analyzed in 278 
individuals with normal or mild cognitive impairments from the Vanderbilt Memory 
and Aging Project. Increased pulse wave velocity was associated with an increase in 
white matter intensity, likely related to ischemia, and a decrease in gray matter [93]. 
Measures of arterial stiffness are also associated with decline in kidney function and 
renal failure in studies of older individuals [94, 95]. The MESA study examined the 
association of vascular stiffness indexed by pulse pressure and radial artery tonom-
etry and changes in renal function in 4853 persons, all of whom had an initial esti-
mated GFR of >60  mL/min/1.73  m2 [95]. Higher pulse pressure and vascular 
stiffness were associated with faster rates of kidney decline. Compared to those with 
a pulse pressure of 40–50 mmHg the decline in eGFR was 0.29, 0.56 and 0.91 mL/
min/1.73 m2/year faster among those with pulse pressures of 50–60, 60–70, and 
>71 mmHg respectively, all p < 0.01.

3.3  Intervention Strategies

The above studies indicating an association between increased central vascular 
stiffness and adverse cardiovascular outcomes prompted studies of non-pharma-
cologic and pharmacologic interventions designed to decrease stiffness. Although 
the underlying mechanisms cannot be directly assessed, the consequences in 
terms of stiffness indices can be. The primary non-pharmacologic approaches are 
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changes in dietary pattern and exercise. The benefits of the Dietary Approaches to 
Stop Hypertension (DASH) and Mediterranean diets on cardiovascular health are 
well established [96, 97]. The principal components of many of these diets include 
increased cocoa, coffee, extra virgin olive oil, fermented foods, fiber, fish, fruits, 
nuts, vegetables, and whole grains along with decreased intake of high glycemic 
carbohydrates, processed foods, and sugar, and are associated with deceased vas-
cular stiffness [98, 99]. The responsible mechanisms are multifactorial and include 
impacts on secreted cytokines, function of immune cells, adipose tissue, skeletal 
muscle, pancreas, and liver. These are believed to be associated with activation of 
SIRT-1 and AMPK pathways, depression of mTOR, protein catabolism, fatty acid 
oxidation, autophagy, mitochondrial homeostasis, and protection against oxida-
tive stress and inflammation. In pre-clinical models, caloric restriction is associ-
ated with decreased central vascular stiffness, [100] thought to be related to 
activation of anti- oxidant/and anti-inflammatory pathway systems and of endog-
enous cellular stress resistance pathways, SIRT-1, AMPK, and mTOR [100]. In 
addition to the types of foods, the intake of certain elements is also associated with 
vascular function. Thus, calcium, potassium, and magnesium may be beneficial, 
while sodium intake is associated with injury to the vessel wall [99]. Gates et al. 
conducted a double-blind cross-over study demonstrating that decreasing sodium 
chloride intake improved large artery elastic compliance in older adults [101]. 
They assessed the impact of two weeks of decreased sodium intake, to about 
60 mmol/day, consistent with the DASH diet, on carotid artery compliance in 12 
individuals with stage 1 hypertension. In addition to a significant decrease in sys-
tolic pressure, carotid artery compliance increased by 46%, % augmentation index 
decreased from 40  ±  2 to 29  ±  2 (p  <  0.05) and carotid artery pulse pressure 
decreased from 50 ± 6 to 40 ± 6 (p < 0.05). Potential mechanisms for sodium’s 
detrimental effects include direct injury to the vessel wall, vascular smooth mus-
cle cell hypertrophy, and increased reactive oxygen species, inflammation and 
resultant fibrosis.

Weight loss reduces arterial stiffness in obese and overweight adults [102, 103]. 
Following a 12-week 1200–1500 kcal/day diet, 25 individuals with an average body 
mass index of 30.0 ± 0.6 kg/m2, lost 7.1 ± 0.7 kg. Carotid-femoral pulse wave veloc-
ity decreased by 187 ± 29 cm/s and the decrease was correlated with reduced total 
body and abdominal obesity [103]. The long-term success of caloric restriction, per 
se, is low because of difficult adherence. In addition, there are concerns regarding 
caloric restriction including loss of skeletal muscle mass, decreased bone mineral 
density, and decreased intake of important nutrients. Potential alternatives include 
caloric restriction for a few days each week and limiting feeding to a limited number 
of hours (e.g. 8 h) each day.

Physical activity decreases central vascular stiffness and age-related increases in 
stiffness can be mitigated by exercise in both men and women [104, 105]. The 
Baltimore Longitudinal Study of Aging measured VO2 max in rigorously pheno-
typed adults aged 21–96 years of age [106]. With increasing age, in the entire cohort, 
augmentation index and aortic PWV increased out of proportion to the blood pres-
sure increase. However, these measures of aortic stiffness were lower in endurance- 
trained male athletes (defined by a VO2 max 1 standard deviation above their 
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age-matched non-trained controls), compared with sedentary individuals (defined 
as less than 20 min of aerobic exercise three times weekly) of similar age. Similarly, 
while augmentation index and pulse wave velocity were higher in sedentary post-
menopausal women than comparable pre-menopausal women, these measures were 
similar in physically active pre- and post-menopausal active women defined by per-
forming endurance training, or actively competing in running races, an average of 
6 ± 1 h of activity per week [106].

3.3.1  Drug Effects on Vascular Stiffness

Some pharmacologic agents also decrease measures of vascular stiffness. The major-
ity of the studies are with anti-hypertensive agents. Those which decrease stroke vol-
ume will decrease expansion required of the rigid aortic elements during ejection and 
therefore pressure. Thus, pulse wave velocity may change but there is no change in the 
pressure/volume relationship per se. Vascular smooth muscle vasodilation induced by 
ACE-inhibitors and angiotensin receptor II receptor blockers decrease stiffness mea-
sures. The benefit of these may extend beyond an impact related to an acute effect on 
blood pressure due to a decrease in vascular smooth muscle cell proliferation and 
vascular calcification. The impact of drugs on pressure and stiffness may also differ. 
Thus, lisinopril and metoprolol reduced blood pressure similarly but the angiotensin 
converting enzyme inhibitor improved compliance while the beta blocker did not 
[107]. In general, and in the few studies which have been performed, ACE-inhibitors, 
angiotensin II receptor blockers, and calcium antagonists improve compliance relative 
to beta blockers (with the possible exception of those with vasodilating properties), 
despite similar blood pressure reductions [108]. It should be emphasized, however, 
that no randomized study has determined whether decreasing compliance indepen-
dent of blood pressure decreases adverse cardiovascular events.

3.3.2  The Impact of Urban Environments on Age-Associated 
Vascular Properties

The importance of the environment to which our vasculature is exposed in mediat-
ing the age associated vascular changes is also illustrated in studies comparing these 
properties in rural and urban dwellers. When compared with urban societies, those 
in isolated rural communities that have been slow to assimilate into urban societies 
have very low rates of prevalent hypertension and lower age-associated increases in 
pressure with increasing age.

The prevalence of hypertension and longitudinal changes in blood pressure were 
studied in 2248 adults aged 20–90 years among the Tsimane, forager-horticultural-
ists in the Bolivian Amazon [109]. In the entire group the prevalence of hyperten-
sion was only 3.9% in women and 5.2% in men. The increases in systolic, diastolic, 
and pulse pressure per decade, respectively, were 2.86, 0.95, and 1.95 mmHg for 
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women and 0.91, 0.93, and −0.02 mmHg for men, all of which are significantly 
lower than the same profiles in the United States [110]. In a study comparing pulse 
wave velocity (PWV), matched for age and blood pressure, PWV in the arm was 
significantly lower in rural Guangzhou (PWV = 0.61 (age) + 817) than in Beijing 
(PWV = 4.8 (age) + 998) [111]. One of the most salient studies examining this ques-
tion was the Yi migrant study, which examined blood pressures in 8241 Yi farmers, 
2675 Yi who had migrated from the rural to an urban environment, and 3689 urban 
residents [112]. The prevalence of borderline or definite hypertension in the farmer 
population was only 2.69% in men and 2.42% in women 65 years of age or older, 
and rose to 30.77% in men and 55.55% in women migrants and to 57.57% in men 
and 70.0% women urban dwellers. For men 65 years of age or older, the mean sys-
tolic pressures expressed as mean ± SD were 110.8 ± 12.3 in the farmers, 130.4 ± 14.0 
in the migrants, and 136.9 ± 23.6 mmHg in the urban dwellers. For women, the 
respective numbers were 111.2  ±  12.6, 135.0  ±  17.2 and 146.5  ±  25.6  mmHg. 
Furthermore, the change in systolic pressure with age, expressed as the 
mean ± SE mmHg/year was also significantly lower in the farmers (0.13 ± 0.01) 
than in the migrants (0.33 ± 0.03) and the urban dwellers (0.36 ± 0.02). Migration 
was associated with decreased physical activity and increased intake of animal 
products, sugar, salt, fat, and total calories. Furthermore, adjusting for BMI reduced 
much of the hypertension risk. Although these studies suggest that a significant 
component of the age-associated increase in measures of central vascular stiffness 
can be mitigated by lifestyle factors, it is not practical for most currently living in an 
urban/suburban environment to reproduce the lifestyle practiced in these remote 
rural areas.

4  Vascular Endothelial Cell Function Testing

The previous sections describe in detail the molecular and cellular mechanisms of 
vascular aging with an emphasis on vascular endothelial cell function as well as the 
structural changes accompanying age associated increased stiffness and interven-
tions to improve vascular stiffness. The following paragraphs focus on vascular 
function testing and the clinical implications of age associated impairments in vas-
cular endothelial cell function.

Endothelial dysfunction is associated with a plethora of cardiovascular diseases 
and can be observed in larger conduit arteries (macrovascular dysfunction) as well 
as smaller resistance vessels (microvascular dysfunction). Furthermore, the pres-
ence of endothelial dysfunction is a clinical prognosticator for cardiovascular events 
and associated mortality. Vascular endothelial function testing is a useful tool in 
selecting therapies and assessing the response to interventions. For this purpose, 
several invasive as well as non-invasive modalities have emerged for clinical and 
research purposes and strengths and limitations of these techniques will be dis-
cussed in the following sections.

Aging of the Vasculature



174

4.1  Invasive Coronary Endothelial Function Assessment

Coronary endothelial dysfunction is a reliable predictor of cardiovascular events 
and associated mortality and an important vascular bed in studies of vasoreactivity 
[113]. Endothelial dysfunction diagnosed by invasive methods is prevalent in a vari-
ety of cardiometabolic diseases and is associated with future atherosclerotic cardio-
vascular events [114, 115]. Furthermore, responses to risk factor modifying therapies 
targeting endothelial cell dysfunction improve vascular function [116].

The gold standard for coronary endothelial functional assessment uses invasive 
quantitative angiography [117]. Blood flow velocity, measured using a Doppler 
wire, and epicardial diameter are used to calculate coronary blood flow [118]. To 
assess endothelial cell-dependent function an endothelial-dependent vasodilator, 
e.g. acetylcholine, is infused and the response to the acetylcholine-induced increased 
production of nitric oxide is recorded [119]. The normal, functional, coronary vas-
culature response to low dose acetylcholine infusion is coronary arterial vasodila-
tion and increased blood flow (by >50%). In the setting of vascular endothelial cell 
dysfunction, the increases in coronary flow and dimension are less and, at times, 
even paradoxical vasoconstriction occurs [120]. Other, less commonly used agents 
for invasive endothelial-dependent coronary vascular function testing are bradyki-
nin, papaverine, Substance P and adenosine [121, 122]. Non-pharmacologic 
endothelial- dependent stressors to assess coronary vascular function include cold 
pressor testing [123] and exercise testing using an ergometer [124].

Advantages of the invasive, catheter-based, coronary endothelial assessment 
include the precision and accuracy of direct rather than surrogate measures of coro-
nary arterial function assessment. These are, however, balanced by the potential 
risks of vascular access, coronary vessel engagement with the catheter, exposure to 
radiation and contrast agents, and potential systemic, hemodynamic effects of the 
pharmacologic intervention. These concerns limit repeated assessments of invasive 
coronary endothelial function testing outside of clinically indicated procedures.

4.2  Non-invasive Coronary Artery and Peripheral Arterial 
Endothelial Function Assessment

There are  a variety of non-invasive, imaging, modalities to assess endothelial- 
dependent coronary- and peripheral vascular function including magnetic resonance 
imaging (MRI) [125], positron emission tomography (PET)/computed tomography 
(CT) [126, 127], computed tomography angiography (CTA) [128] and ultrasound to 
assess brachial artery flow -  mediated dilatation (FMD) [129]. The following sec-
tion will focus on the two most used techniques at our institution: MRI for coronary 
artery endothelial function testing and FMD for peripheral vascular function testing.
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4.2.1  Non-invasive Evaluation of Epicardial Coronary Endothelial 
Function and Microvascular Function Testing: MRI

MRI in combination with isometric handgrip exercise (IHE), a known endothelial- 
dependent stressor, is a non-invasive, and reproducible method to assess coronary 
endothelial function (CEF). [3, 125] CEF reflects coronary endothelial NO release 
and, as such, can be used to test pathophysiologic contributors to cardiovascular 
diseases [130]. The normal response to IHE is an increase in NO bioavailability 
with subsequent coronary vascular dilation and increases in coronary flow velocity 
and flow. Furthermore, our studies showed impaired CEF in patients with CAD 
[131] and separately in people living with HIV compared to otherwise risk-factor- 
matched control participants [125]. The coronary artery area and flow responses to 
stressors as assessed by MRI have been validated when compared to invasive mea-
sures using quantitative coronary angiography with Doppler techniques [132]. This 
MRI technique therefore provides an opportunity to monitor the impact of interven-
tions to improve CEF and therefore decrease the development and progression of 
atherosclerosis during the early stages of coronary disease [133]. MRI techniques 
can also be used to interrogate microvascular function. Stress perfusion cardiovas-
cular magnetic resonance (CMR), distinct from the coronary vasoreactivity 
approaches outlined above, typically use vasodilator stress (e.g., adenosine) to 
detect changes in myocardial blood flow in response to stress. Several studies sup-
port the use of stress perfusion CMR to investigate myocardial perfusion reserve, 
which reflects microvascular function in the absence of significant CAD [134, 135]. 
Like MRI for CEF testing, the prognostic value of stress CMR was similar to that of 
invasive strategies [136].

4.2.2  Peripheral Endothelial Function Assessment: Brachial Artery Flow 
Mediated Dilatation and Peripheral Artery Tonometry

Flow-mediated vasodilatation (FMD) of the brachial artery measures the response 
of a focal segment of the vessel to endothelial-dependent NO release induced by a 
hyperemic stimulus, usually at the time of increased blood flow following a 5 min 
blood pressure cuff occlusion of flow. FMD is defined as the change in arterial 
diameter post-stimulus compared to the baseline diameter, measured manually or 
with edge-detection software [129, 137]. Furthermore, baseline and hyperemic 
(maximal) blood flows are calculated from the onset of one arterial waveform to the 
beginning of the next waveform using the time-averaged pulsed Doppler spectral 
trace time-velocity integral. FMD assessed vascular endothelial cell function is a 
validated method to detect endothelial dysfunction, which predicts future cardiovas-
cular events [138].

Peripheral artery tonometry (PAT) is also used to assess endothelial function. 
PAT uses a pneumatic finger probe to measure the arterial pulse wave amplitude at 
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baseline and with reactive hyperemia. There is a poor correlation between the FMD 
and PAT techniques [139], and it was proposed that PAT is a more accurate assess-
ment of micro- rather than macrovascular, function [140].

4.3  Endothelial Function in the Coronary 
and Peripheral Vasculature

As outlined in the prior sections, endothelial function assessed by invasive and non- 
invasive modalities is an important predictor of vascular health and cardiovascular 
outcomes. However, some studies show only a modest association between sys-
temic and coronary endothelial function assessments [141]. Furthermore, there may 
be significant variability of the endothelial cell function measures within a vascular 
territory or even within the coronary vasculature of the same person [131]. A variety 
of mechanisms may explain these differences, including differences in local shear 
stress, the resistance of downstream vessels, and neurohormonal regulation. Finally, 
endothelial function assessment in the coronary and systemic vasculatures, with 
individual strengths and limitations, may provide complementary insights into vas-
cular endothelial cell function [142].
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Peripheral Artery Disease (PAD)

Andrew Cluckey, Cherie N. Dahm, and Matthews Chacko

1  Introduction

Peripheral artery disease (PAD) is a circulatory disease that involves narrowed arter-
ies that reduce blood �ow to the limbs, typically due to atherosclerosis or plaque 
build-up within the arterial wall. In this chapter, we will discuss the clinical mani-
festations, diagnosis, and management of lower extremity PAD.

PAD generally develops due to fatty or atherosclerotic plaque deposition in the 
intimal layer of the arterial wall. As the plaque begins to accrue, it can obstruct �ow 
in one of two ways, both of which can be life- or limb-threatening: (1) chronically, 
as the intimal layer continues to grow and obstruct into the lumen of the vessel or 
(2) acutely as the plaque ruptures, causing platelet adhesion and aggregation, result-
ing in thrombosis of the vessel.

PAD is common and is associated with signi�cant cardiovascular morbidity and 
mortality, even if one is asymptomatic. It is estimated to occur in over 8 million 
Americans and more than 200 million individuals worldwide. In those older than 
70 years of age, the prevalence is ~10% and increases to ~17% in those older than 
80 years of age [1].

Key risk factors for atherosclerosis and PAD include diabetes mellitus, hyperten-
sion, hypercholesterolemia, older age, and cigarette smoking with cigarette smok-
ing being a very potent risk factor for developing and accelerating atherosclerosis 
[2]. Other risk factors include coronary artery disease, cerebrovascular disease, 
chronic kidney disease, obesity, and systemic in�ammatory disease.
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2  Clinical Manifestations

Most patients with PAD are asymptomatic, however symptomatic PAD can mani-
fest as a spectrum of symptoms, ranging from exertional crampy or achy leg pain 
called intermittent claudication to debilitating pain at rest, and even gangrene lead-
ing to limb amputation in extreme cases. During rest, there is decreased vascular 
resistance to maintain muscle perfusion, however, with exercise, there is a supply- 
demand mismatch leading to limb ischemia. Over time with repeated episodes of 
ischemia and reperfusion, the release of oxygen free radicals leads to abnormal 
myocyte metabolism and impaired contractile reserve [3]. For hemodynamically 
significant stenosis at rest, the vessel diameter is generally reduced by 90% or more. 
With exertion, there is an increase in distal limb metabolic requirements and there-
fore even a 50% luminal reduction can have a hemodynamically significant impact 
in some instances [2], particularly if the vascular bed distal to the stenosis is large.

A careful history and physical examination is important, as several non-vascular 
diseases can mimic the symptoms of PAD, or vice versa, including lumbosacral 
spinal stenosis, peripheral neuropathy, and degenerative arthritis. Loss of hair or 
skin changes such as dependent rubor, poor capillary refill, or ulcerations can sig-
nify severe advanced PAD. A detailed pulse examination, including the radial, bra-
chial, femoral, popliteal, posterior tibialis and dorsalis pedis pulses, can clue the 
examiner to the presence of significant obstructive PAD. Discrepant, diminished, or 
absent pulses warrants further investigation, however absent dorsalis pedis or poste-
rior tibial pulses can be seen in the general population without PAD. Auscultation 
of the femoral arteries can suggest the presence of PAD if a bruit is noted. A meta- 
analysis looking into the most useful history and exam findings include symptoms 
of intermittent claudication with a likelihood ratio (LR) for PAD of 3.3, skin discol-
oration (LR 2.8), digital wounds (LR 5.9), arterial bruit (LR 5.6) and abnormal 
pulse exam (LR 4.7) [4].

3  Diagnosis

The diagnostic test of choice for PAD is an ankle-brachial index (ABI), or a toe- 
brachial index (TBI) when significant vessel calcification and stiff non- compressible 
vessels are present as may be the case in the elderly, diabetic, or chronic kidney 
disease populations. An ABI is obtained by measuring ankle (dorsalis pedis and 
posterior tibialis) and bilateral brachial systolic pressures while the patient is supine, 
with the greater of the two ankle pressures being the numerator and the greater of 
the two brachial pressures being the denominator. An ABI of ≤0.90 is diagnostic for 
PAD with an index of >1.0 and ≤1.4 considered normal [5]. With exertional symp-
toms and normal or borderline resting, ABIs present, an exercise ABI may increase 
the sensitivity of the test [6]. An initial ABI of 0.5 is a significant predictor of dis-
ease severity likely to require revascularization [2]. Though varying cut-offs have 
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been used in clinical trials, a TBI cut-off of ≤0.7 has been recommended in the 
AHA PAD guidelines [7]. Segmental blood pressures in the lower extremities may 
allow for anatomic localization of obstructive PAD with a positive finding defined 
as a drop of >20 mmHg between levels [7].

Duplex ultrasound, CT angiography, or magnetic resonance angiography (MRA) 
can further help to localize disease as well as allow for pre-procedural or pre-oper-
ative planning with test selection often dependent upon patient factors such as 
chronic kidney disease or claustrophobia. Catheter-based angiography with digital 
subtraction angiography (DSA) is considered the gold standard for PAD imaging, 
however, due to its invasive nature and attendant risks of complications such as 
bleeding, vascular injury, and contrast nephropathy, it is reserved for instances when 
intervention may be necessary or when there are divergent findings on diagnostic 
testing or clinical assessment. When compared with catheter-based angiography, 
duplex ultrasound has been shown to have a good concordance in diagnosing and 
localizing lesions, particularly in the femoro-popliteal region [8]. CTA and MRA 
have also been shown to have high sensitivity and specificity in diagnosing PAD 
when compared with catheter-based angiography [9, 10].

4  Management

4.1  Lifestyle Modifications

Multiple risk factors contribute and play a significant role in the progression of 
PAD. As with coronary artery disease, management of risk factors such as diabetes, 
lipids, hypertension, and smoking cessation are class I recommendations [7]. 
Smoking is a significant risk factor for PAD, with a dose-response relationship [11]. 
Smokers are not only at increased risk for developing PAD compared to non- 
smokers, they also have higher complication rates from PAD, including requiring 
limb salvage therapies and amputation [12, 13]. Several studies have shown that 
smoking cessation limits the risk of developing PAD, however, compared with CAD 
and stroke, the risk never returns to baseline [14, 15]. The Framingham study 
showed that smokers are twice as likely to develop PAD as they are to develop CAD 
[2]. Smoking cessation programs and smoking cessation adjunctive therapies should 
be considered for all patients with PAD.  In a randomized control trial of PAD 
patients, those that underwent intensive counseling and pharmacologic therapy 
were more likely to have abstained from smoking at 6 months than those in the 
standard therapy arm (21.3% vs. 6.8%) with 87% of patients in the intensive arm 
reporting pharmacotherapy use compared with only 67% in the standard arm [13].

While medical therapy and risk factor modification may help to reduce major 
adverse cardiac events (MACE) and limb events (MALE), few medications have 
proven to reduce symptoms. The initial treatment of choice for symptomatic PAD 
is supervised exercise therapy as a class I recommendation [6, 7]. Several 
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randomized control trials have shown that supervised exercise programs improve 
walking distance for patients with symptomatic PAD [16]. In a recently published 
meta-analysis, supervised exercise therapy improved walking performance more 
than did lower extremity revascularization up to 18 months out, however, the com-
bination of the two showed the greatest response [17]. The greatest barrier to super-
vised exercise is availability and as such, self-guided home exercise regimens can 
be considered.

4.2  Medical Management

The cornerstone of medical therapy involves anti-platelet and anti-thrombotic ther-
apy. Though the effect of aspirin in all patients with PAD is not well-established, 
using either aspirin (75–325 mg/day) or clopidogrel (75 mg/day) is a class Ia recom-
mendation for patients with symptomatic PAD to reduce the risk of MI, stroke, and 
vascular death [6, 7]. A large meta-analysis of 287 studies showed that anti-platelet 
agents, most commonly low dose aspirin (75–150 mg daily), in high-risk symptom-
atic patients reduced the risk of non-fatal myocardial infarction, non-fatal stroke, or 
vascular death [18]. The CLIPS (Critical Leg Ischemia Prevention Study) trial found 
that aspirin, when compared to placebo, reduced the rates of MACCE and critical 
limb ischemia (6.5% for aspirin vs. 15.5% for placebo) at 2 years in 366 symptomatic 
and asymptomatic PAD patients [19]. The net benefit of aspirin, however, has not 
been seen in asymptomatic PAD patients [20, 21]. Cilostazol is a phosphodiesterase 
inhibitor with anti-platelet properties that has been shown to improve symptoms in 
those with PAD and intermittent claudication. A Cochrane Database Systematic 
Review showed that the addition of cilostazol resulted in an overall improvement in 
claudication free walking distance, however, no significant difference in MACE was 
noted [22]. Cilostazol has a class I recommendation for intermittent claudication [7], 
though it should be avoided in those with congestive heart failure.

P2Y12 receptor inhibitors have been shown to lower the rates of MACE and 
MALE in symptomatic PAD patients. In the CAPRIE trial, aspirin (325 mg/day) 
was compared with clopidogrel in those with cardiovascular disease and demon-
strated a 23.8% relative risk reduction for stroke, MI or vascular death in the clopi-
dogrel arm compared with the aspirin arm with superior safety as well [23, 24]. 
Ticagrelor is another P2Y12 receptor inhibitor that was shown to reduce MACE 
with similar bleeding outcomes compared to clopidogrel in the EUCLID trial [25]. 
Combination therapy with aspirin and clopidogrel can be considered for high-risk 
patients, however at a cost of increased risk of bleeding as seen in the CHARISMA 
trial [26]. In the PLATO trial, a subgroup analysis of PAD patients showed an 
insignificant difference between ticagrelor and aspirin compared to clopidogrel 
and aspirin in the reduction of MACCE, however, patients with PAD were noted to 
have a 2.5-fold increased rate of events when compared to patients without 
PAD [24].
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The factor Xa inhibitor rivaroxaban has shown benefit in secondary prevention in 
those with PAD. In the COMPASS trial, patients with stable atherosclerotic vascular 
disease were randomized to receive low dose rivaroxaban (2.5 mg twice daily) in 
addition to low dose aspirin (100  mg daily), low dose rivaroxaban (5  mg twice 
daily) plus aspirin placebo, or low dose aspirin (100 mg daily) plus rivaroxaban 
placebo. The low dose rivaroxaban plus aspirin arm experienced lower rates of 
MACE and MALE compared with the other arms, however with an increased haz-
ard of non- fatal bleeding [27]. The VOYAGER PAD trial revealed that this benefit 
holds true in patients who have undergone revascularization for PAD with signifi-
cant and sustained reduction in event rates at 3 years of follow up [28].

Hypertension management with ACE inhibitors or ARBs should be considered 
to reduce ischemic events in patients with PAD and has a class IIa recommendation 
[7]. In patients with either symptomatic or ABI positive PAD, the use of ramipril for 
hypertension management reduced the absolute risk of cardiovascular mortality, 
MI, and stroke by more than 5% over 4.5 years of follow-up [6].

Lipid-lowering therapy has also shown benefits in the symptomatic PAD popula-
tion, reducing the risk of MACE and MALE. The HMG-CoA reductase inhibitors, 
or “statins”, have a class I indication per the ACC/AHA guidelines [7]. The possible 
mechanisms of action of statins include plaque stabilization prevention of plaque 
rupture and decrease further plaque formation, as well as improved vasomotor 
effects [2]. In an analysis of the REACH registry, symptomatic PAD patients taking 
statins had fewer symptoms, a reduced need for revascularization and amputation, 
and lower rates of MACE [29]. Statin intolerance can be a barrier to attaining rec-
ommended lipid-lowering goals and in those patients, ezetimibe may be considered.

Recent studies of the proprotein convertase subtilisin/kexin type 9 (PCSK9) 
inhibitor evolocumab on lipid levels and cardiovascular outcomes in patients with 
atherosclerotic cardiovascular disease have been noteworthy [30, 31], including the 
FOURIER trial which showed significant reductions in MACE and MALE in the 
sub-group with symptomatic PAD [32].

5  Revascularization

While medical and exercise therapy are the cornerstones of PAD management and 
are effective in a majority of patients, revascularization may be necessary to improve 
quality of life and to reduce MACE and MALE in selected patients and should be 
considered for disabling, medically refractory intermittent claudication, critical 
limb ischemia, or for limb salvage. Surgical intervention has long been a mainstay 
of management in patients with medically refractory PAD, however endovascular 
therapy is being used with greater frequency as techniques and devices have 
improved [33]. Comparative meta-analyses of surgical and endovascular therapies 
for PAD show similar degrees improvement in quality of life, symptoms and walk-
ing distance in patients with intermittent claudication [34]. The decision to proceed 
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with a surgical versus endovascular approach is typically dependent on multiple 
factors including surgical risk, vascular anatomy, and complexity of disease [35, 36].

5.1  Surgical Management

If a patient is deemed an appropriate surgical candidate, with a low operative risk 
and good anatomical targets, bypass surgery with autogenous vein grafts as com-
pared with prosthetic grafts has been shown to have longer durability and patency at 
5-year follow up [37].

5.2  Endovascular Management

Percutaneous balloon angioplasty with or without stenting can be used in symptom-
atic PAD in selected cases. More recently, drug-coated balloons as well as plaque 
and calcium modification devices such as laser, excisional or rotational atherec-
tomy, and plaque scoring or cutting balloons have shown promise, though the long- 
term benefits are not well established and often dependent upon patient factors and 
disease anatomy or complexity [38–43]. Intravascular lithotripsy using a novel bal-
loon that emits high-frequency ultrasonic pressure waves to modify and fracture 
calcium, has shown great promise in early clinical trials of calcific PAD [44, 45].

6  Conclusions

PAD is common and is vastly underdiagnosed [3] and undertreated [46] and can 
lead to significant disability and cardiovascular morbidity and mortality. Earlier 
diagnosis and the initiation of medical therapy coupled with either endovascular or 
surgical revascularization if indicated is essential to improve the overall cardiovas-
cular and limb outcomes in those with PAD.
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Arrhythmia Management in the Elderly

Ryan Wallace and Hugh Calkins

1  Introduction

Arrhythmias cause signicant mortality and impair the quality of life in the elderly. 
The prevalence of cardiac arrhythmias and disorders of impulse formation and con-
duction increase with age as the myocardium is progressively replaced with bro-
fatty tissue [1–3]. As the US population ages and as cardiovascular care for coronary 
disease and heart failure continues to improve, the prevalence and burden of electro-
physiologic disorders will continue to rise. In the American Heart Association’s 
2021 Update on Heart Disease and Stroke statistics, the prevalence of many com-
mon arrhythmias, including atrial brillation, sinoatrial node dysfunction, and atrial 
brillation, continue to increase in prevalence with increasing age and are often 
associated with an increase in mortality. Atrial brillation was measured at a preva-
lence of 5.2 million in 2010 and is estimated to more than 12.1 million in 2030 [4]. 
These disorders often require the involvement of cardiovascular specialists and can 
present challenging management dilemmas. The purpose of this chapter is to review 
the current information concerning arrhythmia management in the elderly.

1.1  Aging and the Conduction System

With normal aging, the cardiac skeleton becomes brotic and calcied. These 
changes begin to appear in pathology specimens around 30–40 years of age and can 
lead to the disruption of the AV node and bundle branches. Despite the high 
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prevalence of ischemic disease in the Western World, age-related increases in oxida-
tive stress and fibrosis are the most common causes of complete atrioventricular 
(AV) block [5–9]. Similar changes can be observed in the atria, the sinoatrial node 
(SAN), and the ventricular myocardium [10]. This leads to an increase in SAN 
recovery time and loss of atrial voltages with aging, suggesting decreased SAN 
function [11]. Progressive myocardial fibrosis in the ventricles creates a substrate 
prone to ventricular arrhythmias. Lastly, amyloid deposition may also play a role in 
age-related conduction disorders, as 23% of patients over 60 years of age have evi-
dence of amyloid deposition in the atrial myocardium [9].

1.2  Electrocardiographic Changes in the Elderly

The evaluation of the conduction system in elderly patients begins with a history, 
physical examination, and a resting 12-lead electrocardiogram. Despite the prolif-
eration of other diagnostic modalities, the electrocardiogram (ECG) remains an 
integral noninvasive diagnostic technique for the cardiovascular evaluation of 
elderly individuals.

Electrocardiographic abnormalities are common in the elderly. Among 5150 
adults older than 65 years old enrolled in the Cardiovascular Health Study, 29% had 
abnormal findings on their ECG [12]. Between 0.9% and 6.8% of elderly individuals 
have first-degree AV block consistent with age-related atrophy and fibrosis of the AV 
node [13, 14]. With respect to ventricular activation, elderly individuals exhibit a 
leftward shift in the QRS axis, an increased prevalence of bundle branch disease, and 
an increase in nonspecific repolarization abnormalities such as inverted T waves. 
Some of these findings, specifically Q waves, ST depressions >0.5 mm, and com-
plete bundle branch blocks, are associated with an increase in mortality in men [15].

When evaluating the elderly, special attention should be given to electrocardio-
graphic evidence of left ventricular hypertrophy (LVH) through either the modified 
Cornell criteria, the Sokolow-Lyon, or the Romhilt-Estes criteria. While the ECG is 
not sensitive to the detection of LVH, it is highly specific. The presence of electro-
cardiographic evidence of LVH is an important finding in the elderly because it is a 
predictor of heart failure, premature cardiovascular death, and mortality [16, 17].

2  Bradyarrhythmias

2.1  Sick Sinus Syndrome

Sick sinus syndrome (SSS) is common in elderly populations, accounts for approxi-
mately one-half of pacemaker insertions in the US, and has been associated with an 
increased prevalence of falls and syncope in the elderly [18–20]. The term “sick 
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sinus syndrome” was first used by Bernard Lown in 1967 to describe the slow return 
of sinus node activity following DC cardioversion [21]. This bradyarrhythmic syn-
drome is characterized by chronic inappropriate bradycardia accompanied by symp-
tomatic sinus pauses with an inadequate junctional escape rhythm and sinoatrial 
block. More than half of patients with SSS have AV conduction disturbances and 
tachyarrhythmias. These patients are said to have a tachycardia-bradycardia syn-
drome. The diagnosis of tachycardia-bradycardia syndrome in a patient with SSS is 
concerning because tachycardia-mediated overdrive suppression can lead to long 
sinus pauses following the termination of an atrial arrhythmia.

The bradyarrhythmia in SSS can be due to either impaired impulse initiation or 
impaired impulse propagation. SSS can be caused by several pathological pro-
cesses, including infiltrative processes such as sarcoidosis, amyloidosis or hemo-
chromatosis, inflammatory pericardial processes, and metabolic disorders such as 
hypothyroidism. However, it is most commonly caused by the progressive and 
degenerative fibrous replacement of the SA node [22]. This same fibrosis underlies 
the atrial tachyarrhythmias that often accompany sinoatrial node dysfunction.

In patients suspected of having bradyarrhythmia and/or sinus node dysfunction, 
the main goal of their evaluation is to determine if the patient has symptomatic 
bradyarrhythmia. This is most readily accomplished with a 24 Holter monitor, an 
event monitor, or in-hospital telemetry monitoring. Although EP testing can also be 
used to evaluate sinus node function, its sensitivity is low. For this reason, EP testing 
is typically only used to evaluate sinus node function among patients with syncope 
in whom an obvious cause of syncope cannot be identified and who have significant 
cardiac disease. Pacemaker placement is recommended for treating most patients 
with symptomatic bradyarrhythmia unless the bradyarrhythmia is due to a transient 
and reversible cause (e.g. recent initiation of beta-blocker therapy where the indica-
tion for beta-blocker therapy is not compelling). Otherwise, patients who are 
asymptomatic can be followed over time and monitored for the development of 
symptoms attributable to bradycardia, which would prompt pacemaker placement. 
In those for whom pacemaker placement is pursued, the type of pacing used should 
be guided by a number of factors, such as the presence of AV conduction abnormali-
ties, age, and comorbidities of heart failure with reduced ejection fraction [23]. 
More often than not, DDD(R) pacing should be the first choice over VVIR in 
patients with sinus node dysfunction, as it leads to lower rates of AF and reduces HF 
symptoms [24, 25]. DDD(R) also showed benefit over AAIR in terms of reduced 
incidence of paroxysmal AF and reduced rates of reoperation because of the devel-
opment of AV block [20].

2.2  Atrioventricular Block

Following atrial activation, the electrical impulse must be propagated through the 
AV node and the bundle of His before it can activate the bundle branches. It has long 
been observed that AV conduction is prolonged with age. The AV node is the first 
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part of the conduction system to be affected by age-related fibrosis, as fatty infil-
trates and collagen interposition in AV nodal tissues begin to appear at 30 years of 
age [26]. Over time, these changes lead to delayed impulse propagation and predis-
pose to the fractionation of AV conduction and subsequent reentry. These age-
related delays in AV conduction are primarily localized to the AV node and the 
proximal portion of the His bundle [26].

Patients with impaired AV conduction may be asymptomatic or may present with 
syncope, light-headedness, and fatigue. AV conduction block can be classified as 
first-degree, second-degree, and third-degree atrioventricular block (also known as 
complete heart block). The differential diagnosis of AV block includes primary and 
secondary AV block. Conditions associated with secondary AV block include myo-
cardial ischemia, enhanced vagal tone, drug effect (including digitalis intoxication, 
beta blockers, non-dihydropyridine calcium channel blockers, and class I anti- 
arrhythmics), Lyme disease, syphilis, calcific aortic stenosis, aortic valve ring 
abscesses, and infiltrative disorders which include hemochromatosis, amyloidosis, 
and sarcoidosis.

First-degree AV block is defined by a PR interval longer than 200 ms. The inci-
dence of primary first-degree heart block increases with age and is associated with 
a moderate increase in the PR interval (200–230 ms). First-degree AV block has 
been associated with increased rates of atrial fibrillation, heart failure, all-cause 
mortality, and pacemaker implantation [27, 28].

Second-degree AV block includes Mobitz type I and Mobitz type II block. 
Mobitz type I or Wenckebach block is characterized by progressive lengthening of 
the PR interval and intermittent block. In contrast, Mobitz type II second-degree AV 
block is associated with an intermittent irregular block without PR interval length-
ening. The key step in evaluating a patient with second-degree heart block is deter-
mining whether or not Mobitz type II block is present, as Mobitz type II indicates 
distal His pathology and a high risk of progression to complete heart block. Because 
of these high-risk features, Mobitz type II second-degree AV block, like complete 
heart block, is a class I indication for permanent pacemaker insertion [23]. Similar 
to patients with SSS, DDD(R) pacing is preferred over VVIR given lower rates of 
pacemaker syndrome and to minimize unnecessary ventricular pacing, which has 
been associated with pacing-induced cardiomyopathy and worsened LV systolic 
dysfunction [29].

2.3  Bundle Branch Disease

Bundle branch block (BBB) is highly age-dependent, with a prevalence of 1.2% 
among those aged 50 years and a prevalence of 17% among those aged 80 years 
[30]. A common dilemma facing clinicians is how to manage patients with chronic 
bifascicular block. These patients are said to be “hanging by a fascicle.” Fortunately, 
chronic bifascicular block rarely progresses to complete heart block. In fact, among 
patients with BBB, only 1% per year progress to complete heart block [31].
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Given the low risk for progression to heart block, it is generally agreed that 
asymptomatic patients with bifascicular and trifascicular block should not undergo 
pacemaker implantation. Class I indications for pacemaker insertion in patients 
with chronic bifascicular and trifascicular block include: symptomatic bradycardia, 
intermittent complete heart block, and intermittent type II second-degree AV block. 
Patients with unexplained syncope who have evidence of underlying conduction 
system disease can undergo an EP study. Pacemaker placement is indicated for 
those patients with an H-V interval greater or equal to 70 ms, or other evidence of 
intranodal block during the EP study [23]. EP testing is not indicated for the asymp-
tomatic patient with an underlying bundle branch block pattern on ECG.

The presence of bundle branch block may also accompany other indications for 
internal cardioverter defibrillator (ICD) placement. Patients with BBB and LVEF 
≤35% should undergo ICD or cardiac resynchronization therapy defibrillator (CRT-D) 
placement for primary prevention of sudden cardiac death (SCD). CRT-D is recom-
mended in these patients if they are in normal sinus rhythm with a LBBB QRS mor-
phology measuring ≥150 ms. CRT-D can be considered in those with narrower QRS of 
130–149 if symptomatic, those with QRS ≥150 ms with a non-LBBB morphology [32].

3  Tachyarrhythmias

3.1  Supraventricular Arrhythmias

3.1.1  Paroxysmal Supraventricular Tachycardia

The term paroxysmal supraventricular tachycardia (PSVT) generally refers to a clini-
cal syndrome characterized by a sustained regular supraventricular arrhythmia of 
abrupt onset and termination. Two-thirds of all cases of PSVT result from atrioven-
tricular nodal reentrant tachycardia. The remaining one-third of patients with PSVT 
have an accessory pathway that provides a substrate for atrioventricular reciprocating 
tachycardia. In very unusual cases, PSVT may result from a reentrant atrial tachycar-
dia, such as sinus node reentrant tachycardia, or from an ectopic atrial focus. While 
the incidence of PSVT peaks in the fifth decade, patients 65 years and older have five 
times the risk of developing PSVT compared to their younger counterparts [23, 31].

The presentation of PSVT can vary dramatically. Some patients complain of 
palpitations, light-headedness, neck-pounding, and fatigue, others remain asymp-
tomatic, while a few present with syncope. If an episode of PSVT is prolonged, 
patients may report polyuria because of atrial stretch-mediated release of atrial 
natriuretic peptide. Generally, the physical examination has limited diagnostic value 
in the diagnosis of PSVT. This reflects the fact that most episodes of PSVT termi-
nate spontaneously. Furthermore, the physical examination is rarely informative in 
the rare situation when tachycardia is ongoing.

Evaluation of a patient with PSVT should include a search for possible precipi-
tants, including infection, hypoxemia, anemia, and metabolic disturbances. The first 
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step in management includes an assessment of the patient’s vital signs. 
Hemodynamically unstable PSVT, like any unstable tachyarrhythmia, should be 
treated with immediate DC cardioversion; otherwise, attempts should be made to 
obtain an ECG and abort the arrhythmia with vagal maneuvers.

If PSVT does not terminate with vagal maneuvers, therapeutic and diagnostic 
administration of adenosine is recommended. Adenosine should be administered in 
a rapid bolus with an initial dose of 6 mg (3 mg if given through central venous 
access). If the tachycardia persists, 12  mg of adenosine should be administered 
(6 mg if given through central venous access). The only contraindications to ade-
nosine are a history of severe bronchospastic pulmonary disease or second or third 
AV block. Adenosine should never be administered unless the patient is being moni-
tored and a defibrillator is present. Rarely, on termination of PSVT, atrial fibrillation 
appears. If a patient has a rapidly conducting accessory pathway, this may lead to 
ventricular fibrillation. Rarely, adenosine administration will result in the persis-
tence of tachycardia with AV block. This finding excludes an arrhythmia involving 
the AV node and strongly suggests that the underlying arrhythmia is either atrial 
tachycardia or atrial flutter. If the arrhythmia does not terminate with adenosine, a 
calcium channel blocker or beta blocker can be considered.

Once PSVT has been terminated, either spontaneously or following adenosine, a 
long-term treatment strategy can be developed. In general, the approach to treat-
ment depends on the severity and frequency of symptoms and patient preference. 
Catheter ablation is considered appropriate first-line therapy for PSVT, particularly 
among patients with frequent tachycardic episodes, hemodynamic intolerance, or 
who have failed an attempt at empiric therapy with a beta blocker or calcium chan-
nel blocker. As discussed below, catheter ablation is also recommended for all 
patients with PSVT that occurs in the setting of the Wolff-Parkinson-White 
Syndrome. For patients who are not interested in catheter ablation, alternate treat-
ment strategies include clinical follow-up without specific therapy, empiric treat-
ment with a calcium channel blocker or beta blocker, or rarely a class 1c 
anti-arrhythmic agent such as flecainide or propafenone [33] (Fig. 1).
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Fig. 1 Diagnostic 
algorithm for narrow QRS 
tachycardias. (Adapted 
from [33])

3.2  AV Nodal Reentrant Tachycardia

AV nodal reentrant tachycardia (AVNRT) is the most common cause of PSVT in the 
elderly, accounting for approximately two-thirds of all cases [34, 35]. The presence 
of a narrow complex tachycardia with a regular RR interval at a rate of 140–250 
beats per minute without P waves or with retrograde P waves in the ST segment 
suggests the presence of AVNRT.

The AV node is a compact bundle of atrial tissue located at the apex of the tri-
angle of Koch. In AVNRT, the presence of a second conducting pathway (with a 
different refractory period) adjacent to the AV node enables a unidirectional block 
and formation of a reentrant circuit involving both the fast and slow pathways. This 
unique anatomic relationship enables the adjacent slow pathway to be safely ablated 
with a success rate in excess of 95% [36]. Since the elderly are at the greatest risk 
for adverse events related to long-term oral anti-arrhythmic therapy, radio frequency 
ablation should be considered rst-line therapy in all active elderly individuals who 
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Fig. 2 Cartoon of dual pathway physiology in AVNRT with accompanying ECG

are willing to accept the less than 1% risk of AV block associated with catheter abla-
tion of AVNRT [36, 37].

Often, ECG changes are observed during an episode of AVNRT or shortly there-
after. Signicant ST-segment depressions can be seen during tachycardia in 25–50% 
of patients with AVNRT; however, these changes are not predictive of ischemia 
[38]. Additionally, there is no correlation between the rate of tachycardia and the 
presence or extent of ST segment changes. Other ECG changes may be seen during 
or after the termination of AVNRT. Newly acquired T wave inversion after the ter-
mination of AVNRT, commonly in anterior or inferior leads, can be present in nearly 
40% of patients [39]. Despite the concern that is often raised with these ECG 
changes, there is no signicant association between AVNRT and underlying struc-
tural heart disease (Fig. 2). Furthermore, ST depressions and elevated troponin I 
were not associated with either coronary artery disease or acute coronary syndrome 
[40, 41].

3.3  Accessory Pathway Tachycardias

Accessory pathways are anatomically distinct atrioventricular connections that 
form due to incomplete separation of the myocardium during development. 
These connections bypass the AV node and can lead to premature excitation of 
the ventricle. Accessory pathways can conduct from the atrium to the ventricle, 
from the ventricle to the atrium, or both. Accessory pathways that only conduct 
from the ventricle to the atrium are not apparent on a 12-lead ECG and are 
referred to as “concealed” pathways. In contrast, anterograde conducting acces-
sory pathways result in premature activation of the ventricle and give the typical 
pattern of preexcitation on the ECG. Features of preexcitation include a short PR 
interval, a slurred QRS upstroke (delta wave), and a widened QRS complex. The 
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Wolff-Parkinson- White syndrome is an accessory pathway syndrome characterized 
by the presence of delta-waves on the 12 lead ECG in conjunction with supraven-
tricular arrhythmias. Because patients with Wolff-Parkinson-White syndrome have 
an increased risk of sudden death, catheter ablation is considered the standard of 
care for these patients.

Among patients with an accessory pathway, the most common arrhythmia is 
orthodromic atrioventricular reciprocating tachycardia (AVRT). This tachycardia 
involves anterograde conduction through the AV node to the ventricles and retro-
grade conduction from the ventricles to the atrium via the accessory pathway. 
Orthodromic AV reciprocating tachycardia typically presents as a narrow complex 
tachycardia. Antidromic AVRT, a less common arrhythmia, involves the same reen-
trant circuit, but the wavefront travels anterogradely from the atrium to the ventricle 
via the accessory pathway and results in a wide complex tachycardia.

3.4  Sinus Tachycardia

Elderly individuals frequently present with sinus tachycardia. Sinus tachycardia is 
marked by a gradual onset and termination and its diagnosis requires electrocardio-
graphic evidence of sinus rhythm. Sinus activation results in a P wave vector 
between 0° and 90° with positive deflections in leads I, II, and aVF and a negative 
deflection in lead aVR. The presence of sinus tachycardia almost always represents 
an appropriate physiologic response to a demand stressor. In the elderly, the differ-
ential diagnosis is broad, but consideration should be given to hyperthyroidism, 
occult gastro intestinal bleeding, pulmonary embolism, and infection. Since this 
rhythm represents an appropriate physiologic response, treatment should be directed 
at the underlying etiology. Inappropriate sinus tachycardia is defined as sinus tachy-
cardia in the absence of a physiologic stimulus. This condition is rare and virtually 
never occurs in the elderly.

3.5  Multifocal Atrial Tachycardia

Multifocal atrial tachycardia (MAT) is an uncommon arrhythmia seen in critically 
ill elderly inpatients, with a mean age at diagnosis of about 70 years [42]. MAT is 
rare, but when it does occur, it is usually in the setting of an intensive care unit 
admission due to an exacerbation of underlying pulmonary disease (especially 
chronic obstructive pulmonary disease). MAT portends an ominous prognosis with 
an in-hospital mortality rate of 45% [43]. This high mortality rate likely reflects the 
severity of the underlying disease, not the presence of MAT itself [44]. Clinically, 
MAT is often mistaken for atrial fibrillation because it is an irregular narrow com-
plex rhythm. The diagnosis of MAT rests on an atrial rate greater than 100 beats per 
minute, the presence of three unique P wave morphologies, and irregular R-R 
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intervals. Like sinus tachycardia, the treatment is directed at reversing the underly-
ing cause; however, previous studies have shown that metoprolol and verapamil can 
be useful for rate-control [42].

3.6  Atrial Flutter

Atrial flutter occurs 100 times more often in those aged 80 years and older as com-
pared to younger persons [45]. Risk factors for atrial flutter include advancing age, 
heart failure, and chronic obstructive pulmonary disease. Among patients who pres-
ent with supraventricular tachycardia, approximately 10% will have an atrial flutter 
[46]. Atrial flutter is a macroreentrant atrial tachycardia distinguished by its atrial 
rate—which typically ranges from 250 to 350 bpm. The reentrant circuit in atrial 
flutter is almost always located in the right atrium, commonly involving the cavotri-
cuspid isthmus, an isolated area of slowed conduction anatomically bound by the 
coronary sinus, the inferior vena cava, the tricuspid annulus, and the eustachian 
ridge. Also known as typical flutter or type 1 flutter, this common type of atrial flut-
ter is characterized by a counterclockwise wavefront in the right atrium that gives 
rise to negative flutter waves in leads II, III, and aVF, with positive atrial deflections 
in lead V1. Reverse atrial flutter involves the same reentrant circuit, but the wave-
front travels in a clockwise direction leading to the opposite orientation of the flutter 
waves. In contrast to type 1 atrial flutter, atypical or type 2 atrial flutter is a more 
rapid arrhythmia that results from functional reentry. Atrial flutter is commonly 
associated with the presence of structural heart disease; thus, patients with no known 
structural heart disease should undergo an investigative echocardiogram to evaluate 
cardiac function and left atrial size [47].

The management of atrial flutter consists of two main strategies. Because atrial 
flutter is associated with an increased risk of stroke, systemic anticoagulation is 
recommended for all patients with atrial flutter who have other risk factors for stroke 
(including age >75  years). The 2019 Focused Update from American Heart 
Association (AHA)/American College of Cardiology (ACC)/Heart Rhythm Society 
(HRS) Guidelines recommended a preference for direct oral anticoagulants 
(DOACs) over warfarin in patients eligible for DOACs [48]. If a patient has symp-
tomatic atrial flutter, treatment to restore sinus rhythm is indicated. This can involve 
a cardioversion procedure in the short term. However, a previous randomized clini-
cal trial demonstrated that catheter ablation is superior to pharmacologic therapy in 
the maintenance of sinus rhythm in patients with atrial flutter [49]. For this reason, 
catheter ablation is considered first-line therapy if in line with patient preference. 
Catheter ablation can be performed on an outpatient basis and is associated with a 
greater than 90% efficacy and a <1% risk of major complications [50, 51]. If a 
patient prefers pharmacologic therapy, a rate control strategy can be pursued with 
beta blockers or calcium channel blockers. Additionally, class 1c (in the absence of 
structural heart disease) or class 3 anti-arrhythmics can be considered if pursuing a 
rhythm control strategy. The selection of an anti-arrhythmic agent is generally based 
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on the drug’s side effect prole. Pharmacologic therapy is successful in the long-
term suppression of atrial ±utter in approximately 50% of patients.

3.7  Atrial Fibrillation

Atrial brillation (AF) is a reentrant supraventricular tachycardia that is conned to 
the atrium. This tachyarrhythmia is characterized by (1) the absence of organized 
atrial activity, (2) the presence of irregular oscillations or brillatory waves, and (3) 
an irregularly irregular ventricular rate. AF is by far the most common and clinically 
important supraventricular tachycardia. AF prevalence was estimated at 5.2 million 
Americans in 2010, a gure that is expected to increase to 12.1 million in 2030 in the 
next 50 years [52]. Not surprisingly, the prevalence of AF increases with age. Starting 
at age 65 years, the prevalence of AF increases by 5% per year [53]. Patients who 
were without AF at age 55 years were followed and found to have a cumulative inci-
dence of AF by age 90 years ranging from one  in ve to as high as one  in three 
depending on risk prole [54]. Among patients undergoing cardiac surgery, older 
age was a predictor of postoperative AF (POAF), and this was associated with an 
increased risk for stroke [55, 56]. Patients who already have a history of AF and are 
undergoing cardiac surgery may be considered for left atrial appendage occlusion to 
reduce ischemic stroke risk [57].

Although AF is common, it is not a benign rhythm and is associated with consid-
erable morbidity and mortality. Most importantly, AF increases the risk of stroke, 
accounts for approximately one-sixth of all strokes in the United States, and particu-
larly increases stroke risk in elderly patients [58, 59]. In the Framingham Heart 
Study, patients with AF had a two- to threefold increase in cardiovascular mortality 
(Fig. 3) [60]. Patients with lone AF over the age of 60 years have been found to have 
a marked increase in cardiovascular events [61].
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Once initiated, AF is composed of multiple reentrant circuits with a cycle length 
between 150 and 300 ms. The decremental conduction properties of the AV node 
prevent most of these atrial impulses from reaching the ventricle. AF facilitates its 
own propagation by shortening the atrial refractory period, mostly through reduc-
tions in L-type calcium channel current. Previously, it has been taught that the ini-
tiation of AF, much like sustained AF, was not a focal process. Associations with 
hyperthyroidism and ethanol consumption appeared to support this hypothesis. 
However, it has become clear that the spontaneous initiation of AF is often due to 
isolated rapidly firing foci that are found in the right atrium, left atrium, superior 
vena cava, the coronary sinus, and most commonly, the pulmonary vein ostia [62]. 
Over the past decades, it has been demonstrated that ectopic foci in the pulmonary 
vein ostia are amenable to ablation techniques and that pulmonary vein ablation can 
be a very effective treatment for AF.

The management of AF includes: (1) an evaluation of underlying etiology and 
risk stratification, (2) selecting a rhythm versus rate-control strategy, and (3) stroke 
prophylaxis [47, 48]. Patients suspected of having AF should undergo 24-hour 
Holter monitoring. All patients with a new diagnosis of atrial fibrillation should 
undergo echocardiography to evaluate the presence of any structural heart disease 
and to identify high-risk features for stroke. The size of the left atrium provides a 
general assessment of how long a patient has been in atrial fibrillation and the prob-
ability that sinus rhythm can be restored and maintained. The chance of successful 
conversion in a patient with a left atrial size greater than six cm is extremely small. 
Chest radiography should be obtained if there is suspicion of pulmonary disease as 
a contributing factor in the development of AF. Thyroid function should also be 
assessed, as AF may be the only presenting symptom of thyroid disease. Other 
blood work, including blood counts, renal and hepatic function, as well as electro-
lytes, should be obtained to evaluate for other possible inciting factors.

When a patient presents with AF, the onset and duration of the arrhythmia must 
be determined. Patients who present within 48 hours of onset are candidates for 
immediate pharmacologic or electrical conversion. However, more recent data sug-
gest an increased risk for stroke in those greater than 75 years old, as well as in those 
where cardioversion was delayed >12 hours [63, 64]. Patients who otherwise pres-
ent with AF longer than 48 hours must be anticoagulated for three weeks prior to 
cardioversion. The clinician can also pursue trans-esophageal echocardiography 
(TEE) guided cardioversion. If a patient has no evidence of LAA thrombi or spon-
taneous echo contrast on TEE examination, they can safely undergo cardioversion 
without increased risk of cardioembolic stroke. Conversely, all patients with AF for 
longer than 48 hours duration, regardless of their pre-cardioversion care, must be 
anticoagulated for four weeks following resumption of sinus rhythm. This strategy 
is necessary because there is a paradoxical increase in the rate of stroke in the first 
48 hours following cardioversion due to LA stunning (localized tachycardia-medi-
ated atrial cardiomyopathy) following the termination of AF.

While many debate the relative merits of rate-control and rhythm control, it is 
reasonable to give every patient at least one chance at cardioversion, regardless of 
their risk for recurrence. Cardioversion has an 86% success rate at 72 hours [65]. 
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However, it is important to note that 68% of patients who present with AF of less 
than 72  hours duration will spontaneously convert to normal sinus rhythm [66]. 
Risk factors for arrhythmia recurrence include age greater than 75 years, LA diam-
eter greater than 45 mm, AF >four weeks, presence of heart failure, LV systolic 
dysfunction, a history of prior cardioversion, greater CHA2DS2S-VASc, metabolic 
syndrome, and sleep apnea [67–70]. Utilization of a biphasic waveform achieves 
cardioversion at lower energy levels when compared with monophasic waveform 
defibrillation [71]. Anterior–posterior application of defibrillator leads are associ-
ated with increased cardioversion efficacy [72]. Lastly, maximum-fixed energy 
shocks may be more effective than starting with low energy shocks and escalating 
energy levels when cardioverting atrial fibrillation [73].

A central debate in clinical cardiology is whether patients with AF should be 
managed with rate-control or rhythm-based strategies. As mentioned previously, AF 
is not a benign rhythm. The presence of AF impairs cardiovascular hemodynamics 
through several mechanisms. Loss of synchronous atrial contraction results in 
impaired ventricular filling and elevation of left atrial end-diastolic pressures. 
Inappropriate tachycardia in AF decreases the diastolic filling interval, while irregu-
lar RR intervals are associated with decreased cardiac output, elevated pulmonary 
capillary wedge pressures, and elevated right atrial pressures. These alterations can 
lead to adverse cardiac remodeling and impaired LV function. Older patients with 
poor vascular compliance and diastolic dysfunction may not tolerate these changes 
as well as younger individuals, thus leading to impaired ventricular function and 
heart failure. Maintenance of sinus rhythm has several advantages, including relief 
of symptoms and improved hemodynamics. The considerations that should be given 
to each approach are discussed below [74–78].

Despite the common perception that rate control represents a “simpler” strategy, 
rate control can often be difficult to achieve, especially in patients with LV dysfunc-
tion. The target heart rate in a rate control strategy has been previously debated, but 
the RACE trial found that a lenient resting heart rate target of less than 110 versus 
less than 80 had similar rates of cardiovascular events [79]. This target HR should 
be adjusted based on the patient’s symptoms and if there are signs of worsening LV 
function at more lenient heart rates. First-line rate control agents include beta- 
blockers and non-dihydropyridine calcium channel blockers. Digitalis preparations 
are rarely as adequate as monotherapy, especially in active individuals or those with 
high sympathetic drive, because digitalis lowers heart rate through a vagotonic 
mechanism. Digoxin has also been associated with higher rates of mortality in 
patients with AF, regardless of heart failure status [80]. The DIGIT-HF randomized 
control trial is currently underway to further investigate these findings, specifically 
in patients with heart failure [81].

When considering a rhythm control strategy, it is important to note that pharma-
cologic cardioversion is most successful when attempted within seven days of AF 
onset [82]. Although several drugs have been shown to limit the recurrence of AF, 
amiodarone appears to be more effective than sotalol and class I agents at maintain-
ing sinus rhythm [83–85]. Selection of an initial anti-arrhythmic agent in AF should 
focus on the patient’s underlying pathophysiology and comorbidities. For those 
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patients without structural heart disease, flecainide, propafenone, and sotalol are all 
reasonable choices, given their tolerability and lower incidence of complications. 
The presence of ischemic heart disease is a relative contraindication for class 1c 
anti-arrhythmic drugs like flecainide or propafenone. A “pill in the pocket” approach 
can be considered with a self-administered dose of oral flecainide or propafenone in 
patients with infrequent paroxysmal AF episodes [86]. In young patients, disopyra-
mide is often recommended for the treatment of vagally mediated atrial fibrillation, 
as well as for those with hypertrophic cardiomyopathy (HCM).  However, it is 
important to note that disopyramide may exacerbate bladder outlet obstruction in 
elderly men and, therefore, should be avoided in this clinical situation. Similarly, 
beta-blockers should be considered in those patients with adrenergically mediated 
AF.  Amiodarone is generally reserved for patients who have failed other anti-
arrhythmic drugs and/or those with severe underlying cardiomyopathy. Although 
amiodarone has been shown to have the greatest efficacy for the treatment of atrial 
fibrillation, it is associated with important side effects, including thyroid disease, 
pulmonary disease, and peripheral neuropathy. Amiodarone may also result in 
impairment of vision. For these reasons, screening is required to allow for early 
detection of amiodarone-induced side effects.

Several randomized controlled trials have compared a primary strategy of rate 
control versus rhythm control [87–90]. These studies have been limited by selection 
bias, exclusion criteria, limited follow-up duration, and varying efficacy in the 
rhythm control arm. The data from these studies suggested that in the short term (i.e. 
one–three years of follow-up), rate-control is not inferior to a rhythm control strat-
egy. However, the recent EAST-AF trial showed not only a reduction in stroke but 
also cardiovascular mortality and heart failure hospitalization in those with early AF 
and in whom an early rhythm control strategy was pursued. Early AF was defined as 
new onset AF within 12 months of diagnosis [78]. Otherwise, it has been observed 
that the maintenance of sinus rhythm may be difficult to achieve, as only 40–60% of 
the patients in the rhythm control arms actually were in sinus rhythm at the conclu-
sion of these older trials. Also, in several of the trials, most of the cardioembolic 
events occurred in the rhythm control groups. Patients with risk factors for stroke 
should continue to receive anticoagulation even after sinus rhythm is maintained. 
Lastly and not unexpectedly, exercise tolerance was better in patients managed with 
rhythm control.

In addition to the findings of the EAST-AF trial, there is growing evidence of 
potential situations when rhythm control strategy may be beneficial. The recent 
CASTLE-AF trial found that in patients with heart failure with reduced ejection 
fraction (HFrEF), a rhythm control strategy through catheter ablation was superior 
to medical management (either rate or rhythm control) in reducing mortality, hospi-
talizations for heart failure while showing a greater improvement in LVEF and 
greater maintenance of sinus rhythm [91]. Catheter ablation was also superior to 
amiodarone in maintaining sinus rhythm in patients with a history of HFrEF and 
persistent AF [92]. On the other hand, the results of the CABANA trial found there 
were no reductions in cardiovascular outcomes with catheter ablation in a more 
generalizable patient population [76]. Taken together, and given the progressive 
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nature of atrial fibrillation (“atrial fibrillation begets atrial fibrillation”), the evi-
dence showing benefit in early rhythm control, and the effectiveness of catheter 
ablation to achieve and maintain rhythm control, it may be reasonable to pursue an 
initial trial of rhythm control through an ablation [93, 94].

If a patient has asymptomatic atrial fibrillation, rate control and systemic antico-
agulation are considered the standard of care. However, attempts at cardioversion 
could be considered if this is the patient’s first episode of atrial fibrillation. In con-
trast, rhythm control with catheter-based therapy should be considered for patients 
with symptomatic atrial fibrillation. Anti-arrhythmic therapy is generally the first 
step. As discussed earlier, the selection of anti-arrhythmic agents is based largely on 
the drug’s side effect profile and potential for proarrhythmia. Amiodarone is an 
effective pharmacologic agent but is associated with many potential side effects. For 
this reason, it is rarely considered first-line therapy. Catheter ablation of atrial fibril-
lation has made tremendous strides over the past several years. Catheter ablation is 
indicated for patients with highly symptomatic atrial fibrillation, which has been 
refractory to attempts at pharmacologic therapy. The one-year efficacy of this pro-
cedure for patients with paroxysmal atrial fibrillation is approximately 75%.

4  Ventricular Arrhythmias

4.1  Monomorphic Ventricular Tachycardia

There are two important types of reentrant ventricular arrhythmias, ventricular 
tachycardia (VT) and ventricular fibrillation (VF). VT can be further subdivided 
based on its morphology into monomorphic VT and polymorphic VT.  These 
descriptive labels are very helpful from a diagnostic standpoint because they shed 
light on the etiology behind each dysrhythmia. To be more specific, monomorphic 
VT is caused by fixed reentry, and polymorphic VT is caused by dynamic reentry. 
Therefore, after examining the patient’s rhythm strip, the clinician is immediately 
clued into the possible etiologies of the ventricular arrhythmia.

Sustained monomorphic ventricular tachycardia (SMVT) is usually due to the 
presence of a fixed reentrant circuit in the ventricle. Almost all patients with this 
type of VT have some form of structural heart disease which accounts for the pres-
ence of this abnormal reentrant circuit, most commonly prior to myocardial infarc-
tion (MI). The border zone of an MI is often characterized by an island of fibrosis 
surrounded by living tissue. Myocardial scar enables unidirectional block and estab-
lishes the milieu necessary for reentry. Sustained VT in the setting of structural 
heart disease (and, therefore, not idiopathic) is associated with an increased risk of 
SCD. VT requires aggressive evaluation and treatment, often with ICD implantation 
for secondary prevention.

VT must be differentiated from aberrantly conducted supraventricular arrhyth-
mias. ECG features that suggest ventricular origin include A/V dissociation (appar-
ent in 30%), QRS complex duration longer than 160 ms, a shift in the QRS axis, and 
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the presence of fusion beats. While these features are helpful, the patient’s history 
may be more informative. In patients with a history of coronary artery disease 
(CAD), greater than 95% of wide complex tachycardia represents VT.

4.2  Polymorphic Ventricular Tachycardia

Polymorphic ventricular tachycardia is a form of VT in which there is variation in 
the axis and morphology of the QRS complex. Unlike monomorphic VT, which is 
usually caused by a fixed reentrant circuit, polymorphic VT is due to heterogeneity 
in ventricular repolarization. Polymorphic VT is most commonly seen under the 
following situations; (1) long QT syndrome resulting in torsade de pointes, (2) pro-
arrhythmia resulting from a drug-induced prolongation of the QT interval and tors-
ade, (3) severe dilated cardiomyopathy, and (4) severe ischemic disease with 
ongoing ischemia (e.g., left main CAD).

4.3  Ventricular Fibrillation

VF is a rapid, irregular tachycardia arising in the ventricles that results from multi-
ple reentrant circuits. The ECG features of VF include a rapid (>250 bpm) and very 
irregular wide complex tachycardia.

Ventricular fibrillation may occur as a primary arrhythmia or may result from 
degeneration of VT to VF. As VF continues, global myocardial ischemia ensues, and 
post-repolarization refractoriness and conduction delay increase [78, 95]. Unless 
terminated, VF results rapidly in SCD. Most patients who experience VF have car-
diac disease, especially CAD. Although VF can occur within 24  hours of acute 
myocardial infarction, the vast majority of VF does not.

4.4  Evaluation of Ventricular Arrhythmias in the Elderly

The evaluation of a patient who has experienced a sustained or nonsustained ven-
tricular arrhythmia involves several steps. In the case of VT, the first step is to deter-
mine if the event was sustained or not. Sustained VT is defined as VT lasting longer 
than 30 s, hemodynamic instability, or severely symptomatic (chest pain, shortness 
of breath, dizziness). On the other hand, asymptomatic nonsustained VT lasts less 
than 30 s and rarely requires further treatment unless otherwise indicated. There are 
exceptions to this rule. Patients with cardiomyopathy may benefit from ICD place-
ment for primary prevention of SCD, which is discussed later in this chapter. The 
second step in the evaluation of a patient with ventricular arrhythmia involves an 
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ischemic evaluation. Elderly patients without structural heart disease or exercise-
induced NSVT do not appear to have an increased risk of sudden death [96].

4.5  Management of Ventricular Arrhythmias

Management of patients with ventricular arrhythmias is focused on assessing the 
severity of symptoms and risk for sudden death. The role of defibrillator therapy in the 
primary and secondary prevention of sudden death is discussed later. For patients who 
are not at high risk of sudden death, the treatment of ventricular arrhythmias is 
directed at reducing symptoms and episodes. Treatment options include pharmaco-
logic agents such as beta blockers and anti-arrhythmic agents, as well as catheter 
ablation. The success of catheter ablation is highly dependent on the arrhythmia being 
ablated. Among patients with idiopathic VT arising from the right ventricular outflow 
tract, catheter ablation is associated with efficacy greater than 90%. In contrast, the 
success of catheter ablation in cases of scar-related VT is much more dependent on 
the ability to obtain accurate electroanatomical or substrate mapping to guide ablation.

4.6  Secondary Prevention of Sudden Cardiac Death

In the late 1970s, Michel Mirokski pioneered the development of the ICD at Sinai 
Hospital in Baltimore. His work led to the first implantation of an ICD at the Johns 
Hopkins Hospital in 1980 [97]. Since that time, the number of ICDs implanted 
per annum has increased significantly.

Patients with a history of sustained VT and prior myocardial infarction are at 
high risk for future SCD. The survival rate to discharge for out-of- hospital cardiac 
arrest is low; however, this has improved from 5.7% in 2005 to 20.8% in 2012 and 
has been largely attributed to a focus in early CPR [98, 99]. As a result, the ICD 
became the focus of several clinical trials aimed at secondary prevention of sudden 
cardiac death due to the risk of proarrhythmia with drug treatment and the associa-
tion between time-to-defibrillation and survival. The Anti-arrhythmics Versus 
Implantable Defibrillators (AVID) trial randomized 1016 survivors of cardiac arrest 
(455 patients had VT, 561 patients had VF) to conventional anti-arrhythmic treat-
ment versus ICD implantation. When the investigators found a significant reduction 
in mortality in the ICD group (15.8% versus 24.0%) after 18.2 months of follow-up, 
the trial was terminated prematurely [100]. The mortality benefit in AVID seemed 
to be restricted to those patients with an LVEF <35%, confirming the predictive 
power of LV dysfunction for SCD. The results of this trial were soon confirmed by 
two other secondary prevention trials: the Canadian Implantable Defibrillator Study 
(CIDS) and the Cardiac Arrest Study Hamburg (CASH). A meta-analysis of approx-
imately 900 patients enrolled in randomized controlled trials (RCTs) of secondary 
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prevention found a 27% risk reduction for SCD after ICD implantation [101]. 
Consistent with the results of these studies, ICDs are indicated as secondary preven-
tion for the treatment of almost all survivors of sudden cardiac death due to VT/
VF. ICDs are also recommended for the treatment of sustained ventricular arrhyth-
mias that occur in the setting of structural heart disease, in those with ischemic heart 
disease who present with cardiac syncope and an LVEF <35% or with inducible VA 
on EP study [102]. Patients whose physicians recommend foregoing ICD placement 
include those with identified reversible causes (e.g. drug- related ischemia).

4.7  Primary Prevention of Sudden Cardiac Death

While our attempts at secondary prevention have been successful, patients with a 
history of lethal ventricular arrhythmia only account for only 5–10% of sudden 
cardiac death victims in the US [103]. Primary prevention varies based on the 
underlying disease that places the patient at risk for SCD and VT/VF. In ischemic 
heart disease, the amount of MI plays a pivotal role in determining whether a patient 
would benefit from ICD placement. Based on the results of the MADIT-II and SCD- 
HeFT trial, patients who are greater than 40 days from MI and greater than 90 days 
from revascularization and have either an LVEF of <30% with NYHA class I symp-
toms or LVEF <35% with NYHA II or III symptoms reduces all-cause mortality 
[104, 105]. If it has been less than 40 days since MI, an ICD should not be implanted 
as it has not been shown to reduce all-cause mortality [106]. Instead, goal directed 
medical therapy (GDMT) should be pursued, and LVEF should be reevaluated past 
40  days since the MI and 90  days post revascularization. Wearable cardioverter 
defibrillators can be considered in the immediate post-MI period (up to 40 days), but 
they have not been shown to reduce arrhythmic death [107].

ICDs also have a role to play in the primary prevention of nonischemic dilated 
cardiomyopathy. Current guidelines recommend ICD placement in patients with 
non-ischemic cardiomyopathy (NICM) who have LVEF <35% and NYHA class II 
or III symptoms despite GDMT. Multiple RCTs have contributed to the formation 
of these guidelines. The DANISH and DEFINITE trials did not find any difference 
in all-cause mortality but did find a reduction in SCD in those with ICDs. However, 
a meta- analysis including these trials and multiple other RCTs investigating ICD 
use in NICM showed reductions in all-cause mortality with ICD use [108].

EP testing has a limited role in both ischemic cardiomyopathy (ICM) and 
NICM. For ICM, the presence of sustained inducible VT would prompt ICD place-
ment. For NICM, syncope has been associated with higher mortality. Given synco-
pal episodes may be possibly cardiac in origin, an EP study can be used to further 
investigate if syncope is due to a VA. If EP study shows inducible VA, ICD should 
be considered (Figs. 4 and 5) [102].
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Lastly, it is important to note that ICD placement is an invasive procedure that 
comes with risks and benefits. These must be considered and discussed with patients. 
In all cases of ICD placement, life expectancy with a reasonable quality of life 
should be greater than one year.

5  Syncope

Syncope is a sudden transient loss of consciousness and postural tone with complete 
spontaneous recovery. Loss of consciousness results from a reduction of blood flow 
to the reticular activating system located in the brain stem and does not require elec-
trical or chemical therapy for reversal. Cessation of cerebral blood flow leads to loss 
of consciousness within approximately 10 seconds. Syncope is an important clinical 
problem because it is a common, costly, and often disabling problem. Syncope may 
be the only warning sign before SCD [109]. First incidence of syncope has a tri-
modal distribution, with one of the peaks occurring in the elderly [110]. Elderly 
persons have anywhere from a 2–6% annual incidence of syncope and a 20–30% 
recurrence rate [111, 112]. The annual cost of evaluating and treating patients with 
syncope has been estimated to be about $5.4 billion dollars [113].

The causes of syncope can be classified into three primary groups: reflex, ortho-
static, and cardiac. Reflex syncope, previously also known as neutrally-mediated or 
neuroreflex syncope, is further subdivided into vasovagal (long periods of standing, 
emotional triggers), situational (micturition), or carotid sinus syndrome (due to 
carotid sinus hypersensitivity). Orthostatic hypotension can be due to multiple eti-
ologies, such as drug side effects, hypovolemia, or autonomic dysfunction. Lastly, 
cardiac syncope can be due to an arrhythmia, structural disorders (valve disease), or 
vascular causes (pulmonary embolism). Despite this framework, up to a third of 
patients admitted for syncope never have a cause identified [115].

5.1  Orthostatic Syncope

Syncope in elderly individuals is often multifactorial in origin. Reflex and ortho-
static are by far the most common causes of syncope, accounting for as high as 
two-thirds of syncopal episodes in one study in the elderly but about one-third in the 
general population (Table 1) [111, 114]. When a person stands, 500–800 mL of 
blood is displaced to the abdomen and lower extremities, resulting in an abrupt drop 
in venous return to the heart. This leads to a decrease in cardiac output and therefore 
blood pressure. This leads to stimulation of aortic, carotid, and cardiopulmonary 
baroreceptors that trigger a reflex increase in sympathetic outflow and a decrease in 
parasympathetic activity. As a result, heart rate, cardiac contractility, and vascular 
resistance increase to maintain stable systemic blood pressure on standing [111, 
116]. Orthostatic hypotension is defined as a 20-mmHg drop in systolic blood 
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Table 1 Etiology and prevalence of syncope in different elderly populations [114]

Etiology of syncope
All (n = 231) 65–74 (n = 71) ≥75 (n = 160)

P-valuean(%)

Cardiac 34 (14.7) 8 (11.3) 26 (16.3) 0.06
Neuroreflex 102 (44.1) 44 (62) 58 (36.3) <0.001
Orthostatic 52 (22.5) 3 (4.2) 49 (30.5) <0.001
Drug-induced 11 (4.8) 3 (4.2) 8 (5) 0.33
Multifactorial 8 (3.5) 3 (4.2) 5 (3.1) 0.21
Unexplained 24 (10.4) 10 (14.1) 14 (8.8) 0.10

a P-value for difference between age groups, chi square

pressure or a 10-mmHg drop in diastolic blood pressure within three minutes of 
standing, resulting from a defect in any portion of this blood pressure control system 
[114]. Orthostatic hypotension may be asymptomatic or may be associated with 
symptoms such as light-headedness, dizziness, blurred vision, weakness, palpita-
tions, tremulousness, and syncope. These symptoms are often worse immediately 
arising in the morning and/or after meals or exercise. Syncope that occurs after 
meals, particularly in the elderly, may result from a redistribution of blood to the 
gut. A decline in systolic blood pressure of about 20 mmHg approximately one hour 
after eating has been reported in up to one in four elderly patients [114, 117]. 
Although usually asymptomatic, it may result in light-headedness or syncope.

Drugs that either cause volume depletion or result in vasodilation are common 
causes of orthostatic hypotension. Elderly patients are particularly susceptible to the 
hypotensive effects of drugs because of reduced baroreceptor sensitivity, decreased 
cerebral blood flow, and age-related renal sodium wasting [118]. Orthostatic hypo-
tension may also result from neurogenic causes, including primary and secondary 
autonomic failure.

Postural orthostatic tachycardia syndrome (POTS) is a milder form of chronic 
autonomic failure and orthostatic intolerance characterized by the presence of 
symptoms of orthostatic intolerance for at least six months, a 30-beats/minute or 
greater increase in heart rate within 5–10 minutes of assuming an upright position 
without a significant change in blood pressure, and no identified etiology [119]. 
POTS appears to result from a failure of the peripheral vasculature to appropriately 
vasoconstriction under orthostatic stress.

5.2  Reflex-Mediated Syncope

Reflex-mediated syncopal syndromes are characterized by an increased vagal tone 
and the withdrawal of peripheral sympathetic tone, leading to bradycardia, vasodila-
tion, and, ultimately, hypotension, presyncope, or syncope. What distinguishes 
these causes of syncope are the specific triggers. For example, micturition syn-
cope results from activation of mechanoreceptors in the bladder; defecation  
syncope results from neural inputs from gut wall tension receptors; and swallowing 
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syncope results from afferent neural impulses arising from the upper gastrointesti-
nal tract. The two most common types of reflex-mediated syncope are vasovagal 
syncope and carotid sinus hypersensitivity.

Vasovagal syncope, also known as neurocardiogenic, vasodepressor, and as 
“fainting,” has been used to describe a common abnormality of blood pressure regu-
lation characterized by the abrupt onset of hypotension with or without bradycardia. 
Triggers associated with the development of vasovagal syncope are those that either 
reduce ventricular filling (prolonged standing, a warm environment, or hot shower) 
or increase catecholamine secretion (sight of blood, pain, and stressful situations). 
Under these types of situations, patients with this condition develop severe light-
headedness and/or syncope. It has been proposed that these clinical phenomena 
result from a paradoxical reflex that is initiated when ventricular preload is reduced 
by venous pooling. This leads to a reduction in cardiac output and blood pressure, 
which is sensed by arterial baroreceptors. The resultant increased catecholamine 
levels, combined with reduced venous filling, lead to a vigorously contracting vol-
ume-depleted ventricle. This hypercontractile state leads a paradoxical bradycardia 
and a decrease in peripheral vascular resistance, resulting in hypotension and syn-
cope [120]. Neurally-mediated syncope is far more common among young indi-
viduals than among the elderly.

Syncope due to carotid sinus hypersensitivity results from stimulation of carotid 
sinus baroreceptors. Carotid sinus hypersensitivity is diagnosed by applying gentle 
pressure over the carotid pulsation just below the angle of the jaw, where the carotid 
bifurcation is located. After listening for a carotid bruit, pressure should be applied 
unilaterally for approximately five seconds. The sensitivity of diagnosing carotid 
sinus hypersensitivity can be increased, with no change in specificity, by performing 
carotid sinus massage during upright position in addition to supine position [121]. 
The normal response to carotid sinus massage is a transient decrease in the sinus 
rate and/or slowing of atrioventricular (AV) conduction. Three types of abnormal 
responses have been described: (1) the cardioinhibitory response, characterized by 
marked bradycardia (>three-second pause) or AV block; (2) the vasodepressor type, 
characterized by a 50-mmHg fall in the systolic blood pressure in the absence of 
bradycardia; and (3) the mixed response. It is important to recognize that carotid 
sinus hypersensitivity is also commonly observed in asymptomatic elderly patients. 
One study found that about 39% of participants had carotid sinus hypersensitivity, 
but only about half of these were symptomatic cases of carotid sinus hypersensitiv-
ity [122]. Because of this, the diagnosis of carotid sinus hypersensitivity should be 
approached cautiously after excluding alternative causes of syncope.

5.3  Cardiac Syncope

Cardiac causes of syncope, particularly tachyarrhythmias and bradyarrhythmias, 
are the second most common causes, accounting for about 10% of syncopal epi-
sodes [111]. Ventricular tachycardia is the most common tachyarrhythmia that 
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causes syncope. Supraventricular arrhythmias can also cause syncope, although the 
great majority of patients with supraventricular arrhythmias present with less severe 
symptoms such as palpitations, dyspnea, and light-headedness. Bradyarrhythmias 
that can result in syncope include sick sinus syndrome as well as AV block. 
Anatomical causes of syncope result from obstruction to blood flow, such as a mas-
sive pulmonary embolus, an atrial myxoma, and aortic stenosis.

5.4  Neurologic Causes of Syncope

Neurological causes of syncope are surprisingly uncommon, accounting for less 
than 10% of all cases of syncope [111]. The majority of patients in whom a “neuro-
logical” cause of syncope is established are found, in fact, to have had a seizure 
rather than true syncope [111, 123]. Syncope, as an isolated symptom, is rarely due 
to a neurological cause. As a result, widespread use of tests to screen for neurologic 
conditions rarely are diagnostic. In many institutions, computed tomography, elec-
troencephalography, and carotid duplex scans are overused, being obtained in more 
than 50% of patients with syncope. A diagnosis is almost never uncovered that was 
not first suspected based on a careful history and neurologic examination [124]. One 
study indicated that 29% of patients with treatment-resistant epilepsy or suspected 
nonepileptic seizures have an underlying cardiovascular cause of syncope such as 
neutrally-mediated hypotension, carotid sinus hypersensitivity, or transient AV 
block [125].

5.4.1  Metabolic/Miscellaneous Causes of Nonsyncope

Metabolic causes of syncope are rare, and their presentations are usually considered 
nonsyncopal in nature. Their mechanism differs from that of hypoperfusion in typi-
cal syncope and typically presents with altered consciousness instead of transient 
loss of consciousness in typical syncope. The most common metabolic causes of 
nonsyncope include hypoglycemia, hypoxia, and hyperventilation. The establish-
ment of hypoglycemia as the cause of nonsyncope requires demonstration of hypo-
glycemia during the episode. Psychiatric disorders may also cause nonsyncope. 
About one percent of patients who initially had a diagnosis of syncope were found 
to have psychogenic syncope [126]. However, appropriate evaluation should be 
undertaken prior to determining nonsyncopal etiology, given the not uncommon 
side effect of orthostasis seen with many psychiatric drugs.
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5.4.2  Prognosis in Syncope

The prognosis of patients with syncope varies greatly with diagnosis. Vasovagal 
syncope is generally associated with a benign prognosis, with life expectancy simi-
lar to those without a history of syncope. Orthostatic syncope may be associated 
with greater mortality, likely reflecting the comorbidities that usually accompany 
orthostasis in the elderly [127]. In contrast, syncope due to a cardiac cause is associ-
ated with a 50% mortality at five years [111].

5.5  Diagnostic Testing

Identification of the precise cause of syncope is often challenging [128]. The history 
and physical examination are the most important components of the evaluation of a 
patient with syncope. When taking a clinical history, particular attention should then 
be focused on (1) determining if the patient experienced true syncope as compared 
with a transient alteration in consciousness without loss of postural tone; (2) deter-
mining if the patient has a history of cardiac disease and if a family history of car-
diac disease, syncope, or sudden death exists; (3) identifying medications that may 
have played a role in syncope; (4) quantifying the number and chronicity of prior 
episodes; (5) identifying precipitating factors including body position; and (6) 
quantifying the type and duration of prodromal and recovery symptoms. Much of 
this information may be obtained by interviewing witnesses of the event and is 
important in elucidating possible etiologies. After obtaining a careful history, evalu-
ation should continue with a physical examination, including determining vital 
orthostatic signs, defining the patient’s level of hydration, ECG, and a thorough 
examination [129].

Tilt-table testing (TTT) is a standard diagnostic test for evaluating patients with 
syncope. Despite its limitations, tilt-table testing is generally considered the “gold 
standard” for establishing a diagnosis of reflex-mediated or orthostatic syncope. 
Upright TTT is performed for 30–45 minutes at an angle of approximately 70°. In 
general, a positive response to TTT is defined as the development of syncope or 
presyncope in association with hypotension and/or bradycardia. The sensitivity of 
the test can be increased, with an associated fall in specificity, by the use of longer 
tilt durations, steeper tilt angles, and provocative agents such as isoproterenol, nitro-
glycerin, or edrophonium. The specificity of TTT is highly dependent on the ability 
to correlate a positive test to the patients’ clinical presentation. There is general 
agreement that upright tilt-table testing is indicated in patients with (1) recurrent 
syncope or a single syncopal episode in a high-risk patient who either has no evi-
dence of structural heart disease or in whom other causes of syncope have been 
excluded, (2) evaluation of patients in whom the causes of syncope have been deter-
mined (e.g., asystole) but in whom the presence of vasovagal or orthostatic medi-
ated syncope on upright tilt would influence treatment, and (3) as part of the 
evaluation of patients with exercise-related syncope. There is also general 
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agreement that upright TTT is not necessary for patients who have experienced only 
a single syncopal episode that was highly typical for vasovagal syncope and during 
which no injury occurred. Tilt-table testing is not useful in establishing a diagnosis 
of situation syncope (i.e., postmicturition syncope) [130].

Although echocardiograms are commonly used in the evaluation of patients with 
syncope, little objective evidence exists to support their use in patients without a 
history of heart disease, and with a normal physical examination and normal ECG 
[131]. The rationale for obtaining an echocardiogram in patients with syncope is to 
risk the patient by excluding the possibility of occult cardiac disease not apparent 
after the history, physical examination, and electrocardiography. If detected, the 
presence of impaired ventricular function or significant valvular dysfunction would 
suggest a cardiac cause of syncope and, therefore, a worse long-term prognosis.

Myocardial ischemia is an unlikely cause of syncope and, when present, is usu-
ally accompanied by angina. The use of stress tests in the evaluation of a patient 
with syncope is best reserved for patients in whom the clinical suspicion of isch-
emia is high, i.e. syncope or presyncope that occurred during or immediately after 
exertion or in association with chest pain. Even among patients with syncope during 
exertion, it is highly unlikely that exercise stress testing will trigger another event. 
Patients suspected of having severe aortic stenosis or obstructive hypertrophic car-
diomyopathy should not undergo exercise stress testing because it may precipitate a 
cardiac arrest.

The 12-lead ECG is a standard component in the workup of a patient with syn-
cope. With history and physical examination, this combination can lead to a diagno-
sis in 24–40% of patients [132]. Specific findings that may identify the probable 
cause of syncope include QT prolongation (long QT syndrome), the presence of a 
short PR interval, and a delta wave (Wolff-Parkinson-White syndrome), evidence of 
acute myocardial infarction, and high-grade AV block. Less specific findings that 
may suggest potential causes of syncope include evidence of prior myocardial 
infarction, bundle branch block, ventricular hypertrophy, and ventricular premature 
beats. These findings can be confirmed later with direct testing. T wave inversion in 
the right precordial leads to an incomplete right bundle branch block pattern, sug-
gesting a diagnosis of right ventricular dysplasia. Persistent ST-segment elevation in 
leads V1 to V3 with an incomplete RBBB pattern suggests a Brugada syndrome 
diagnosis. These hereditary disorders are associated with a high incidence of 
SCD. Although more common in younger patients, they can present in the elderly 
[133]. The finding of a normal ECG suggests that a cardiac cause of syncope is 
unlikely.

Continuous ECG monitoring using telemetry, Holter monitor, loop, or patch 
recorders is commonly performed in patients with syncope. The information pro-
vided by ECG recording at the time of syncope is extremely valuable because it 
allows an arrhythmic cause of syncope to be established or excluded. The type of 
monitoring device should be selected based on the frequency of syncopal episodes. 
Because of the infrequent and sporadic nature of syncope, the diagnostic yield of 
Holter recording may be low and may not be cost-effective. The likelihood of expe-
riencing an episode of syncope while wearing a Holter recorder in an unselected 
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population of patients with syncope is generally low. Detection of asymptomatic 
sinus bradycardia, AV block, or nonsustained supraventricular or ventricular 
arrhythmias on Holter monitoring can suggest an arrhythmic cause of syncope, but 
it is important to recognize that unless syncope or presyncope accompanies these 
arrhythmias, they are likely to be incidental findings and should not be assumed to 
be the cause of syncope. For these reasons, the clinical situation in which Holter 
recording is most likely to be diagnostic is when used in the occasional patient with 
very frequent (i.e., daily) episodes of syncope or presyncope. Alternatively, external 
loop or patch recorders are especially useful for patients with infrequent episodes of 
presyncope or syncope, particularly once potentially malignant causes of syncope 
have been excluded. These have been shown to have increased diagnostic yield 
compared to Holter monitors, likely given the longer time of monitoring with loop 
recorders [134].

5.5.1  Electrophysiology Testing

The results of an EP study (EPS) can be useful in establishing a diagnosis of sick 
sinus syndrome, heart block, supraventricular tachycardia, or ventricular tachycar-
dia in patients with syncope. The indications for EPS in the evaluation of patients 
with syncope have been established based on AHA/ACC/HRS guidelines [135]. 
There is general agreement that EPS can be useful in patients in whom syncope is 
suspected to be due to an arrhythmia. The diagnostic yield of EPS is highest in those 
suspected or known structural heart disease and unexplained syncope (COR IIa). If 
an arrhythmia is not suspected in patients with normal ECG and no history of car-
diac disease, EPS is not recommended as the diagnostic yield is low [136].

5.6  Management of the Syncope Patient

The approach to the treatment of a patient with syncope depends largely on the 
diagnosis that is established. For example, the appropriate treatment of a patient 
with syncope due to AV block or sick sinus syndrome would likely involve place-
ment of a permanent pacemaker; treatment of a patient with syncope due to the 
Wolff-Parkinson White syndrome would likely involve catheter ablation; and treat-
ment of a patient with syncope due to VT would likely involve placement of an 
ICD. For other types of syncope, optimal patient management may involve discon-
tinuation of an offending pharmacological agent, increased salt intake, or patient 
education.
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6  Special Issues in Management

6.1  AF Screening in the Elderly

AF screening remains a controversial topic. Mass screening in an elderly population 
showed an increase in detection by about 33%, which highlights the large amounts 
of asymptomatic AF in the elderly [137]. Furthermore, multiple devices now exist 
that can detect silent AF.  These range from patient-purchased smartwatches to 
physician- implanted cardiac monitors. Certain smartwatches can detect possible AF 
with relatively decent accuracy and can lead to the diagnosis of AF when conven-
tional cardiac monitoring with physician review confirms the diagnosis [138, 139]. 
The detection of AF was superior to conventional monitoring in the case of implanted 
cardiac monitors [140]. The large amount of data provided from these screenings 
has created a new area for the investigation that identifies patients who would ben-
efit most from AF screening. The higher prevalence of AF in the elderly and the 
associated higher risk for stroke may identify this group as one that would benefit 
greater from AF screening. However, more investigation is needed regarding the 
pros and cons of AF screening in the elderly. Greater screening may lead to more 
misdiagnosis cases, as well as unnecessary and possibly harmful and therapeutic 
interventions.

6.2  Anticoagulation in the Elderly

Anticoagulation for stroke prophylaxis represents a special challenge in the elderly. 
While the aged benefit the most from anticoagulation, they also are at the highest 
risk for iatrogenic bleeding events, including intracranial bleeding.

AF is an independent risk factor for stroke and is associated with a fivefold 
increased risk of stroke [141]. AF leads to atrial stasis and the formation of LA 
thrombi, which may embolize the cerebral vasculature. Among patients with atrial 
fibrillation, the risk of stroke is approximately five percent per year. Non-paroxysmal 
AF has a higher stroke risk than paroxysmal AF [142].

Risk stratification and cardioembolic stroke prophylaxis represent a cornerstone 
in managing AF patients. Patients at a high risk of stroke benefit the most from sys-
temic anticoagulation. The CHA2 DS2-VASc is a well-known stroke risk calculator 
used to aid in decision-making regarding anticoagulation [143]. This risk calculator 
uses age, specifically age from 65 to 74 years and greater than 75 years as markers 
of increased risk. The other risk factors included in this calculator that increase risk 
for stroke are sex, congestive heart failure, hypertension, stroke/transient ischemic 
attack (TIA)/thromboembolism, vascular disease (such as MI or peripheral artery 
disease), and diabetes. Many of these risks are more common as we age, reflecting 
the increased risk of stroke the elderly have.
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Anticoagulation in AF is based on their individual CHA2 DS2-VASc score. For 
men, a score of two or greater, and for women, a score of three or greater indicate 
that anticoagulation should be recommended for stroke prevention. The current 
options for anticoagulation include coumadin and the more recent class of DOACs. 
Coumadin was the first anticoagulant used to prevent stroke in AF [144, 145]. As 
expected, the trade-off of stroke prevention with anticoagulation is an increased risk 
of bleeding events. In the last decade, DOACs have risen in favor mainly due to 
noninferiority and sometimes superiority over coumadin in stroke prevention, as 
well as similar or decreased risk for bleeding [146–149]. The most recent AHA/
ACC/HRS guidelines reflect the favorability of DOACs over coumadin in patients 
with AF, with the exception of patients with valvular AF (defined as AF in the set-
ting of mechanical valves or moderate to severe mitral stenosis) [48, 150].

Multiple authorities have questioned the role of anticoagulation in the oldest old 
(those 85 years and older). RCTs studying coumadin in octogenarians have sug-
gested benefits from coumadin use in this patient population [151, 152]. Current 
observational studies and post-hoc analysis of DOAC RCTs suggest that anticoagu-
lation prevents stroke risk with an expected increase in bleeding events but that 
there was a net positive benefit from anticoagulation. Furthermore, these studies 
seem to suggest that the benefit was increased in elderly patients taking DOACs as 
compared to coumadin [48, 153–155]. Stroke prophylaxis should still be tailored to 
the individual patient and guided by the patient’s risk profile and functional status. 
If the patient has both high risk and good functional status (i.e. their quality of life 
would be impaired by a disabling stroke), then they should be anticoagulated, 
regardless of their age. Despite these data suggesting the benefit of DOACs, they are 
less often prescribed for AF stroke prevention in the elderly. Instead, antiplatelets 
are more often prescribed for AF-related stroke prevention in the elderly, despite 
data suggesting no benefit, and possibly even harm, in those on aspirin monotherapy 
[156, 157].

6.3  Left Atrial Appendage Occlusion Devices

Given that the vast majority of AF-related stroke is related to the formation of LAA 
thrombus, occlusion of the appendage can reduce stroke risk. The most common 
implanted device, the WATCHMAN is placed transeptally into the LAA, occluding 
it and preventing thrombus from embolizing from the LAA. In the PROTECT-AF 
trial, the WATCHMAN device was shown to have noninferiority to coumadin in 
ischemic stroke prevention [158]. A follow-up trial, PREVAIL-AF, also showed 
noninferiority to coumadin in ischemic stroke prevention [159]. Metanalysis from 
the PROTECT-AF trial and PREVAIL-AF trial demonstrated lower rates of hemor-
rhagic stroke when compared to coumadin, as well as lower rates of ischemic stroke 
when periprocedural strokes were excluded [160]. Other risks besides periproce-
dural stroke include procedure-related pericardial effusions and device-related 
thrombus, which are associated with increased risk for stroke [161]. WATCHMAN 
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implantation still requires at least 45  days of anticoagulation to allow time for 
device endothelialization. Whether or not patients may benefit from antiplatelet 
therapy instead of anticoagulation after WATCHMAN implantation is currently 
being investigated. Oral anticoagulation is still the preferred treatment for AF, but 
LAA occlusion may be a reasonable alternative in those with nonvalvular AF and a 
contraindication to anticoagulation.

6.4  Anti-arrhythmics in the Elderly

Elderly patients are more likely to suffer complications and side effects from anti- 
arrhythmic medications. For example, in the Cardiac Arrhythmia Suppression Trial 
(CAST), older age was an independent predictor of adverse events in patients taking 
flecainide [162]. Additionally, left atrial size increases with age, and LAE has been 
associated with the recurrence of AF after rhythm control strategies [163]. Given 
these concerns, the current practice seems to favor rate control over rhythm control 
strategy [157]. However, data regarding outcomes between rate versus rhythm con-
trol in the elderly remains controversial, with some suggesting no difference and 
others the suggesting superiority of either approach [164–166].

There are several age-associated changes that make pharmacotherapy in the 
elderly more challenging. Glomerular filtration rate declines with age, limiting ther-
apeutic options like sotalol and dofetilide, which are renally cleared. Decreased 
drug clearance and decreases in lean body mass lead to an increased half-life and 
volume of distribution of amiodarone in elderly patients and have been associated 
with increased rates of pacemaker insertion due to bradyarrhythmias [167]. With 
regard to amiodarone, it is important to remember that its side effects include cor-
neal deposits and photosensitivity, in addition to the better-known thyroid, hepatic, 
and pulmonary complications. Routine monitoring for patients on amiodarone 
should include thyroid function testing, serum transaminase determination, and a 
chest X-ray at baseline and every 6–12 months when stable. Pulmonary function 
testing is the most sensitive test for amiodarone-associated pulmonary fibrosis and 
should be done annually or whenever patients complain of dyspnea on exer-
tion [167].

6.5  Radiofrequency and Cryoablation

Radiofrequency and cryoablation destroy arrhythmogenic tissue through the ther-
mal disruption of cardiac membranes. While catheter ablation is an invasive proce-
dure and is associated with procedural risk, ablative termination often liberates 
patients from anti-arrhythmic medications which carry significant side effects, 
especially in the elderly population. Both RFA and cryoablation have similar safety 
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profiles and similar outcomes compared to younger populations and should not be 
avoided in elderly patients who would benefit from ablation [168–171].

According to the 2017 HRS AF ablation guidelines, AF ablation is recommended 
for symptomatic paroxysmal AF refractory or intolerant to at least one class I or III 
anti-arrhythmic, and reasonable for symptomatic paroxysmal AF prior to trial of 
pharmacotherapy or for persistent AF. Ablation can still be considered in those with 
long-standing AF [172]. These guidelines also note that these recommendations can 
be reasonably applied to patients greater than 75 years old. Other forms of SVT, 
including AVNRT, AV junction, isthmus-dependent atrial flutter, and accessory 
pathways, have success rates in excess of 85% [50, 173]. The overall risk of throm-
boembolic complications after catheter ablation is less than one percent [174–176]. 
This risk increases with left heart involvement and the ablation of ventricular tachy-
cardias [177].

6.6  Device Therapy in the Elderly

The incidence of sinus node dysfunction, atrioventricular block, heart failure, and 
sudden cardiac death all increase with age. Among octagenarians and nonagenari-
ans, atrioventricular block, SSS, and chronic AF complicated by bradycardia are the 
most common indications for a pacemaker placement. Accordingly, most patients 
who require pacemaker or ICD implantation are older. Given the finite resources of 
our health care system and the disproportionate expenditure of health care dollars in 
the later years of life, many have examined the efficacy of device therapy in the 
elderly. Several studies have shown that although device therapy in the elderly may 
have higher rates of perioperative complications, in general, age is not associated 
with exceedingly high complication rates [178–182]. Age alone should not be a 
contraindication to devise therapy, but strong consideration should be given to life 
expectancy and comorbidities, as elderly patients over 75 years old may not as much 
benefit from secondary prevention ICD compared to younger cohorts, and the degree 
of benefit remains controversial for primary prevention ICDs [183–185]. Pacemaker 
implantation does relieve symptoms in about three-fourths of elderly patients, and 
elderly patients receiving ICD have similar quality of live (QOL) to patients with 
major cardiac disease [186]. Much like any therapeutic intervention, treatment 
should be tailored to the individual patient after consideration of the potential risks 
and benefits. While device therapy is a safe and effective intervention in the func-
tional elderly patient, more research is needed regarding patient selection among the 
oldest-old. Further investigations regarding newer pacing approaches, such as lead-
less pacemakers and His bundle pacing, are also needed in elderly populations.

Lastly, ICD management at the end of life is particularly important in elderly 
patients. About 20% of patients receive ICD shocks in the last week of their lives. 
This can significantly affect the QOL of both patients and their families. The major-
ity of patients with ICDs express a desire for ICD deactivation during the end of life 
care. Despite this, ICD management at end of life is infrequently discussed between 
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patients and families [186]. Additionally, ICD management during the end of life 
requires integration of multiple ethical principles, including patients’ right to refuse 
care and surrogate decision-making in cases of incapacitated patients [187]. Focus 
should be made on improving communication between physicians and patients 
regarding end-of-life ICD decision-making and highlights a significant area for 
improvement.

7  Conclusion

The prevalence of cardiac arrhythmias and conduction disorders increases with age 
and impart significant morbidity and mortality in the elderly population, especially 
among those with compromised left ventricular function and heart failure. 
Fortunately, over the past decade, numerous safe and effective therapies have been 
developed to treat dysrhythmia and prevent sudden cardiac death. As with any con-
dition, treatment should be tailored to the individual patient. However, age should 
not preclude functional elderly patients from anticoagulation, catheter ablation, 
device therapy, or other interventional strategies. These patients have much to gain 
from symptomatic relief and stand to benefit the most from avoiding the side effects 
of anti-arrhythmic medications.
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Percutaneous Interventions for Structural 
Heart Disease in the Elderly

Faisal Rahman, Jon R. Resar, and Matthew J. Czarny

1  Introduction

The life expectancy in the United States continues to rise, and as a result, the inci-
dence of cardiovascular disease will also increase. Advancing age is also associated 
with a higher risk of cardiovascular morbidity, a higher risk of complications of 
cardiovascular procedures, and a higher likelihood of comorbidities that reduce 
treatment options for cardiovascular disease [1]. Because of the lower invasiveness 
and resultant lower procedural hemodynamic stresses, the rapidly growing eld of 
Structural Interventional Cardiology has expanded elderly patients’ access to treat-
ment that reduces both the morbidity and mortality of cardiovascular disease as well 
as minimizes the periprocedural risks. This chapter will provide an overview of the 
transcatheter treatment of structural heart disease in the elderly.

2  Aortic Stenosis

Calcic degenerative aortic valve  stenosis (AS) is the most common form of 
acquired valvular heart disease in the elderly, and with the aging population, the 
number of patients with severe AS will only increase [2]. Low-grade chronic 
in�ammation potentially related to or exacerbated by mechanical stress results in 
aortic valvular brosis, calcication, and subsequent progressive restriction of 
lea�et motion [2, 3]. Mild or moderate AS does not usually cause symptoms, and 
it is not uncommon that even patients with severe AS are asymptomatic. However, 
the progressive and relentless pressure overload conferred upon the left ventricle 
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by the severely stenotic aortic valve eventually results in an inability to suffi-
ciently augment cardiac output to exertional demands, which produces the typi-
cal symptoms of fatigue, exertional dyspnea, exertional angina, syncope, and 
eventually, heart failure. In their seminal paper in Circulation in the 1960s, Drs. 
Ross and Braunwald demonstrated that survival of patients with severe AS was 
excellent until angina, syncope, or heart failure developed, with an average sur-
vival of five, three, or two years, respectively [4]. This study also suggested that 
medical management does not modify disease trajectory, which remains true to 
this day. The role of medical therapy in the management of severe symptomatic 
AS is limited to temporary symptomatic relief in those awaiting definitive aortic 
valve replacement (AVR) and palliation in patients who are not suitable for more 
definitive treatments.

2.1  Balloon Aortic Valvuloplasty

Balloon aortic valvuloplasty (BAV) is a procedure during which a balloon catheter 
is percutaneously inserted into the aortic valve and inflated, increasing the aortic 
valve area by a modest amount, with retrospective studies reporting an increase 
from 0.5 cm2 to 0.7 cm2 in the mean or median aortic valve area [5–7]. BAV was first 
reported in a case series in 1986 by Cribier et al. as an alternative to surgical aortic 
valve replacements (SAVR) in patients who were elderly and, therefore, at high risk 
for surgery [8]. Initial data demonstrated early symptomatic relief with the hope of 
improved survival, but on long-term follow-up, early restenosis was evident, and 
there did not seem to be an improvement in hospitalizations or mortality compared 
to medical management [6, 7]. As a result of this and subsequent confirmatory stud-
ies, utilization subsequently decreased considerably, and BAV was thereby rele-
gated to a primarily palliative role.

In recent decades, however, BAV use has increased as the advent of transcatheter 
aortic valve replacement (TAVR) has expanded the potential patients eligible for 
definitive AS therapy. In current practice, BAV is most frequently used to bridge 
patients who are not presently candidates for AVR to AVR candidacy. Examples 
include patients in cardiogenic shock because of critical AS for whom BAV may 
enable recovery to a point where AVR can be considered, as well as for patients with 
cancer and an unknown survival who require aortic valve intervention to tolerate 
cancer therapies and enable subsequent estimation of cancer-related survival and 
therefore AVR candidacy. Less frequently, BAV may be used to assess the possibility 
of symptom improvement with aortic valve intervention in patients with severe 
comorbidities and symptoms to which the contribution of AS is unclear (e.g., patients 
with severe oxygen-dependent chronic obstructive pulmonary disease (COPD) and 
low-flow low-gradient severe AS). However, it is important to consider the risks of 
BAV alone and the safety of simply waiting to perform AVR without any interven-
tion. Data from the National Inpatient Sample showed that BAV has a procedural 
mortality of 1.4%, in-hospital mortality of 8.5%, stroke rate of 1.8%, and a vascular 
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complication rate of 7.6% [9]. As a result, BAV is rarely used for palliation. Current 
American College of Cardiology  (ACC)/American Heart Association (AHA) guide-
lines give BAV a Class IIb recommendation as a bridge to SAVR or TAVR [10].

2.2  Transcatheter Aortic Valve Replacement

TAVR is the implantation within the existing aortic valve (native or prior biopros-
thesis) of a bioprosthetic aortic valve typically made of bovine or porcine pericar-
dium, mounted on a collapsible metal frame, and delivered via a catheter-based 
system. This is most commonly performed through percutaneous iliofemoral access 
but can also be done through percutaneous axillary access or surgical femoral, api-
cal, carotid, subclavian, or direct aortic access. Although several valves are in use or 
under study, the two most commonly used and only FDA-approved systems in the 
United States are the balloon-expandable SAPIEN™ (Edwards LifeSciences LLC, 
Irvine, CA; Fig. 1) and the self-expanding CoreValve™/Evolut™ valves (Medtronic, 
Inc., Minneapolis, MN; Fig. 2). While TAVR was initially developed as an alterna-
tive to SAVR in patients who were not surgical candidates, use has rapidly expanded 
to patients across the surgical risk spectrum. Importantly, the growth of TAVR has 
increased so much in the last decade that TAVR volume currently eclipses that of 
SAVR in the United States [11].

The first randomized controlled data of TAVR in the United States came from the 
pivotal PARTNER (Placement of AoRTic TraNscathetER) trial of the Edwards 
SAPIEN™ valve in patients with severe symptomatic AS. In PARTNER 1B, 358 
inoperable patients were randomized to conservative therapy including BAV or 
TAVR (mean age 83.1 years). Patients who received TAVR had a 20% absolute risk 
reduction in mortality (30.7% vs. 50.7%, p < 0.001, number needed to treat = 5) as 
well as a reduction in repeat hospitalization (22.3% vs. 44.1%, p < 0.001) [12] with 
results sustained to two-year follow-up [13]. Similar results were shown with the 

Fig. 1 The SAPIEN 3 
Ultra™ transcatheter aortic 
valve. Image courtesy 
Edwards Lifesciences 
LLC, Irvine, CA. Edwards, 
the stylized E logo, 
Edwards SAPIEN 3, and 
SAPIEN 3 Ultra are 
trademarks of Edwards 
Lifesciences Corporation
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Fig. 2 The Evolut Pro™ 
transcatheter aortic valve. 
Image provided courtesy of 
Medtronic, Minneapolis, 
MN. Evolut Pro is a 
trademark of Medtronic

self- expanding CoreValve compared to an objective performance goal [14]. In 
PARTNER 1A, 699 patients at high surgical risk (STS risk score ≥ 10% or higher 
predicted risk of mortality ≥15%) were randomized to SAVR or transfemoral/trans-
apical TAVR (mean age of 83.6 years). SAVR and TAVR demonstrated similar one-
year mortality (24.2% vs. 26.8%), while patients in the TAVR arm had a higher rate 
of all vascular complications (17.0% vs. 3.8%) at 30  days and numerically 
higher major stroke at one year (5.1% vs. 2.4%, p = 0.07). Conversely, patients in the 
SAVR arm had higher rates of 30-day major bleeding (19.5% vs. 9.3%) and new-
onset atrial fibrillation (16% vs. 8.6%) [15]. The self-expanding valve was evaluated 
in similar high surgical risk patients in the randomized US CoreValve High-Risk 
Study, where one-year mortality was significantly lower with TAVR (14.2% vs. 
19.1%) [16]. Although the trials in prohibitive surgical risk patients showed that 
TAVR was far superior to medical management (with or without BAV) and there-
fore the new standard, the studies in high surgical risk patients demonstrated that 
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TAVR could achieve similar outcomes to SAVR with far less invasiveness. 
Additionally, these studies established the need for a Heart Team approach to care-
fully assess the surgical risk in real-world settings that included but was not limited 
to the Society for Thoracic Surgery (STS) predicted risk of mortality alone.

Subsequently, TAVR was shown to be safe and effective in patients at intermedi-
ate surgical risk (STS predicted risk of mortality of 4–8% or otherwise deemed at 
intermediate risk by a cardiac surgeon because of comorbidities). In the PARTNER 
2A trial, 2000 intermediate-risk patients were randomized to TAVR with the 
Edwards SAPIEN XT™ or SAVR; TAVR was noninferior to SAVR for the primary 
endpoint of stroke or death at two  years (19.3% in TAVR vs. 21% in SAVR; 
p = 0.001 for noninferiority). Importantly, patients randomized to TAVR who had 
transfemoral access (as opposed to transapical) had a lower rate of all-cause death 
or stroke than patients undergoing SAVR (HR 0.79, p = 0.05) [17]. Similarly, The 
SURTAVI study evaluated the CoreValve™ or Evolut R™ valve in intermediate-
risk patients (30-day surgical risk of death estimated at 3–15%), and at 24 months, 
the primary endpoint of all-cause death or disabling stroke was not significantly 
different (12.6% for TAVR and 14% in SAVR) [18].

As data accumulated for the safety of TAVR in intermediate- and high-risk 
patients, the question shifted to performing TAVRs in low-risk patients, which are 
typically defined as patients with an STS predicted risk of mortality <4% and Heart 
Team consensus that the patient is at low risk of operative mortality. However, 
TAVR was initially studied in patients with limited life expectancy, and because 
enrollment in the US pivotal trials only began in 2007, limited data existed regard-
ing transcatheter valve durability and the management of degenerated transcatheter 
valves. In addition, the long-term effects of paravalvular leak and TAVR-related 
new conduction abnormalities were unknown. These were important issues for low- 
risk patients who are likely to live longer. Hence, the Nordic Aortic Valve Intervention 
(NOTION) was an initial small, randomized control trial in a low surgical risk 
cohort that provided preliminary evidence of the safety and efficacy of TAVR [19] 
and thereby supported subsequent larger studies. In the Evolut Low-Risk Trial, non-
inferiority for the primary endpoint of death or disabling stroke at 24 months was 
demonstrated (5.3% vs. 6.7%) [20]. In the PARTNER 3 trial with the SAPIEN 3™ 
valve, the primary endpoint of one-year death, stroke, or rehospitalization was sig-
nificantly lower with TAVR (8.5% vs. 15.1% p = 0.001 for superiority) [21]. These 
results opened the door for TAVR in low-risk patients.

These studies of TAVR and SAVR in low-surgical risk patients highlight consis-
tent differences between the two therapies. TAVR is associated with a lower risk of 
new-onset atrial fibrillation, bleeding, acute renal injury, and shorter hospital stays 
than SAVR [22]. Conversely, TAVR is associated with a higher rate of conduction 
abnormality; the new permanent pacemaker rate was 17.4% for TAVR and 6.1% for 
SAVR in the Evolut Low-Risk trial. Although there was no difference in one-year 
pacemaker rates (7.5% vs. 5.5% for TAVR and SAVR, respectively) in PARTNER 
3, new left bundle branch block was more common at one year in patients undergo-
ing TAVR (23.7% vs. 8% in SAVR). However, the long-term consequences of these 
findings are unknown.
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As described earlier, we have a five-year follow-up of the intermediate-risk pop-
ulation but only up to two-year follow-up in low-risk patients to assess the durability 
of TAVR. Although the studies on high to inoperable risk patients are older and thus 
have the potential for long-term follow-up, patients in these studies have such high 
annual mortality that follow-up data remains sparse. The follow-up issue is also 
limited in low- and intermediate-risk patients where the average age was >73 years, 
and with US life expectancy at 79.8 years, there is still significant loss to follow-up. 
However, in the PARTNER 1 trials, at five years, neither TAVR nor SAVR experi-
enced any evidence of structural valve deterioration that required repeat AVR. The 
long- term performance of the balloon-expandable system used was good, with a 
mean transvalvular gradient of 10.7 mm Hg and the estimated aortic valve area of 
1.6 cm2 at five years. However, moderate or severe aortic regurgitation was higher 
with TAVR (14% vs. 1%) [23]. In contrast, the five-year follow-up data from the 
PARTNER 2 trial showed a higher rate of valve reoperation with TAVR compared 
to SAVR because of progressive valve stenosis or residual aortic regurgitation (3.2% 
vs. 0.8%), suggesting a need for closer evaluation of durability [24]. Five-year fol-
low-up in the PARTNER 2 trial showed some significant differences between TAVR 
and SAVR, including a higher rate of re-hospitalization (33.3% vs. 25.2%) with 
TAVR. The PARTNER 2 trial also demonstrated no difference in all-cause mortality 
or disabling stroke between TAVR and SAVR, although a trend towards higher death 
and stroke was seen between two and five years [24]. In comparison, the rate of 
moderate to severe structural valve deterioration was lower (4.8% vs. 24%) with 
TAVR with the self-expanding system compared to SAVR in the NOTION trial. 
Importantly, the effective orifice area was higher for TAVR than SAVR (at six years 
it was 1.53 cm2 vs. 1.16 cm2 for SAVR), consistent with greater patient-prosthesis 
mismatch with SAVR (28.1% vs. 12.2%; p = 0.001) [25]. Both the PARTNER 1 and 
2 trials did not demonstrate any significant difference in all-cause mortality at five-
year follow-up. Notably, the devices used in these studies have largely been replaced 
by later- generation devices with features aimed at decreasing paravalvular leaks. 
Accordingly, the applicability of these prior studies to current devices is unclear. 
Overall, there is no clear signal of long-term superiority of either TAVR or SAVR 
with regard to valve durability or survival in patients who are candidates for both.

Therefore, the decision to undertake TAVR or SAVR is a nuanced one that 
requires careful evaluation of each patient by the Heart Team, including both an 
interventional cardiologist and a cardiac surgeon, as well as a physician–patient 
discussion of individual preferences. Importantly, several types of patients were 
commonly excluded in the different randomized trials, such as those with bicuspid 
aortic valves, complex coronary artery disease or prohibitive risk for coronary artery 
occlusion, significant mitral or tricuspid valvular disease, and previous valvular sur-
gery. In the Evolut Low Risk and PARTNER 3 trials, 14.8% and 34%, respectively, 
of patients evaluated were ineligible for enrollment in the studies. Observational 
registry data may help bridge the gap to evaluate the outcomes of TAVR in these 
excluded groups. However, observational studies have their own weaknesses, 
including selection bias as a result of unmeasured or difficult-to-measure factors by 
which higher-risk patients, despite low STS risk scores, receive TAVR instead of 
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SAVR (e.g. patients with heavy aortic calcification or marked frailty). Therefore, 
patient selection is a critical role of the Heart Team and is more than just the STS 
risk score. The 2020 ACC/AHA guidelines take a combination of surgical risk and 
an age/life-expectancy-based approach (Table  1). In patients who are less than 
65 years old without any high-risk features, the preference should be SAVR, whereas 
patients between 65 and 80 years of age should be considered for SAVR or TAVR 
based on other comorbidities and risk, and patients who are over 80 years of age 
should preferably have a TAVR [10]. However, these are not hard cutoffs, and sev-
eral important factors must be considered, such as the risk of coronary artery occlu-
sion with TAVR, the need for other surgical treatment, for example, a complex 

Table 1 ACC/AHA Guidelines for structural heart disease

Recommendation 
class Recommendation

Guideline 
year

Transcatheter aortic valve implantation

Class I 65–80 years: asymptomatic severe AS and LVEF <50%, or 
symptomatic severe AS with no anatomic contraindication to 
transfemoral AVR either SAVR or transfemoral TAVR is 
recommended after shared decision making

2020

Class I Symptomatic patients with severe AS who are >80 years of age 
or with younger patients with a life expectancy <10 years and no 
CI to transfemoral access—TAVR is recommended over SAVR

2020

Class I <65 years old or life expectancy >20 years: asymptomatic 
severe AS and LVEF <50%, or symptomatic severe AS–
SAVR is recommended

2020

Class I Asymptomatic severe AS and an abnormal exercise test, very 
severe AS, rapid progression or an elevated BNP, SAVR is 
recommended in preference to TAVR

2020

Class I For patients with an indication for AVR for whom a 
bioprosthetic valve is preferred but valve or vascular anatomy or 
other factors are not suitable for transfemoral TAVR, SAVR is 
recommended

2020

Class I For symptomatic patients with severe AS for whom predicted 
post-TAVR or post-SAVR survival is <12 months or for whom 
minimal improvement in quality of life is expected, palliative 
care is recommended after shared decision-making, including 
discussion of patient preferences and values

2020

Class I For symptomatic patients of any age with severe AS and a high 
or prohibitive surgical risk, TAVR is recommended
if the predicted post-TAVR survival is >12 months with an 
acceptable quality of life

2020

Class IIb In critically ill patients with severe AS, percutaneous aortic 
balloon dilation may be considered as a bridge to SAVR or 
TAVR

2020

Class III In patients with isolated severe AR who have indications for 
SAVR and are candidates for surgery, TAVR should not be 
performed

2020

(continued)
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Table 1 (continued)

Recommendation 
class Recommendation

Guideline 
year

Mitral stenosis

Class I In symptomatic patients (NYHA Class II, III, or IV) with severe 
rheumatic MS (mitral valve area ≤ 1.5 cm2, stage D), and 
favorable valve morphology with less than moderate (2+) MR in 
the absence of LA thrombus, percutaneous mitral balloon 
valvotomy is recommended if it can be performed at a 
comprehensive valve center

2020

Class IIa In asymptomatic patients with severe rheumatic MS (mitral 
valve area 1.5 cm2, stage C) and favorable valve morphology 
with less than 2+ MR in the absence of LA thrombus who have 
elevated pulmonary pressures (pulmonary artery systolic 
pressure > 50 mm Hg), percutaneous mitral balloon 
valvotomy is reasonable if it can be performed at a 
comprehensive valve center

2020

Class IIb In asymptomatic patients with severe rheumatic MS (mitral 
valve area 1.5 cm2, stage C) and favorable valve morphology 
with less than 2+ MR in the absence of LA thrombus who have 
new onset of atrial fibrillation, percutaneous mitral balloon 
valvotomy may be considered if it can be performed at a 
comprehensive valve center

2020

Class IIb In symptomatic patients (NYHA class II, III, or IV) with 
rheumatic MS and a mitral valve area > 1.5 cm2, if there is 
evidence of hemodynamically significant rheumatic MS on the 
basis of a pulmonary artery wedge pressure > 25 mmHg or a 
mean mitral valve gradient >15 mmHg during exercise, 
percutaneous mitral balloon valvotomy may be considered if it 
can be performed at a comprehensive valve center

2020

Class IIb In severely symptomatic patients (NYHA class III or IV) with 
severe rheumatic MS (mitral valve area 1.5 cm2, stage D) who 
have a suboptimal valve anatomy and who are not candidates 
for surgery or are at high risk for surgery, primary mitral balloon 
valvotomy may be considered if it can be performed at a 
comprehensive valve center

2020

Transcatheter mitral edge-to-edge repair

Class IIa In severely symptomatic patients (NYHA III or IV) with 
primary severe MR and high or prohibitive surgical risk, 
transcatheter edge-to-edge repair (TEER) is reasonable if mitral 
valve anatomy is favorable for the repair procedure and patient 
life expectancy is at least 1 year

2020

Class IIa In patients with chronic severe secondary MR related to LV 
systolic dysfunction (LVEF <50%) who have persistent symptoms 
(NYHA class II, III, or IV) while on optimal goal directed 
medical therapy for heart failure (stage D), TEER is reasonable in 
patients with appropriate anatomy as defined on transesophageal 
echocardiogram and with LVEF between 20% and 50%, LVESD 
≤70 mm, and pulmonary artery systolic pressure ≤ 70 mm Hg

2020

Left atrial appendage occlusion

Class IIb Percutaneous LAA occlusion may be considered in patients 
with AF at increased risk of stroke who have contraindications 
to long-term anticoagulation

2019
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coronary disease requiring bypass, other significant valvular diseases, aortic aneu-
rysm, anatomical features that may increase risk for significant paravalvular leak, 
vascular access, and patient preference. Furthermore, although TAV-in-TAV has 
been shown to be feasible, experience with this is very limited, and concerns include 
increasing difficulty of future coronary access and higher rates of patient-prosthesis 
mismatch [26].

3  Mitral Valve Regurgitation

Similar to aortic valve disease, mitral valve disease is also increasing in prevalence, 
especially in the elderly [27]. Mitral valve regurgitation can be either primary 
(degeneration of the mitral valve apparatus) or secondary because of structural 
abnormalities of the left atrium or ventricle. The mitral valve is complex with an 
asymmetrical and saddle-shaped annulus, a complex subvalvular apparatus, and a 
bileaflet valvular system with three scallops in the posterior leaflet. In addition, the 
valve can be affected by a wide variety of pathologies that can result in mitral regur-
gitation or mixed disease; it lies in close proximity to the aortic valve and left ven-
tricular outflow tract (LVOT); and can have a varying degree of calcification of the 
leaflets, annulus and subvalvular apparatus. Finally, the room for manipulation of 
devices is affected by left atrial and ventricular chamber size. These features add to 
the complexity of any percutaneous intervention.

3.1  Transcatheter Mitral Valve Repair

Historically mitral valve regurgitation (MR) was treated surgically with either repair 
or replacement. One of the surgical repair techniques is the Alfieri repair, in which 
the surgeon sutures the anterior and posterior leaflets together at the site of the MR 
jet, creating a “double-orifice” valve. Typically, this repair is combined with mitral 
annuloplasty to reduce the size of the mitral orifice, further reducing MR. One FDA- 
approved device for transcatheter mitral valve repair, the MitraClip™ system 
(Abbott, Abbott Park, IL, USA; Fig. 3), was developed to mimic the Alfieri repair 
using a clip that attaches to the anterior and posterior leaflets (Fig. 4). More broadly, 
this technique is known as transcatheter edge-to-edge repair (TEER).

The safety and efficacy of the MitraClip™ system have been studied in both 
primary and secondary MR. The Endovascular Valve Edge-to-Edge Repair Study 
(EVEREST I & II) trials compared MitraClip™ to surgical repair; EVEREST II 
enrolled predominantly primary MR patients (only 25% of patients had secondary 
MR) and found no difference in one-year mortality but significantly higher recur-
rence of MR requiring intervention in the MitraClip™ arm (20%) versus the surgi-
cal arm (2%). However, 30-day major adverse events were significantly higher in 
the surgery group and were associated with a decrease in 30-day quality of life 
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Fig. 3 The MitraClip ™ G4 family of devices. Image provided courtesy of Abbott, Abbott Park, 
IL. MitraClip is a trademark of Abbott

Fig. 4 Illustration of 
MitraClip™ implantation. 
The Clip Delivery System 
traverses the inferior vena 
cava, enters the right 
atrium, and crosses the 
interatrial septum into the 
left atrium. The 
MitraClip™ is illustrated 
in a closed, pre-
deployment position after 
grasping both anterior and 
posterior mitral valve 
lea�ets. Image provided 
courtesy of Abbott, Abbot 
Park, IL. MitraClip is a 
trademark of Abbott
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measures. At one-year, both groups showed a similar significant improvement in 
quality of life [28]. In retrospect, it is not surprising that MitraClip™ had a higher 
rate of subsequent intervention compared to surgery; MitraClip™ does not address 
the annulus (as most surgical repairs do), and mitral valve surgery is a well-estab-
lished and very effective treatment for primary MR. Overall, the study demonstrated 
the effectiveness of the MitraClip™ for MR reduction and feasibility for patients 
who are at high surgical risk but supported surgical repair as first-line therapy in 
appropriate candidates. These findings were confirmed by the EVEREST High-risk 
Registry, where patients at high STS surgical risk (mortality risk ≥12%) demon-
strated a significant reduction in heart failure hospitalization and improvement in 
symptoms with MitraClip™ [29].

However, the strongest data for the effectiveness of the MitraClip™ system is 
from more recent studies in patients with secondary MR. In the randomized con-
trolled MITRA-FR trial, the primary composite endpoint of all-cause death and 
unplanned hospitalization for heart failure at 12 months did not differ between the 
medical therapy and MitraClip groups (51.3% vs. 54.6%, p = 0.53) [30]. Conversely, 
the COAPT study demonstrated both a significant reduction in HF hospitalization 
(35.8% vs. 67.9%, p < 0.001) and all-cause mortality (29.1% vs. 46.1%, p < 0.001) 
at 24-month follow-up with the MitraClip compared with medical therapy alone 
[31]. While these results seem contradictory at first, it is important to note that 
MITRA-FR patients, on average, had a more dilated left ventricle, less aggressive 
medical therapy, and a lower successful clip implantation rate than those in the 
COAPT study. Importantly, at three years follow-up, the COAPT results have per-
sisted; this study led to the FDA approval of the MitraClip system for treatment of 
secondary MR [32].

Other transcatheter mitral valve repair systems are currently in various stages of 
development. The Edwards PASCAL™ Transcatheter Valve Repair System 
(Edwards Lifesciences LLC, Irvine, CA, USA; Fig. 5) is another TEER system that 
has also demonstrated efficacy in treating MR and has recently received FDA 
approval [33]. In addition to these, many other devices are undergoing investigation, 
including the Edwards Cardioband Mitral Valve Reconstruction System (Edwards 
Lifesciences LLC, Irvine, CA, USA), which mimics a surgical annuloplasty ring. 
Given the challenges that the mitral valve anatomy presents, the demonstrated 
effectiveness and safety of the MitraClip™ system, and a large number of prior 
failed transcatheter mitral valve repair devices, we await the results of randomized 
clinical trials to determine whether any of these devices offer similar or improved 
transcatheter outcomes.
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a

b

Fig. 5 The Edwards 
PASCAL™ (a) and 
PASCAL Ace™ (b) 
Transcatheter Valve Repair 
Systems. Images provided 
courtesy of Edwards 
Lifesciences LLC, Irvine, 
CA. Edwards, the stylized 
E logo, PASCAL 
Transcatheter Valve Repair 
System, and PASCAL Ace 
Transcatheter Valve Repair 
System are trademarks of 
Edwards Lifesciences 
Corporation

3.2  Transcatheter Mitral Valve Replacement

Transcatheter mitral valve replacement (TMVR) is a developing technology cur-
rently reserved for patients at high or prohibitive risk for mitral valve surgery, a 
population that includes many elderly patients with multiple comorbidities. In a 
similar fashion to TAVR, a collapsible valve is mounted onto a catheter and deliv-
ered to and deployed within the existing mitral valve. Depending on the system and 
the patient’s anatomy, these devices are usually delivered via transapical or trans-
septal routes. There are a large number of devices currently in development and/or 
used off-label. Furthermore, because of the necessary displacement of the anterior 
mitral valve lea�et into the LVOT by the TMVR, careful CT analysis is required 
pre-procedure to evaluate the LVOT and the neo-LVOT (the expected LVOT after 
TMVR deployment). The most feared complication of TMVR is LVOT obstruction, 
with a mortality of approximately 34%; fortunately, studies have shown this can be 
consistently predicted with CT analysis [34]. Unfortunately, it is not uncommon for 
the anatomy to be prohibitive for TMVR.

The most TMVR experience worldwide has been achieved with the SAPIEN™ 
balloon-expandable valve for TAVR. It is a circular-shaped device delivered tran-
septally, but use is limited to failed bioprosthetic valves, prior annuloplasty ring 
repairs, or signicant mitral annular calcication. According to observational data, 
successful implantation improves symptoms, hospitalization, and survival when 
used in a failed bioprosthetic valve. Conversely, severe mitral annular calcication 
denes a high-risk patient population where LVOT obstruction, valve embolization, 
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or at least moderate paravalvular leak can be present in more than 50% of patients 
with a one-year mortality of 43% [35].

The SAPIEN 3™ system, however, cannot be used in native valves without sig-
nificant calcium because of a lack of an anchoring mechanism. For native valve 
disease, the two systems with the most data are the Intrepid™ (Medtronic, 
Minneapolis, Minnesota) dual-stent design system and the Tendyne™ (Abbott, 
Abbott Park, IL). The Intrepid has an outer stent to engage the saddle-shaped annu-
lus and the inner stent that holds the valve. Early experience with the Tendyne™ and 
the Intrepid™ has demonstrated 96% successful deployment through a transapical 
approach [36, 37]. Although the early feasibility of transseptal deployment has been 
demonstrated, that delivery method is not yet available for widespread use. 
Furthermore, little is known about the durability of these valves in the mitral posi-
tion. For now, TMVR for native mitral valve disease remains in the realm of 
research.

4  Mitral Stenosis

The vast majority of mitral stenosis (MS) historically was due to rheumatic heart 
disease, but over the past two decades has increased due to calcification of the mitral 
apparatus in developed countries. However, rheumatic MS is still the most common 
cause of MS worldwide. It is characterized by commissural fusion, thickening at the 
leaflet tips, chordal shortening, and restricted mobility of the mitral valve leaflets. 
Patients usually present at a younger age compared with degenerative MS [38]. 
Conversely, degenerative (calcific) MS is a disease of the elderly resulting from 
mitral annular calcification, which is a chronic degenerative condition of the mitral 
annulus that results in progressive calcification that extends to involve the base of 
the mitral valve leaflets. In the United States, the prevalence of mitral annular calci-
fication was 9% in the Multi-Ethnic Study of Atherosclerosis (MESA; participants 
age 45–85) [39] and was 42% among individuals ≥65  years of age in the 
Cardiovascular Health Study [40]. In comparison, the prevalence of rheumatic heart 
disease ranges from <50 cases per 100,000 in developed countries compared with 
>500 cases per 100,000 in developing nations [41]. Currently, calcific MS is more 
common in developed countries, while rheumatic MS dominates in developing 
countries.

4.1  Balloon Mitral Valvotomy

The differences in the underlying pathophysiology of rheumatic and calcific MS 
affect the approach to treatment. Percutaneous balloon mitral valvotomy is the 
mainstay of treatment for rheumatic MS and was first described by Inoue and col-
leagues [42]. This procedure involves femoral venous access for transseptal 

Percutaneous Interventions for Structural Heart Disease in the Elderly



250

puncture and sequential balloon dilation of the mitral valve to split the mitral com-
missures, typically using the Inoue balloon. In contrast to aortic valvuloplasty, bal-
loon mitral valvotomy has good long-term outcomes, with some variability between 
different reports. In 5–10 year follow-up, 60–80% of patients appear to be alive 
without requiring repeat intervention (repeat balloon valvotomy or surgery) and 
with NYHA Class I-II symptoms [43, 44]. Follow-up over 20 years has shown up to 
50% survival without requiring re-intervention [45–47].

Percutaneous balloon mitral valvotomy is recommended if the mitral valve anat-
omy is favorable, which is defined as mobile, relatively thin valve leaflets that are 
free of calcium in the absence of significant valvular fusion. A commonly used 
echocardiographic score that is associated with outcomes is the Wilkins score which 
grades leaflet mobility, thickening, calcification, and subvalvular thickening, each 
on a scale of 1–4 [48]. The scoring system effectively evaluates degenerative MS, 
which has a high risk of disruption of the mitral apparatus if treated with balloon 
valvotomy and poorer long-term outcomes [45]. Other contraindications to balloon 
valvotomy in rheumatic MS are more than mild mitral regurgitation and another 
indication for surgical intervention (e.g. severe coronary artery disease, other valvu-
lar abnormalities requiring correction).

4.2  Transcatheter Mitral Valve Replacement

There are limited options for transcatheter valve replacement for calcific MS. As 
discussed earlier, the Edwards system can be used, despite high one-year mortality 
[35]. An alternative is enrollment in the APOLLO trial for the Intrepid™ valve, but 
patients require at least moderate mitral regurgitation in combination with calcific 
mitral stenosis. It is hoped that developing transcatheter therapies for mitral regur-
gitation may also be applied to calcific mitral stenosis; however, the narrowing of 
the annulus by mitral annular calcification is a major barrier to the use of transcath-
eter valves without a good solution presently.

5  Tricuspid Regurgitation

The tricuspid valve has seen a recent explosion of investigation in transcatheter 
technologies. However, it is a complex apparatus with three leaflets with associated 
chordae tendineae and papillary muscles, and accordingly, intervention is typically 
complex. In comparison to the mitral valve, the tricuspid leaflets are thinner, more 
fragile, and have a larger valve orifice. In addition, the right-sided structures are 
thin-walled, the right atrium is often smaller, and the angulation from the inferior 
vena cava into the right atrium and tricuspid valve adds further difficulty. The most 
common cause of significant tricuspid regurgitation is secondary to annular dilation 
and leaflet tethering and is associated with increased mortality [49, 50].
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Despite these challenges, both transcatheter tricuspid repair and tricuspid valve 
replacement have been attempted. However, the only device with significant real- 
world use and availability to use outside of clinical studies is the off-label use of the 
MitraClip™ system for the tricuspid valve. Edge-to-edge repair requires careful 
evaluation of the transesophageal echocardiogram to obtain suitable working views 
and determine valve coaptation, leaflet length, and the approximate location of the 
primary tricuspid regurgitation jet. Patient selection requires evaluation for possible 
contraindications, including secondary non-reversible life-limiting conditions, 
severe pulmonary hypertension, severe right ventricular dysfunction, severe left 
ventricular dysfunction, and untreated other severe valvular diseases. The multi-
center TriValve registry of 249 patients who had undergone tricuspid repair with the 
MitraClip™ system demonstrated a 77% success rate (defined as at least a two- 
grade reduction in tricuspid reduction) with a one-year all-cause mortality of 20%. 
A failed procedure was associated with a higher risk of all-cause mortality or 
unplanned hospitalization [51]. A modified MitraClip™ delivery system for the tri-
cuspid valve is under investigation in the Evaluation of Treatment with Abbott 
Transcatheter Clip Repair System in Patients with Moderate or Greater Tricuspid 
Regurgitation (TRILUMINATE, Clinical) Trial NCT03227757 [52]. Furthermore, 
the above- mentioned PASCAL™ Transcatheter Valve Repair System (Edwards 
Lifesciences LLC, Irvine, CA) used for MR has also been shown to be successfully 
used in tricuspid regurgitation [53, 54]. Several other device systems, including 
tricuspid valve replacement, are in earlier stages of development and are beyond the 
scope of this chapter.

6  Paravalvular Leak

Paravalvular leak refers to abnormal communication between two chambers around 
a prosthetic (mechanical or bioprosthetic) valve and can affect up to 17% of all 
surgically implanted prosthetic valves [55]. This frequently occurs to a minimal or 
mild degree after TAVR, but it is not clinically relevant in most cases [56]. However, 
significant paravalvular leak can be acute or chronic, resulting in heart failure, 
hemolysis, and/or anemia. Although surgical reoperation is historically the pre-
ferred treatment, it is associated with significant short-term (7–8%) and long-term 
mortality (15% at one year) [57], and many of these patients are at high surgical 
risk. Therefore, percutaneous paravalvular leak closure in appropriately selected 
patients offers an alternative, less-invasive option. However, percutaneous closure is 
not without risk, with approximately a 5.6% risk of death, emergency surgery, or 
stroke within 30-days. However, outcomes are worse with untreated or incomplete 
paravalvular leak closure [58].

The first step in evaluation is transesophageal echocardiography to evaluate the 
one or more locations of the leak and their anatomical suitability for percutaneous 
closure. Anatomical considerations include the risk of obstructing normal leaflet 
motion, the ability to provide complete paravalvular leak closure (i.e., size and 
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shape of the defect), and the risk of impingement of surrounding structures (e.g., 
coronary ostia for the aortic valve). Paravalvular leaks due to active infection or 
valve dehiscence should not be closed percutaneously. Notably, there are no FDA- 
approved devices for paravalvular leak closure. Typically, a variety of vascular 
plugs are used off-label for this purpose.

7  Left Atrial Appendage Closure for Atrial Fibrillation

The left atrial appendage (LAA) is the major source of thromboembolism in atrial 
fibrillation and accounts for more than 90% of thrombi in cases of AF-related stroke 
when thrombus was found [59, 60]. Although anticoagulation is the first-line treat-
ment for the prevention of AF-related thromboembolism, even among insured 
patients, approximately 47% of patients at moderate to high risk of a stroke are not 
anticoagulated [61]. It is also important to note that patients at higher risk of stroke 
often have a higher risk of bleeding [62]. For patients who are unable to take oral 
anticoagulation, mechanical left atrial appendage occlusion reduces the risk of 
stroke and provides an alternative treatment.

The most commonly used device is the Watchman LAA closure device (Boston 
Scientific, Marlborough, MA; Fig. 6), the latest iteration of which is the Watchman 
FLX™. It is a parachute-shaped, self-expanding device that is placed in the ostium of 
the LAA (Fig. 7). CT and transesophageal echocardiogram imaging are important 
modalities for anatomical evaluation for the suitability, sizing, and delivery of the 
system. The two major randomized controlled trials evaluating the Watchman™ 
device were PROTECT-AF (Watchman™ Left Atrial Appendage System for Embolic 
Protection in Patients with Atrial Fibrillation) and PREVAIL (Prospective Randomized 
Evaluation of the Watchman™ Left Atrial Appendage Closure Device in Patients 
with Atrial Fibrillation Versus Long-Term Warfarin Therapy); both randomized 
patients to either anticoagulation with warfarin or Watchman™ closure. After 
Watchman™ implantation, patients received six weeks of warfarin and then aspirin 
and clopidogrel for six months, followed by aspirin monotherapy after LAA sealing 

Fig. 6 The Watchman 
FLX™ device. Image 
provided courtesy of 
Boston Scientific, 
Marlborough, 
MA. Copyright Boston 
Scientific Corporation or 
its affiliates. All rights 
reserved. Watchman FLX 
is a trademark of Boston 
Scientific Corporation
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Fig. 7 Illustration of the 
Watchman FLX device 
during deployment in the 
ostium of the left atrial 
appendage. Image 
provided courtesy of 
Boston Scientific, 
Marlborough, 
MA. Copyright Boston 
Scientific Corporation or 
its affiliates. All rights 
reserved

was confirmed by TEE.  In the PROTECT-AF trial where patients had a CHADS2 
score of ≥1, the Watchman™ device was shown to be non-inferior to warfarin [63]. 
Adverse events at a mean follow-up of 3.8 years were similar, although, as would be 
expected, the initial risk of adverse events is higher with the Watchman™ device 
because of procedural complications. Although the smaller PREVAIL trial did not 
confirm noninferiority [64], subsequent meta-analyses have demonstrated the effi-
cacy of the Watchman device [65]. The Lariat™ (SentreHeart, Redwood City, CA) is 
another device that has FDA approval but with limited evidence for its efficacy and is 
typically limited to use in patients who are not anticoagulation or Watchman™ can-
didates but have a high risk of thromboembolism related to atrial fibrillation [66]. In 
comparison to the Watchman device, the Lariat uses a sutured-based system that 
requires both venous and epicardial access. The Amplatzer Amulet™ (Abbott, Abbott 
Park, IL) device is another LAA occlusion device which has recently received FDA 
approval in the US, in addition to approval for use in Europe.

8  Conclusion

The field of Structural Interventional Cardiology has exploded in the last decade 
largely due to the advent of TAVR, which revolutionized the treatment of aortic 
valve disease in the twenty-first century across the surgical risk spectrum. With the 
addition of transcatheter mitral valve repair, we now have an alternative to surgery 
to treat many patients with both primary and secondary mitral regurgitation. 
However, many patients with mitral valve disease are unsuitable for transcatheter 
repair, and few options are available for the repair or replacement of regurgitant 
native tricuspid valves. There are currently dozens of devices under investigation to 
address these gaps, and with time we expect that some of these devices will prove 
to be effective, less-invasive treatment options. The future of Structural Cardiology 
is likely to continue its rapid growth and expansion in the coming years, with par-
ticular benefits to elderly patients who are often less ideal candidates for cardiac 
surgery.
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Cardiovascular Surgery in the Elderly

David Blitzer and David D. Yuh

1  Background

The elderly represent a prominent, with improving life expectancies, rapidly 
expanding sector of the US population, with currently over 13 million people, and 
estimates that this number will quadruple in the next 50 years. [1, 2]. In large part, 
these demographic trends are attributable to improved modalities for preventing and 
managing cardiovascular disease (CVD) in young and middle-aged adults, which 
improved survival and delayed the onset of CVD until later in life. These improve-
ments have resulted in an increase in the prevalence of CVD in the population and 
the incidence of CVD in older adults [3, 4]. CVD remains the leading cause of 
morbidity and mortality in the elderly, despite advances in medical therapies [5–8]. 
Elderly patients are thus undergoing more procedures to treat CVD, and the demo-
graphics of patients undergoing cardiac surgery, a validated means of increasing 
survival and improving quality of life, re�ect this trend [9]. Compared to a younger 
cohort, the elderly population generally has higher rates of comorbid disease with 
lower functional reserve, ultimately predisposing them to a higher risk of complica-
tions and death. This increased risk, paired with the institutional and societal empha-
sis on procedural outcomes, has led many cardiologists and cardiac surgeons to only 
reluctantly recommend cardiac operations for elderly patients. With the advance-
ment and proliferation of percutaneous technologies, many cardiac surgeons are 
nonetheless operating on older, sicker patients compared to their training and initial 
practice. For example, elderly patients comprise an increasingly prominent 
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proportion of the population undergoing coronary artery bypass grafting (CABG), 
and the number of octogenarians undergoing CABG in the United States increased 
by 67% from 1987 to 1990 [10–12]. There has been a corresponding increase in the 
literature investigating the CABG outcomes for septuagenarians, octogenarians, 
and nonagenarians with varied conclusions due to small sample sizes and divergent 
institutional experiences [3, 5, 6, 10, 11, 13–16]. Regardless of this variance, most 
of the literature demonstrates that, despite increased costs and longer lengths of 
stay, cardiac operations can be performed with acceptable hospital mortality rates in 
carefully selected elderly patients.

2  Evaluation of the Elderly Patient for Cardiac Surgery

2.1  Operation Complexity

Outcomes in the elderly, across several major cardiac operative classifications, have 
been associated with overall higher mortality and morbidity rates than those 
observed in younger patients.16 Among octogenarians without significant comor-
bidities, operative series have revealed mortality rates of 4.2% with CABG alone 
and 7% with CABG with aortic valve replacement (AVR), which are comparable to 
the rates for younger patients. However, while the addition of an AVR increases 
mortality equally across age categories, the addition of a mitral valve replacement 
(MVR) adds increasingly to operative mortality risk with advancing age, with mor-
tality rates as high as 18.2% in this population. This finding may result from the 
impaired left ventricular (LV) function that often results from mitral valve dysfunc-
tion and which compounds the diminished physiological reserve of elderly patients. 
Furthermore, the duration of cardiopulmonary bypass is usually longer for an MVR 
than for an AVR.  Kolh and associates showed that octogenarians experience 
increased in-hospital mortality directly related to the duration of cardiopulmonary 
bypass support [23]. Overall, these data suggest that as operative complexity 
increases, elderly patients experience disproportionately higher mortality and mor-
bidity rates than younger patients. Consequently, surgeons and patients must be 
pragmatic and balance this heightened operative risk with the projected benefits of 
any intervention under consideration.

The selection of a valve prosthesis is an area that deserves particular attention 
with all patients, including the elderly. In general, a bioprosthetic valve (i.e., porcine 
or bovine pericardial) is preferable to a mechanical valve for most replacement 
procedures in the elderly, primarily because these devices do not require long-term 
anticoagulation. In the elderly, the potential for bleeding complications stemming 
from long-term anticoagulation is magnified by increased rates of falling and patho-
logical bone fractures. Conversely, rates of thrombotic complications are also 
increased by the greater incidence of inadequate anticoagulation dosing (e.g., con-
fusion, forgetfulness) in this population. Simultaneously, the durability and 
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hemodynamics of bioprosthetic valves continue to improve [17]. With the current 
selection of mitral valve bioprostheses, an average of 70% will be free of structural 
valve deterioration at 10  years. Rates of deterioration accelerate over the next 
five years, with actuarial freedom from primary tissue valve failure ranging from 
35–71% at 15  years [18]. In the aortic position, large series have demonstrated 
greater than 95% and 90% freedom from structural valve deterioration at five and 
10 years, respectively. However, at 15 years, this decreases to <70% [19]. In light of 
these findings, several valve repair techniques have been developed to obviate the 
need for valve replacement. Such valve-sparing procedures often introduce greater 
complexity than a standard valve replacement, often requiring greater operative and 
cardiopulmonary bypass times with the accompanying risks for elderly patients, as 
previously discussed.

As with cardiac valve pathology, elderly patients have benefited from novel sur-
gical techniques for the management of coronary artery disease. For example, “off- 
pump” techniques enable CABG to be performed without cardiopulmonary bypass 
support, which is postulated to be particularly beneficial for the elderly. The appro-
priate application of such off-pump techniques is controversial compared to a tradi-
tional CABG; however, these techniques have been shown to reduce blood loss, 
fluid overload, early transient renal dysfunction, and myocardial enzyme leak. Such 
physiological advantages have not consistently translated into improved clinical 
outcomes such as reduced hospitalization, wound complication rates, and postop-
erative pain. Similarly, the current evidence has not demonstrated improved neuro-
cognitive outcomes with off-pump CABG in any patient age group. Perhaps most 
concerning is that several large, well-designed reviews of off-pump CABG indicate 
that intermediate- to long-term graft patency, completeness of myocardial revascu-
larization, and freedom from coronary reintervention are all compromised with 
these techniques [20–22]. Nevertheless, off-pump techniques are an important con-
sideration for specific clinical scenarios, particularly the patient with severe calcifi-
cation of the ascending aorta. Mechanical manipulation or clamping of aortic plaque 
or calcification is widely considered the most substantial risk factor for embolic 
stroke, which can be avoided using off-pump techniques. The use of anastomotic 
stapling devices is another strategy for limiting aortic manipulation in this patient 
subset. Off-pump CABG is also potentially beneficial for elderly patients with poor 
left ventricular function by avoiding the need for cardioplegic arrest and thus the 
potential for global myocardial ischemia or “stunning.” This, in turn, can reduce the 
incidence of post-cardiotomy shock and the need for mechanical circulatory sup-
port, which can carry significant risks among the elderly.

3  Suitability for Operation

As will be discussed later, it is well demonstrated that judicious selection of cardiac 
surgical candidates, particularly among elderly patients, is critical to maintaining 
acceptable outcomes and avoiding unnecessary risk. The same factors that are 
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predictive of poor operative outcomes in the general population have an even greater 
influence on operative mortality and morbidity rates for the elderly. Consequently, 
these factors should be considered even more seriously when evaluating an elderly 
surgical candidate. These considerations, and their potential impact on postopera-
tive outcomes, should represent an important part of the preoperative discussion 
between surgeon, patient, and family.

3.1  Emergency Operation

The need for emergent operative intervention is strongly associated with in-hospital 
mortality. Ko and associates compared outcomes among octogenarians undergoing 
CABG in emergent, urgent, and elective cases and reported mortality rates of 33.3%, 
13.5%, and 2.8%, respectively [8]. They identified emergent status as one of two 
independent risk factors for mortality, with the other being depressed ejection frac-
tion. Emergent status was also associated with increased morbidity in octogenari-
ans, with 67% experiencing complications in the emergent group compared to 14% 
in the elective group. Kolh et al. performed a multivariate analysis of 182 octogenar-
ians and noted that urgent procedure status significantly increased the risk for in- 
hospital mortality [23]. Similarly, Alexander et  al. identified preoperative shock, 
preoperative mechanical circulatory support, and emergent status as factors predic-
tive of in-hospital mortality after CABG in octogenarians [16]. Given the prepon-
derance of the evidence, referring physicians, surgeons and patients alike should 
have realistic expectations in these scenarios. In the direst of circumstances, those 
patients who do manage to survive are often relegated to protracted hospitalizations 
only to be followed by institutional death or disability. A particularly illustrative 
example of the prohibitively high risk of morbidity or mortality is that of ascending 
aortic, or Stanford Type A, dissection repair in the very elderly. In a review of 24 
consecutive octogenarians who underwent acute type A dissection repair from 1985 
to 1999, Neri and colleagues reported overall hospital mortality of 83% [24]. Of the 
four patients who survived hospital discharge, none were capable of independent 
function, and all eventually died within 6 months. Although such data should not be 
used to suggest that all life-saving operations be denied to octogenarians as a matter 
of policy, they do demonstrate the heightened risks associated with emergent car-
diac surgery in the elderly.

3.2  Severe Respiratory Insufficiency

Protracted ventilatory dependence is common among elderly patients, and those 
suffering from severe chronic obstructive pulmonary disease (COPD) should be 
excluded from cardiac surgery. All patients with significant pulmonary risk factors 
should undergo pulmonary function testing prior to any operative intervention. A 
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forced expiratory volume at 1 min (FEV1) less than 65% of the vital capacity or an 
FEV1 of less than 1 L is indicative of prohibitive risk for postoperative pulmonary 
failure, and these patients should not be considered for operative intervention.

3.3  Renal Failure

Patients undergoing cardiac surgery are particularly prone to large fluid shifts and 
electrolyte alterations as a consequence of cardiopulmonary bypass, and these are 
associated with elevated mortality rates. Given these realities, preoperative renal 
failure should be considered a strong relative contraindication to cardiac surgery. In 
a retrospective analysis, Engoren et al. found elevated mortality rates among patients 
with new dialysis requirements postoperatively, with 70% and 43% rates among 
octogenarians and septuagenarians, respectively [10].

3.4  Neurological/Physical Disability

In most cases of physical disability among the elderly, the underlying cause is not 
cardiac in nature. A myriad of pathophysiologic causes, such as osteoarthritis, 
Alzheimer’s disease, cerebrovascular disease, or peripheral vascular disease, may 
be responsible, none of which would be ameliorated by cardiac surgery. Furthermore, 
elderly patients who are nonambulatory or otherwise physically disabled as a result 
of such noncardiac etiologies will be unlikely to meet the substantial physical and 
occupational rehabilitation requirements necessary to maximize the benefit of car-
diac surgery. These cases should be considered as relative contraindications to car-
diac surgery.

4  Perioperative Considerations

4.1  Preoperative Evaluation

A thorough preoperative evaluation is a vital component of any cardiac operation. 
Such an evaluation can identify underlying conditions that may preclude or alter the 
conduct of the operation. A detailed history and physical examination is the first step 
and should be obtained from every patient, with particular care taken with elderly 
patients who may have more complex medical and surgical histories and a prevalence 
of polypharmacy. Medical conditions that increase morbidity and mortality in elderly 
cardiac surgical patients include COPD or restrictive pulmonary disease, diabetes, 
renal insufficiency, and peripheral vascular disease. The presence and severity of these 
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conditions must be well characterized, and treatment should be optimized. Prior surgi-
cal history, particularly any history of thoracic surgical procedures (e.g., cardiac, lung, 
or esophageal resection), peripheral vascular surgery, and saphenous vein stripping, 
can directly impact the conduct of any planned cardiac operation. A history of medi-
astinal radiation is important to elicit as it may not only complicate initial entry 
through a median sternotomy but can also adversely affect sternal healing and internal 
mammary artery graft patency postoperatively. The physical exam should be guided 
to assess the patient’s preoperative functional status and confirm the underlying car-
diac diagnosis, such as a heart murmur on auscultation to confirm valvular stenosis or 
regurgitation. After the history and physical, a complete blood count, electrolyte 
panel, urinalysis, and coagulation profile should be obtained to identify undiagnosed 
blood dyscrasias, electrolyte disturbances, renal insufficiency, active or chronic infec-
tions, and coagulopathy. Any such conditions that are discovered should be corrected 
or ameliorated preoperatively to decrease the attendant risks of postoperative compli-
cations. A chest radiograph is routinely obtained to detect underlying pulmonary 
pathology or malignancy (i.e., pleural effusion, new pulmonary nodule) and aortic 
pathology (e.g., aneurysmal disease, heavy calcifications). Finally, a 12-lead electro-
cardiogram should be routinely obtained to detect the presence of arrhythmias and 
nonviable myocardial territories. Other components of the preoperative evaluation are 
optional, and their use should be guided by the patient history. These components 
include pulmonary function tests in the setting of significant pulmonary insufficiency, 
duplex venous ultrasonography in the setting of varicosities or questionable saphe-
nous vein quality, dental examination to identify and treat caries in valve replacement 
candidates, and duplex carotid ultrasonography in the setting of prior cerebrovascular 
events and a carotid bruit, particularly in the elderly [25]. The presence of significant 
carotid stenosis, defined as luminal narrowing >70%, has been identified as a risk fac-
tor for perioperative stroke in CABG patients [26]. In such cases, concomitant or 
staged carotid endarterectomy and CABG procedures are often performed to reduce 
the incidence of perioperative stroke or myocardial infarction, depending on the clini-
cal scenario.

4.2  Intraoperative Considerations

In terms of technical considerations, there are few, if any, differences between a 
cardiac procedure performed on an elderly patient and the same procedure per-
formed on a younger patient. Nevertheless, there are several considerations that 
the surgeon should bear in mind when operating on elderly patients. First, elderly 
patients may be more prone to orthopedic and neurological injuries associated 
with poor positioning, and so particular care should be taken with such patients. 
This should also be taken into consideration during routine manipulations such 
as leg abduction to facilitate bladder catheter placement and saphenectomy, cer-
vical extension during intubation, and arm abduction when obtaining vascular 
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access (e.g., radial arterial line, peripheral intravenous line). Transesophageal echo-
cardiography is a critical supplement in elderly patients as a tool to identify high-
grade atherosclerotic disease in the ascending aorta, as palpation of the aorta by the 
surgeon is insensitive. However, placement of the transesophageal ultrasound probe 
should be performed with care. Higher perfusion pressures are often used in elderly 
patients to improve end-organ perfusion during cardiopulmonary bypass. A ran-
domized trial comparing a mean arterial pressure (MAP) of 80–100 vs. 50–60 main-
tained during CABG revealed a significantly lower incidence of cardiac and 
neurological complications in the higher-pressure group [27]. There is also evi-
dence indicating a pathophysiologic role of relative anemia for postoperative stroke 
rates in geriatric patients and that optimizing oxygen-carrying capacity by avoiding 
anemia in geriatric patients undergoing cardiac surgery may play a beneficial role. 
Floyd et al. reported that such anemia combined with advancing age leads to relative 
hyperemia or increased cerebral blood flow after cardiac surgery. This may play an 
important role in the incidence of perioperative stroke and cognitive dysfunction in 
elderly patients [28]. Furthermore, in a retrospective review of patients with acute 
myocardial infarctions, Wu et al. reported that maintaining a hematocrit >30% with 
a more liberal blood transfusion protocol was associated with decreased short-term 
mortality rates among elderly patients [29]. Finally, as mentioned previously, a key 
difference between cardiac surgery and other types of surgery is the application of 
cardiopulmonary bypass, during which blood is exposed to extracorporeal nonen-
dothelial cell surfaces and continuously recirculated throughout the body. The con-
tact between the synthetic surfaces and hematologic, humoral cell lines produces a 
massive inflammatory cascade, which in turn activates thrombotic, vasoactive, and 
cytotoxic pathways affecting virtually every organ system. Elderly patients are less 
capable of tolerating these events, which likely contributes substantially to the 
heightened morbidity and mortality rates experienced by this age group. 
Consequently, minimizing the duration of cardiopulmonary bypass, while always 
considered, is of paramount importance for elderly patients.

4.3  Postoperative Considerations

Postoperatively, elderly patients are treated just like younger cardiac surgery 
patients, with a few key differences. Special emphasis should be placed on early 
mobilization, physical and occupational therapy, and pulmonary toilet, all to reduce 
the incidence of bedsores, deep venous thrombosis/pulmonary embolism, and pneu-
monia, all of which are particularly detrimental in this population. Furthermore, 
elderly patients are more prone to “sundowning” or postoperative delirium. 
Institutional protocols and environmental measures are key to preventing this in the 
elderly. These measures should include measures to facilitate normal sleep-wake 
cycles such as single rooms, signposts for time and location (e.g., clock, calendar, 
and window), and the judicious use of opioid narcotics. Additional emphasis should 
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be placed on preventing patient disorientation by utilizing consistency in care staff, 
liberalized family visitation, and correcting any pre-existing sensory impairments 
(e.g., hearing aids, eyeglasses) that may be present.

5  Postoperative Complications

With an appropriate patient selection, cardiac surgery can be performed on elderly 
patients with acceptable mortality rates; however, hospital morbidity remains a sig-
nificant concern. Special care must be taken with this population in the postopera-
tive setting. In a review of the literature for octogenarian patients, Bacchetta et al. 
reported rates of postoperative morbidity ranging from 20 to 68% and 30-day mor-
tality rates of 6–29% [30]. They also reported a series of nonagenarian surgical 
patients with an overall morbidity rate of 67%, which included arrhythmias, respira-
tory (e.g., pneumonia, respiratory failure), infectious (e.g., wound, sepsis), and 
hemorrhagic or embolic (e.g., postoperative bleeding, cerebrovascular accident) 
complications. While such complications can occur in all patients undergoing car-
diac surgery, some are particularly prevalent and devastating among the elderly.

5.1  Delirium

Postoperative delirium and agitation, a neuropsychiatric complication of cardiac 
surgery, can significantly increase the incidence of other postoperative complica-
tions such as mechanical falls, infections, pressure sores, and mortality. It is also 
associated with prolonged hospital lengths of stay, increased costs, and increased 
rates of postdischarge institutionalization [31]. Geriatric patients are disproportion-
ately prone to experiencing delirium after cardiac surgery, yet due to its variable 
presentation, delirium is often overlooked, misdiagnosed, and mistreated in this 
population. This is reflected in published incidence rates of 3–47% in the literature. 
Van der Mast and colleagues conducted a prospective study investigating the inci-
dence of and preoperative predictors for delirium after cardiac surgery [32]. They 
reported postoperative delirium at a rate of 13.5% and identified age over 65 years 
and plasma albumin concentrations less than 40 g/L as strong predictors for postop-
erative delirium. Other studies have identified similar risk factors, which include 
patient age, cerebral disease, and poor preoperative medical status [33–35]. 
Postoperative delirium is commonly precipitated by infection, hypoxia, myocardial 
ischemia, metabolic derangements, and anticholinergics. Taken together, these 
observations suggest that postoperative delirium in geriatric patients is multifacto-
rial, but an underlying medical cause should be investigated when postoperative 
delirium is identified.

While septuagenarians and octogenarians may undergo cardiac surgery with 
good in-hospital and late functional outcomes, they also pose a risk to hospitals by 
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incurring greater costs and increased lengths of stay [10]. Postoperative neuropsy-
chiatric dysfunction is a significant cause of these longer lengths of stay and hospi-
tal costs. Unfortunately, there are many hurdles to adequately studying this 
phenomenon, which include methodological hurdles, a lack of consensus on defini-
tions, and a tacit acceptance that it is a natural manifestation of reduced physiologi-
cal reserve in the geriatric population, to name a few.

One promising therapeutic strategy involves a scheduled regimen of neuroleptics 
and benzodiazepines for the management of delirium. Neuroleptics are a corner-
stone of pharmacological treatment for delirium because they can ameliorate a 
range of symptoms and are effective both in hyperactive and hypoactive clinical 
profiles [36]. Benzodiazepines can be useful adjuncts to neuroleptics, particularly 
when alcohol or sedative withdrawal is a contributing factor. We postulate that a 
scheduled administration protocol of these agents during acute states of delirium 
can reduce the total duration of delirium compared to standard “prn” (as needed) 
administration of high-dose opioids, neuroleptics, and/or benzodiazepines. Some 
evidence suggests that serotoninergic receptor overstimulation plays a prominent 
role in delirium after cardiac surgery, leading some researchers to target this path-
way. Bayindir et al. demonstrated that the 5-HT3 receptor antagonist, ondansetron, 
could safely and effectively reduce the severity of delirium in postcardiotomy 
patients [37].

5.2  Neurological Injury

As patient age increases, so does the incidence of postoperative neurological com-
plications. In a review of patients undergoing CABG, Tuman and coauthors reported 
an incidence of postoperative neurological events to be 8.9% for patients 75 years 
of age and older, 3.6% for ages 65–74 years, and 0.9% for ages less than 65 years 
[38]. Similarly, Alexander and colleagues demonstrated that the incidence of post-
operative neurological events increases in parallel with age, with the steepest rise 
occurring in patients over 75 years old [16]. Octogenarians experienced neurologi-
cal complications twice as frequently as their younger counterparts. Increasing pro-
cedural complexity also plays a role, with 3.9% of octogenarians experiencing a 
postoperative stroke, compared to 4.9% after combined CABG/AVR and 8.8% after 
combined CABG/MVR. As mentioned previously, a thorough preoperative evalua-
tion is critical for this population, particularly to identify ascending aortic athero-
sclerotic disease, which is widely recognized as the most prominent source of 
embolic stroke in cardiac operations. The frequency and extent of ascending aortic 
disease increases with advancing age, resulting in higher stroke rates. Furthermore, 
the increasing prevalence of carotid and intracranial cerebrovascular disease as 
patients age also contributes to the increased rates of perioperative neurological 
injury in the elderly. Additionally, increasing procedural complexity also contrib-
utes to increased rates of neurological injury. While the precise mechanism by 
which a valve replacement, when combined with CABG, increases the rates of 
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postoperative stroke, a leading hypothesis suggests that aortic and/or mitral valve 
debridement generates potential emboli and that the introduction of intracardiac air 
during valve replacement contributes factors [39].

5.3  Renal Failure

Alexander and associates noted that, as with neurological injury, rates of renal com-
plications increased with increasing patient age, and octogenarians were twice as 
likely to experience such complications when compared to younger patients. Once 
again, increasing procedural complexity also plays a role with octogenarians expe-
riencing rates of postoperative renal failure of 6.9%, 12.1%, and 25% after CABG, 
CABG/AVR, and CABG/MVR, respectively.

5.4  Late Neurocognitive and Physical Functional Impairment

The long-term outcomes in regards to neurocognitive and functional status for the 
elderly after cardiac surgery remain an area in need of further investigation. Engoren 
and colleagues reported that while octogenarians generally experienced decreased 
functional status and overall health, both octogenarians and septuagenarians 
reported “acceptable” functional outcomes in late follow-up [10]. However, there is 
a paucity of literature investigating which preoperative factors and patient charac-
teristics predict superior postoperative outcomes among these metrics for the 
elderly. The ultimate functional and discharge status of these patients has not yet 
been fully elucidated, though some evidence would suggest the quality of life 
improvements for the first 12 months postoperatively [40]. Certainly, future efforts 
should be directed toward answering these questions and would ultimately be of 
tremendous benefit for appropriate surgical patient selection.

6  Future Directions

6.1  The Relationship Between Frailty and Cardiac Surgery

Current recommendations for appropriate patient selection are largely based on the 
results of clinical trials performed in younger patients with few comorbidities. Thus, 
the ability to extrapolate these results to patients that are older and have a greater 
prevalence of underlying comorbidities is limited. The underlying vulnerability of 
older patients with altered physiology is generally referred to as “frailty,” and this 
metric is used to differentiate physiological status from chronologic age [41]. In the 
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clinical setting, a subset of older patients who are frailer tends to tolerate cardiovas-
cular procedures poorly [11, 42]. In fact, short- and long-term cardiovascular out-
comes appear to be substantially poorer in frailer patients [15, 43–45]. Therefore, 
more refined approaches to decision-making regarding cardiac operations in the 
elderly should be based on frailty and the specific contributors to frailty that most 
impact operative outcomes [46, 47]. Developing such decision-making algorithms 
is predicated on defining and validating the concept of frailty as it applies to these 
procedures; however, a standardized definition for frailty remains elusive. Early on, 
the concept of frailty was equated with a disability, comorbidity, or advanced age in 
general [48–52]. More recently, the definition of frailty has been further refined as a 
distinct biological syndrome characterized by a decreased reserve to respond to 
stressors resulting from an accumulation of decrements across multiple physiologi-
cal systems, ultimately leading to a predisposition toward adverse outcomes [48, 51, 
53, 54]. There is increasing consensus that frailty is characterized by age-associated 
declines in lean body mass, strength, endurance, balance, walking performance, and 
low activity, with multiple such components being necessary to establish a clinical 
diagnosis of frailty. Fried et al. have postulated that many of these components are 
interrelated and can be characterized by a “cycle of frailty” associated with declin-
ing energetics and reserve and with multiple components of the cycle being neces-
sary to identify the presence of frailty [55]. They were then able to develop a 
standardized definition for frailty in older adults based on this cycle and to validate 
this definition in community-dwelling older adults, establishing an intermediate 
stage identifying those at high risk of frailty. Using this definition, they also demon-
strated that frailty is not merely synonymous with either co-morbidity or disability 
but rather that co-morbidity is an etiological risk factor, and disability is an outcome 
of frailty [55]. Such a standardized definition is critical in clinical decision-making, 
as it creates a means to (a) identify frail patients at high risk for morbidity or mortal-
ity from cardiac surgery and (b) identify potentially treatable physiologic deficien-
cies in the preoperative setting to improve patient outcomes. To better understand 
the distinct pathological processes leading to frailty and develop objective screening 
tests to identify frail patients, several studies have attempted to identify the physi-
ologic and metabolic markers of frailty [56–58]. While a complete understanding 
remains a goal for the future, there are several physiological and metabolic markers 
that have been correlated with the state of frailty. After identifying a subset of frail 
patients in the Cardiovascular Health Study using the aforementioned definition, 
Newman and Fried demonstrated that, as hypothesized, frailty was associated with 
older age and a propensity toward clinical cardiovascular disease, particularly con-
gestive heart failure [43]. Inflammatory markers appear to be the most promising 
metabolic markers of frailty, which is consistent with the hypothesis that the chronic 
inflammatory changes typical of frail individuals result from subclinical chronic 
disease processes. Walston and Fried demonstrated that frail individuals had higher 
serum levels of several inflammatory markers, including C-reactive protein, factor 
VIII, and D-dimer, when compared to non-frail individuals and that these differ-
ences were present independent of the presence of CVD [56]. Similarly, Ershler and 
Keller demonstrated that elevated levels of interleukin-6 were associated with the 
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development of disability and early mortality in healthy older adults [58]. Frailty is 
more than a purely physiologic process, as its presence has also been associated 
with lower education and income, poorer health, comorbid disease and disability 
(e.g., malignancy, chronic disease, anemia, thyroid disease, and diabetes mellitus), 
psychological impairment (e.g., depression, senile dementia), and lack of social or 
financial support. Although advanced age and physical disability are associated 
with frailty, this evidence suggests that neither old age nor disability alone accu-
rately and predictively identify which elderly patients are at the highest risk of 
adverse outcomes after cardiac surgery. More importantly, there is some evidence 
indicating that cardiac surgical interventions can reduce frailty, implicating the role 
of cardiac pathophysiology in physiologic pathways leading to frailty and empha-
sizing the need to consider this physiology in individual patients when making 
evaluations for operative intervention [59, 60].

6.2  Minimally Invasive Cardiac Surgery

Recently, the focus in cardiac surgical evolution has been aimed toward minimally 
invasive techniques, which aim not only to minimize trauma but also the physio-
logic insult associated with cardiac surgery and cardiopulmonary bypass. This has 
led to the widespread adoption of robot-assisted, endoscopic, and endovascular 
techniques, all hoping to reduce the inherent morbidity of cardiovascular opera-
tions. The proposed benefits are particularly alluring for elderly patients and include 
reduced postoperative pain, wound-healing complications, and sequelae of the sys-
temic inflammatory response seen as mentioned previously [61]. Evidence suggests 
that minimally invasive procedures such as transcatheter aortic valve replacement 
can be performed safely in nonagenarians and that transcatheter aortic valve replace-
ment is associated with a decrease in postoperative delirium [62, 63]. Other studies 
evaluating the impact of frailty on patients undergoing surgical or transcatheter aor-
tic valve replacement indicate there is no difference between groups, further empha-
sizing the need for further study of this phenomenon and its impact on cardiac 
surgery outcomes [64].

7  Summary

As the population continues to age, the proportion of elderly patients being consid-
ered for cardiac surgery will continue to increase. These patients present cardiac 
surgeons with a unique set of operative risk factors that require careful consider-
ation and perioperative planning. Reviewing the outcomes for this population sug-
gests that cardiac surgery can be safely performed in carefully selected elderly 
patients with acceptable results. Refined surgical techniques, particularly minimally 
invasive procedures, combined with accumulating clinical experience, will 
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hopefully continue to improve outcomes for these patients. Nevertheless, the elderly 
patient warrants careful consideration between cardiologists, cardiac surgeons, 
patients, and their families, to maintain realistic expectations in regard to the risk 
and benefits to be derived from surgery. Disregarding such considerations can only 
result in poor clinical outcomes that will translate to unanticipated anguish and 
deprivation of dignity for patients and their families. Over time, well-designed clini-
cal research will continue to identify the preoperative factors and physiologic mark-
ers to identify patients with extremely elevated operative risk profiles and facilitate 
interventions that can ameliorate these risks and discussions about when such inter-
ventions are best avoided.
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Valvular Heart Disease in the Elderly: 
Clinical and Multi-Modality Imaging 
Perspectives

Tom Kai Ming Wang and Milind Y. Desai

1  Aortic Stenosis

1.1  Etiologies and Epidemiology

Aortic stenosis (AS) is an exemplary age-related valve disease with a prevalence of 
12.4% (and severe AS of 3.4%) in a recent meta-analysis, and also important as the 
most common indication for valve surgery and interventions [7, 8]. In those with 
severe symptomatic AS on medical therapy alone, the prognosis is poor at a median 
of two years in those with dyspnea and heart failure, three years in those with syn-
cope, and �ve years in those with angina [9]. The main etiologies by valvular heart 
disease lesion are listed in Table 1. The most common etiology for AS is age-related 
degenerative sclerosis and calci�cations of the aortic valve leading to lea�et restric-
tion, with the two other important causes more common in younger patients being 
bicuspid aortic valve and rheumatic heart disease [10]. Studies have shown that 
conventional cardiovascular risk factors beyond age, such as male gender, hyperten-
sion, dyslipidemia, obesity, diabetes, smoking, and renal dysfunction, are also asso-
ciated with a higher risk of developing AS [11]. AS leads to pressure loading of the 
left ventricle during systole, leading to concentric hypertrophy, and later impaired 
systolic function and sometimes demand myocardial ischemia.
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Table 1 Common etiologies of valvular heart disease by lesion

Aortic stenosis Aortic regurgitation Mitral regurgitation
Tricuspid 
regurgitation

Primary causes

Degenerative/calcific Degenerative/
prolapse

Degenerative/prolapse Degenerative/
prolapse

Infective endocarditis Infective endocarditis Infective endocarditis
Rheumatic heart 
disease

Rheumatic heart 
disease

Rheumatic heart disease Rheumatic heart 
disease

Connective tissue 
disorders

Connective tissue 
disorders

Carcinoid syndrome

Acute aortic 
syndrome (aortic 
dissection)

Acute myocardial 
infarction (papillary 
muscle rupture)

Trauma

Prosthetic 
degeneration, pannus, 
and thrombosis

Prosthetic 
degeneration and 
paravalvular leak

Prosthetic degeneration 
and paravalvular leak

Prosthetic 
degeneration and 
paravalvular leak
Cardiac implantable 
device lead

Bicuspid aortic valve Bicuspid aortic valve Ebstein’s anomaly/
dysplastic

Secondary causes

Not applicable Dilated thoracic 
aorta/root

Ischemic cardiomyopathy Left heart disease

Nonischemic 
cardiomyopathy

Pulmonary disease

Atrial functional Atrial functional
Left-to-right shunt 
lesions

Primary right heart 
disease

1.2  Clinical Presentation

Current guidelines use the four stages A–D framework for characterizing the clini-
cal status for all valvular heart diseases, including AS—A: at risk (risk factors for 
valve disease), B: progressive (asymptomatic with mild-moderate valve severity), 
C: asymptomatic severe (C1 and C2 if there is no or presence of left or right ven-
tricle decompensation), and D: symptomatic severe [4]. Heart failure symptoms can 
also be graded based on the New York Heart Association classification for dyspnea 
severity. The majority of AS patients are asymptomatic with a long latent period 
before progressing into the C2 or D phases. Common symptoms of severe symp-
tomatic AS are dyspnea (on exertion, orthopnea, at rest or overt pulmonary edema 
from systolic and/or diastolic dysfunction), angina (demand ischemia from  the 
increased left ventricular systolic pressure required in the setting of aortic steno-
sis, left ventricle hypertrophy, and/or concomitant coronary heart disease), and diz-
ziness or syncope (related to hypotension from fixed obstruction, arrhythmia, and/
or abnormal baroreceptor response). A small minority of patients have 
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gastrointestinal bleeding from angiodysplasia or Heyde’s syndrome, which is asso-
ciated with von Willebrand syndrome [12, 13]. The history needs to be actively 
sought in the elderly patient with at least moderate AS, because, AS is progressive 
and severe symptomatic AS is associated with a dismal prognosis warranting assess-
ment towards aortic valve intervention [9].

AS often has a loud, harsh ejection systolic murmur at the right upper sternal 
edge, which radiates to both carotid arteries and is louder on expiration but softens 
when progressing to critical AS.  Signs of severe AS include slow-rising plateau 
pulse, narrow pulse pressure, aortic stenosis thrill on palpitation, paradoxical split-
ting of S2, presence of S4, and signs of left ventricular failure. Elevated B-type 
natriuretic peptide is associated with adverse outcomes in AS, and along with other 
biomarkers, such as renal function, are important in the risk stratification for aortic 
valve surgeries and interventions [8, 14, 15].

1.3  Echocardiography

The strengths and limitations of the various imaging modalities for evaluating val-
vular heart disease are shown in Table 2. Transthoracic echocardiography (TTE) 
remains the first-line imaging modality for evaluating all valvular heart diseases 
including AS. The main TTE views and modalities for AS include the parasternal 
long axis, parasternal short axis at aortic valve level, apical five- and three-chamber 

Table 2 Strengths and limitations of imaging modalities for evaluating valvular heart diseases

Echocardiography CT MRI

Strengths High availability, low 
cost

High availability, low 
cost

High temporal resolution High spatial resolution High spatial resolution
First-line valve 
assessment

Gold standard chamber 
quantification

Doppler evaluation Direct flow quantification
Extracardiac structures Extracardiac structures

Tissue characterization
Intraprocedural guidance Procedural planning Procedural planning

Limitations Operator dependent Radiation Lower availability, high cost
Body habitus Iodinated contrast Gadolinium contrast
Lower spatial resolution Lower temporal 

resolution
Lower temporal resolution

Right heart quantification No flow quantification Non-compatible device/
prosthesis

Extracardiac structures 
limited

Not portable for sick 
patients

Breath-hold instructions, 
claustrophobia

Tissue characterization 
limited

Not portable for sick patients
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views, and all two-dimensional, color, continuous and pulsed wave Doppler tech-
niques [16]. The Pedoff probe is often used in the apical, suprasternal, and right 
parasternal areas to try and detect the maximal aortic valve systolic velocities, with 
one study showing that 61% of severe AS patients did not have the highest velocity 
detected on apical windows [17]. The main quantitative parameters for AS assess-
ment are peak systolic velocity, mean gradient, valve area, and dimensionless index, 
with mild AS being 2.6–2.9 m/s, <20 mmHg, >1.5 cm2, and >0.50; moderate AS 
being 3.0–4.0 m/s, 20–40 mmHg, 1.0–1.5 cm2, and 0.25–0.50 cm; and severe AS 
being ≥4.0 m/s, ≥40 mmHg, ≤1.0 cm2, and ≤0.25, respectively [5]. The aortic valve 
area is often determined using the continuity equation from the left ventricular out-
flow tract (LVOT) diameter (to calculate area), LVOT velocity time integral (VTI), 
and aortic valve VTI. It should be noted that the LVOT diameter measurement needs 
to be accurate as it can lead to the widest margin of error in area calculation. Multiple 
methods of determining left ventricular stroke volume can be used, which are divide 
by aortic valve VTI to obtain the valve area. The dimensionless index is also useful 
and can be determined by either the ratio of peak velocities or VTIs of the LVOT 
divided by the aortic valve VTI.

Not uncommonly, there are challenges in grading AS severity from the discrep-
ancies between aortic valve peak velocity, mean gradient, and valve area [5]. It is 
important to check for measurement errors that underestimate  the gradient, flow, 
and valve area under-estimation, along with quantifying flow status, ejection frac-
tion (<50% warrants dobutamine stress echocardiography), and flow reserve (by 
dobutamine stress echocardiography, if present to help distinguish true severe or 
pseudosevere AS). Parameters that increase the chance of severe AS in those with 
an area <1.0 cm2 but gradient <40 mmHg (low gradient AS) include left ventricular 
hypertrophy, mean aortic valve gradient 30–40 mmHg, valve area ≤0.8 cm2, dimen-
sionless index ≤0.25, low flow stroke volume index <35 mL/m2 and left ventricular 
ejection fraction<50%, and high aortic valve calcium scores by CT, with specific 
criteria discussed in the next section. Separate guidelines exist for the evaluation of 
prosthetic AS, which is beyond the scope of this chapter [18]. In addition to the 
aortic valve, a complete TTE examination should be performed, including chamber 
quantification, left ventricle mass, systolic and diastolic function, and assessment 
for other valvular heart diseases, as they may influence surgical decision-making [4, 
6, 16]. Exercise stress ECG or echocardiography may be helpful to identify exercise 
intolerance and symptoms in reportedly asymptomatic patients with severe AS with 
potential surgical implications; however, it is contraindicated in those with known 
symptomatic severe AS [19]. Several studies have also demonstrated the prognostic 
utility of left ventricular global longitudinal strain (LVGLS) in aortic stenosis that 
should be part of the comprehensive TTE study [20].

Transesophageal echocardiography (TEE) can also be used to assess aortic valve 
stenosis severity, with aortic valve morphology and motion assessment in mid- 
esophageal aortic valve long and short axis views, Doppler interrogation of the aor-
tic valve occurs in the transgastric long axis view, whereas the LVOT and aortic 
annulus are measured using three-dimensional (3D) echocardiography, although 
these are usually underestimated compared with cross-sectional imaging tech-
niques. Therefore, TEE is no longer the first-line test to assess aortic valve stenosis 
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severity [21, 22]. In the intraprocedural setting for aortic valve surgery (TEE) or 
transcatheter intervention (TTE or TEE), echocardiography can assess the pros-
thetic valve placement, presence of prosthetic valve stenosis or regurgitation, aortic 
complications, pericardial effusion, cardiac chamber size and function, LVOT 
obstruction, and other valvular diseases [23].

1.4  Cardiac Computed Tomography

Cardiac computed tomography (CT) has important clinical utility in both aor-
tic valve stenosis evaluation as well as being the preferred modality in the preproce-
dural evaluation prior to transcatheter aortic valve replacement (TAVR) [5, 24]. 
Aortic valve morphology, thickening, calcifications, and leaflet motion can be 
assessed, using retrospective-gated four-dimensional (4D) imaging that spans the 
entire cardiac cycle and valve planimetry can be performed if image quality is suf-
ficient. The Agatston calcium score of the aortic valve has been incorporated into 
the guidelines for grading AS, especially when echocardiography parameters are 
conflicting, such as in  low gradient AS.  The diagnosis of severe AS is likely in 
men with a calcium score ≥2000 units and women ≥1200 units and unlikely in men 
<1600 units, women <800 units, and higher calcium scores portends worse survival 
[5, 25]. As part of TAVR workup, multiplanar reconstruction (MPR) assessment on 
contrast-enhanced CT (Fig. 1) includes the aortic annulus diameter, area, and perim-
eter to inform TAVR prosthesis sizing, annulus to left and right coronary artery 
heights (to prevent coronary obstruction), left ventricular outflow tract, aortic root, 
thoracoabdominal aorta and peripheral arterial anatomy, tortuosity, dimensions and 
calcifications (as part of vascular access evaluation, including iliofemoral and aortic 
arch branch vessels), coronary artery evaluation (to determine the need for revascu-
larization), and chamber size, mass, and function quantification [24, 26]. 
Additionally, 4D-CT is also valuable in assessing prosthetic aortic valve stenosis 
and related reduced leaflet motion, hypoattenuating leaflet thickening (also known 
as HALT), pannus, and thrombosis [27]. CT with or without contrast can be useful 
in the preoperative evaluation for all valvular heart surgeries. The assessment should 
include relations between the sternum, especially in redo cardiac surgery, key vas-
cular structures such as the brachiocephalic vein, ascending aorta, bypass grafts, 
and right ventricle, assessment of thoracic aorta dimensions, calcifications, lung 
assessment, and any other acute pathologies.

1.5  Magnetic Resonance Imaging

Cardiac magnetic resonance imaging (MRI) has some unique roles in the evaluation 
of AS, although it is not the first line imaging modality for diagnosing AS severity. 
Phase contrast sequences performed at the aortic valve, sinotubular junction, and 
ascending aorta levels can quantitatively assess peak systolic velocity, as long as the 
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a b

c d

e f

Fig. 1 CT evaluation of aortic stenosis in an 83-year-old man prior to transcatheter aortic valve 
replacement, including retrospective 4D-gating and multiplanar reconstruction (a) aortic valve 
planimetry showing severe aortic stenosis, (b) aortic annulus sizing, (c) annulus to left coronary 
artery height (note sinotubular junction and coronary calcifications), (d) annulus to the right coro-
nary artery height, (e) significant thoracoabdominal aortic and arch branch vessel calcifications, 
prohibiting subclavian artery access, and (f) severe common iliac artery calcifications prohibiting 
transfemoral access (note right renal artery stenting)
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velocity encoding is set high enough to not have aliasing, along with concurrent regur-
gitant volume and fraction [28]. Only a few studies have compared TTE and MRI 
grading of AS severity, with varrying correlations from modest to strong, highlighting 
MRI’s limitations for valve stenosis evaluation for velocities and gradients. Compared 
to TTE, MRI is superior in assessing left ventricular outflow tract area [29]. 
Furthermore, bright  blood gradient echo cine sequences are used to allow for visual 
assessment of aortic valve morphology, thickening of the valve, calcification (signal 
void), flow acceleration, and to determine whether the level of obstruction is below, at, 
or above, the aortic valve [28]. MRI is the gold standard for quantification of chamber 
size, mass, especially if TTE imaging is suboptimal [30]. Perhaps one of the most 
important utilities of MRI is its 3D whole heart sequence, which provides a noncon-
trast imaging alternative to CT in the preprocedural evaluation of TAVR in those 
patients with significant renal impairment [26]. Noncontrast CT is still preferred for 
evaluating peripheral vascular access for TAVR. Lastly, MRI uniquely has the capa-
bilities of myocardial tissue characterization, such as late gadolinium enhancement 
imaging, native T1-mapping, and extracellular volume fraction analysis, and all of 
these as binary and/or continuous parameters have been demonstrated in recent stud-
ies to be prognostic of survival in aortic stenosis with or without intervention [31–33].

2  Aortic Regurgitation

2.1  Etiologies and Epidemiology

Approximately 11% of the general population have at least mild AR and 0.5% have 
at least moderate aortic regurgitation (AR) [2, 34]. One classification com-
monly used to, assess aortic valve cusp mobility in AR is type 1 normal cusp motion 
with aortic dilation (functional) or perforation, type 2 cusp prolapse (excessive 
motion), and type 3 cusp restriction [3]. There are a wide range of different AR 
etiologies (Table 1) including limpaired eaflet morphology (bicuspid, unicuspid, or 
quadricuspid), dilated thoracic aorta causing a “functional” AR (includes idiopathic, 
aortopathies from connective tissues diseases such as Marfan syndrome, Ehlers-
Danlos and Loeys-Dietz, autoimmune diseases such as lupus and ankylosing spon-
dylitis, and acute aortic syndromes including dissection), structural  valve 
degeneration (such as calcification and prolapse, sometimes with concurrent AS), 
and other acquired leaflet abnormalities (including infective endocarditis, rheumatic 
heart disease, connective tissue diseases, radiotherapy, and toxins). Unlike AS, AR 
has etiologies that can affect patients over the entire age spectrum and not just the 
elderly. Chronic AR leads to left ventricular volume overload, eccentric hypertro-
phy remodeling, and eventually left heart failure, while acute AR, when there is 
insufficient time for the left ventricle to compensate, can result in acute pulmonary 
edema and cardiogenic shock.
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2.2  Clinical Evaluation

The aforementioned four stages A–D framework for characterizing the clinical sta-
tus of AS also apply to AR [4]. Acute AR can develop in patients with infective 
endocarditis, acute aortic syndromes, and trauma; otherwise, most cases are chronic 
and asymptomatic until stage D. Dyspnea and left heart failure symptoms eventu-
ally develop, while chest pains and palpitations are less common and usually related 
to mechanical interaction between the dilated heart and chest wall, or concurrent 
coronary heart disease.

On clinical examination, the AR murmur is typically described as early diastolic, 
loudest at the left lower sternal edge, louder with expiration and handgrip, and better 
appreciated with the patient sitting up and leaning forward. Additional physical 
exam findings of severe AR include a collapsing higher volume pulse, wide pulse 
pressure, longer duration of diastolic murmur, soft A2, presence of S3, Austin-Flint 
murmur (mid to late diastolic apical rumble from turbulence between regurgitant 
AR flow and antegrade mitral valve inflow during diastole) and other signs of left 
heart failure. Other less utilized signs of severe AR from  a widened pulse pres-
sure  and  increased stroke volume include Corrigan’s pulse, deMusset’s sign, 
Traube’s sign, Duroziez’s sign, Quincke’s sign, and Mueller’s sign [35]. Acute AR 
can also exhibit the following exam findings: tachycardia, hypotension, pulmonary 
edema, and at times cardiogenic shock. The B-type natriuretic peptide is a useful 
biomarker to monitor disease progression in asymptomatic chronic AR and elevated 
levels are associated with adverse clinical outcomes [36].

2.3  Echocardiography

A multi-parametric approach is necessary for the echocardiography evaluation of 
AR [3]. The aortic valve is evaluated on the same aforementioned views and using 
the same techniques in AR as in AS [16]. To evaluate the AR mechanism it is impor-
tant to examine the aortic valve morphology, thickening, prolapse or flail leaflets, 
vegetations, regurgitation jet location, direction, and number. Qualitative features 
suggestive of significant AR include coaptation defect, flow convergence, 
increased jet density on continuous wave Doppler, flow reversal in the descending 
and abdominal aorta (holodiastolic), and a dilated left ventricle [3]. Semiquantitative 
and quantitative TTE parameters in AR and thresholds according to the guidelines 
are shown in Table 3, including vena contracta width, jet width or area, pressure 
half-time, effective regurgitant orifice area, regurgitant volume, and regurgitant 
fraction. A high-frequency diastolic fluttering of the anterior mitral valve leaflet 
may occasionally be present. Separate guidelines also exist for the evaluation of 
prosthetic AR, which share some common criteria for its severity grading [18]. A 
complete TTE examination including left ventricular and other chamber dimen-
sions and function (left ventricle size being part of the criteria for aortic valve 
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surgery), other valvular heart diseases, and thoracic aorta measurements  (if visi-
ble), including  the  aortic root and ascending aorta should be performed [16]. 
Additionally, LVGLS has been shown to provide incremental prognostic utility in 
asymptomatic severe AR before and after aortic valve surgery and should also be 
measured during the TTE examination [37]. TEE can be used in selected patients to 
further assess the AR mechanism and should include an evaluation for acute pathol-
ogies such as aortic dissection, evidence of  endocarditis complications like root 
abscess, and  prosthetic AR. Furthermore, TEE imaging can be helpful in the intra-
operative setting to guide the surgeon [3].

2.4  Magnetic Resonance Imaging

The key components of MRI evaluation in AR are shown in Fig. 2. AR is arguably 
the valve lesion most often evaluated with cardiac MRI to quantify aortic regurgita-
tion volume and fraction, left ventricle volumes and function, and for concurrent 
evaluation of the thoracic aorta, especially as TTE assessment is sometimes chal-
lenging [3]. Phase contrast sequence imaging performed at the aortic valve, sinotu-
bular junction, and/or ascending aorta level can directly quantify regurgitant volume 
and fraction [28]. In addition, measurements of the flow over time at the descending 
aorta by this sequence can demonstrate holodiastolic flow reversal, a specific sign of 
severe AR [38]. Chamber quantification especially left ventricle end-diastolic vol-
ume, end-systolic volume, and ejection fraction are traced and calculated on bright 
blood gradient echo sequences, along with visualization of aortic valve morphology 
(aortic valve short axis view), regurgitant flow, and forward flow acceleration 
(3-chamber and oblique coronal views), and finally, the thoracic aorta dimensions 
can be measured on whole-heart without contrast or magnetic resonance angiogra-
phy sequences [28]. There is a modest correlation between TTE and MRI assess-
ment of AR regurgitant volume and fraction, and lower values are typically seen by 
MRI, especially if measured further along the ascending aorta compared to at the 
aortic valve/sinotubular junction [39]. Guidelines have not established AR severity 
thresholds by MRI, although one study proposed <8%, 8–19%, 20–29%, and 
30 + % as the MRI thresholds for 0–1+, 2+ (moderate), 3+ (moderate to severe), and 
4+ (severe) AR. Finally, increasing AR severity and holodiastolic flow reversal by 
MRI are associated with an adverse prognosis, and have potential implications for 
the timing of aortic valve procedures [40].
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a b

c d

Fig. 2 MRI evaluation of aortic regurgitation in a 78-year-old man (a) trileaflet aortic valve mor-
phology and dilated aortic root (4.4 cm), (b) left and right ventricle chamber quantification using 
bright blood gradient echo images, (c) cine 3-chamber view showing significant posteriorly 
directed eccentric jet of aortic regurgitation impeding anterior mitral valve leaflet opening in dias-
tole, and (d) phase contrast sequence to quantify aortic regurgitation at the valve level (regurgitant 
volume 56 mL, fraction 44%) in the upper panel, and holodiastolic flow reversal at the descending 
thoracic aorta (yellow circle) in the lower panel. (Note the mitral regurgitant volume would be left 
ventricular stroke volume—aortic valve forward flow = 144–126 = 18 mL, and regurgitant fraction 
18/144 = 12.5%)
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3  Mitral Regurgitation

3.1  Etiologies and Epidemiology

Mitral regurgitation (MR) occurs in up to 19% of patients 65-years old (at least mild 
severity) and is the second commonest valve lesion treated by both cardiac surgery 
and transcatheter interventions [8, 41]. The Carpentier classification divides MR 
etiologies based on leaflet motion: type 1 has normal leaflet motion including annu-
lar dilation and perforation, type 2 has excessive leaflet motion including prolapse 
and flail, and type 3 has restricted leaflet motion including thickening/fusion and 
left ventricular/atrial dilation [3, 42]. Clinically, however, the distinction between 
primary and secondary MR is perhaps more critical in guiding the direction of sub-
sequent procedural management [8, 41] and medical therapies for heart failure [43, 
44]. Primary MR refers to pathology directly affecting the mitral valve leaflets. The 
most common cause is degenerative MR with mitral valve prolapse, associated with 
fibroelastic deficiency with typically one to two segment prolapse, and less com-
monly Barlow’s disease (often with bileaflet prolapse). Mitral valve prolapse is 
present in 0.6–2.4% of the general population, and a subset of these patients are 
increasingly recognized to be associated with ventricular arrhythmias and sudden 
cardiac death, including those with bileaflet prolapse, prior syncope, higher prema-
ture ventricular complex burden, mitral annular dysfunction, and late gadolinium 
enhancement on MRI [45–47]. Other important primary MR causes are endocardi-
tis, rheumatic (often with concurrent mitral stenosis), and connective tissue diseases 
(such as rheumatoid arthritis).

Secondary MR (also known as functional MR) refers to abnormal left ventricular 
and/or atrial remodeling with and without dysfunction leading to malcoaptation of 
the otherwise structurally normal leaflets. Some patients have mixed MR etiologies 
and this is much more common in the elderly [48]. Secondary MR causes include 
ischemic cardiomyopathy (which may be regional or global left ventricular dys-
function), nonischemic cardiomyopathy, and atrial functional MR (from the dilated 
left atrium and mitral annulus, which can be associated with atrial fibrillation) [8, 
41, 48]. Most of these patients have central MR jets, except for ischemic MR with 
regional dysfunction, such as posteromedial papillary muscle restriction from right 
coronary artery territory infarction, which usually yields a  posteriorly directed 
MR jet [3, 48]. Of note, there are a heterogeneous range of factors at play in leading 
to secondary MR, including left ventricular, atrial, and mitral annular dilation, leaf-
let tethering and restriction, reduced left ventricular systolic function, elevated left 
ventricular filling and left atrial pressures, leaflet thickening, annular contraction, 
and dyssynchrony. Secondary MR has consistently been shown to be associated 
with a poor prognosis in heart failure and cardiomyopathy patients [48, 49].
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3.2  Clinical Evaluation

The majority of MR patients are asymptomatic in stages A–C [4]. Acute MR is 
uncommon but rapidly leads to pulmonary edema and cardiogenic shock. 
Symptomatic chronic MR leads to exercise intolerance, fatigue, and weakness, 
before progressing to heart failure symptoms of dyspnea, orthopnea, paroxysmal 
nocturnal dyspnea, and edema. Rarely, symptoms like chest pain, palpitations, 
thromboembolism, and hemoptysis are encountered; more commonly these symp-
toms are associated with concomittant atrial fibrillation. 

The MR murmur is generally described as pan-systolic at the apex of the heart, 
louder on expiration, and with hand grip. In mitral valve prolapse, there may be a 
mid-systolic click, and the murmur can radiate posteriorly for anterior leaflet pro-
lapse and to the base of the heart anteriorly for posterior leaflet prolapse, corre-
sponding to jet direction. Clinical signs of severe MR include soft S2, presence of 
S3, small volume pulse, displaced apical impulse early diastolic rumble, and signs 
of left ventricular failure and/or pulmonary hypertension. Again, B-type natriuretic 
peptides also demonstrate prognostic utility in MR, especially for primary etiology 
and medically managed patients [50].

3.3  Echocardiography

MR assessment begins with TTE, using parasternal long and short axis and apical 
4-, 2-, and 3-chamber views [16]. The mitral valve apparatus including the leaflets, 
annulus, chordae, and papillary muscles are assessed for thickness, calcifications, 
motion (including prolapse, flail, rupture papillary muscle, perforation, tenting, 
coaptation defect, and systolic anterior motion), and vegetations. Additionally, the 
TTE examination should include  color Doppler to interrogate the regurgitant jet 
number, origin, direction, and size, keeping the range of possible MR etiologies in 
mind [3]. Qualitative features that suggest severe MR include a  large central or 
eccentric wall-impinging MR jet, dense triangular MR jet by continuous wave 
Doppler, dilated left ventricle and left atrium, large flow convergence, pan-systolic 
regurgitant jet, E-wave dominant mitral inflow (>1.2 m/s), and systolic flow reversal 
within the pulmonary veins. Quantitative TTE parameters and thresholds for mild, 
moderate, and severe MR are shown in Table 3, including vena contracta width, 
effective regurgitant orifice area, regurgitant volume, and regurgitant fraction. 
Notably, some guidelines and studies have suggested lower thresholds for these 
quantitative parameters in secondary MR, given the impaired systolic function in 
these patients [4, 6, 51], while others suggest the same thresholds [3]. Chamber 
quantification for the left ventricle, left atrium and right atrium, right ventricular 
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systolic pressure estimate and other concurrent valve diseases must be evaluated, 
given their important implications for both prognosis and subsequent management 
[4, 6]. Left ventricle ejection fraction is considered abnormal when below 60%, 
given MR’s volume loading and reduced afterload on the left ventricle. LVGLS 
should also be measured, because impaired strain is associated with worse survival 
in both primary and secondary MR [52–54]. Finally, the proportionate versus dis-
proportionate MR hypothesis was recently proposed to reconcile the conflicting 
findings between the two Mitraclip randomized trials (COAPT strongly positive, 
Mitra-FR neutral), and this ratio between a quantitative estimate of MR severity and 
left ventricle volume can be assessed by TTE (or MRI) [55–57].

TEE has arguably the most important role in MR amongst all valvular heart dis-
eases, including advanced techniques with biplane, 3D, and MPR to accurately 
diagnose the structure and pathology (both primary and secondary) in most patients 
with MR [4, 6]. The main two-dimensional views are mid-esophageal 4-, bicomis-
sural, two-chamber, long-axis, left and right pulmonary veins (assess pulmonary 
vein flow), left atrial appendage (to exclude thrombus), and transgastric long axis 
and mitral valve short axis views, and 3D views which can  add complementary 
information [21]. TEE can help determine if the MR is amenable to surgical and 
percutaneous repair and can  provide intraprocedural guidance and postoperative 
evaluation for these procedures such as transseptal puncture, prosthesis positioning 
or grasp of leaflets, mitral valve gradient measurements for stenosis, valvular and 
paravalvular leak, cardiac chamber size and function, LVOT obstruction and any 
evidence of pericardial effusion [21, 58, 59]. Figure 3 provides an example of an 
intraprocedural TEE for a Mitraclip procedure using 3D-MPR. Furthermore, stress 
echocardiography may also be helpful for evaluating functional capacity, changes in 
ejection fraction, MR severity, right ventricular systolic pressure, arrhythmias, and 
heart rate recovery. Many of these findings are associated with reduced survival in 
MR and greater need to undergo mitral procedures [54, 60].

3.4  Magnetic Resonance Imaging

Similar to AR, MRI may be considered for evaluating MR when there is evidence 
of significant MR and a discrepancy between TTE parameters and the clinical status. 
Additionally, MRI can be useful to determine the etiology of MR, and a viability 
assessment of any associated cardiomyopathy (secondary MR), and assessment of 
MR related  to  systolic anterior motion in  hypertrophic cardiomyopathy [3]. The 
mitral valve is visualized on the 4-, 2-, and 3-chamber along with short axis views on 
bright blood gradient sequence images for leaflet structure (morphology, thickening, 
calcification represented by signal void), abnormal motion (both prolapse and 
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a

b

Fig. 3 Three-dimensional transesophageal echocardiography evaluation of mitral regurgitation 
in an 87-year-old woman with live multiplanar reconstruction software (a) P2 mitral valve pro-
lapse with flail (red arrows) pre-procedure and (b) guidance for Mitraclip (blue arrows) deploy-
ment grasping the mitral valve leaflets during the procedure
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restriction can be seen), regurgitant jet, and mitral annular disjunction [28, 44]. 
Unlike the aortic valve, phase contrast sequences in MRI are not usually directly 
applied at the mitral and tricuspid valves to assess flow because of the marked 
through-plane motion of the atrioventricular valves during the cardiac cycle [28]. 
Mitral regurgitant volume is generally calculated by subtracting the aortic valve for-
ward flow (by phase contrast sequence) from the left ventricle stroke volume (on 
cine images) and this can then be divided by the stroke volume to calculate the mitral 
regurgitant fraction. The remaining chamber quantifications of both the left and right 
ventricles on bright blood gradient echo sequences are also important. Studies com-
paring TTE and MRI have found a modest correlation with a tendency for TTE to 
over-estimate MR severity (approximately 16 mL higher regurgitant volume in one 
prospective study). MRI had a better association with predicting post-surgical left 
ventricle remodeling and improvement compared to TTE [61]. Optimal thresholds of 
MRI-derived MR are not well established, with one study defining regurgitant frac-
tion of 40+ % as severe and associated with a worse prognosis. This MRI derived 
threshold is  lower than the TTE threshold [62]. Late gadolinium enhancement 
sequences are valuable in MR evaluation for both primary and secondary MR, along 
with helping diagnose cardiomyopathy in secondary MR [28, 44, 63]. Other features 
that can be evaluated on MRI in MR patients include mitral annular disjunction, 
papillary muscles, and systolic anterior motion especially related to hypertrophic 
cardiomyopathy.

3.5  Computed Tomography

 Although CT has the least role in the diagnosis of MR, it can provide some impor-
tant additional information. CT is the best modality to visualize and semi-quantitate 
mitral annular calcifications, which is not only associated with cardiovascular events 
but also reduces the chance for successful surgical and percutaneous repair [64]. 
Similar to its role in TAVR patients, CT is useful in the pre-procedural evaluation for 
transcatheter mitral valve repair or replacement using ECG-gating contrast- enhanced 
acquisition [65]. Key parts of this assessment include mitral annulus sizing (at vari-
ous phases of the cardiac cycle if possible), characterization of the landing zone 
dependent on device planned, neo-LVOT dimensions and obstruction risk, localiza-
tion of interatrial septum and apex, predicting angulations for fluoroscopy and deter-
mining the anatomic relations between the coronary arteries especially the 
left  circumflex vessel with the mitral annulus. Furthermore, CT is an adjunctive 
modality to TTE and TEE in the diagnosis of infective endocarditis findings, includ-
ing vegetation, pseudoaneurysm/abscess, and fistula, especially with retrospective 
4D-protocols, which also have prognostic implications [43, 47, 66]. Finally, CT can 
be useful in the evaluation prior to cardiac surgery to evaluate thoracic anatomy and 
its relations to the sternum, aortic calcifications, and dilation.
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4  Tricuspid Regurgitation

4.1  Etiologies and Epidemiology

The tricuspid valve has often been termed the forgotten valve, given the traditional 
focus and effective treatment options for left-sided heart valve disease. However, 
there is renewed interest because of the rising prevalence and adverse outcomes of 
tricuspid valve associated pathologies, and tricuspid valve interventions are  the 
next frontier in structural heart imaging and procedures [3, 67, 68]. Although triv-
ial to mild TR is common in the general population, significant TR is present in 
approximately 1.2–1.5% of the general population and 16% of patients referred for 
transthoracic echocardiography [1, 2, 67]. Similar to MR, tricuspid regurgitation 
(TR) etiologies are classified as  primary, with pathology directly affecting the 
valve leaflets, and secondary, where right ventricular and/or atrial remodeling and 
dysfunction lead to malcoaptation of the valve leaflets. The, distinction between 
primary and secondary TR is important for the appropriate treatment (see Table 1) 
[4, 6]. Recent epidemiological studies demonstrate that the vast majority (85–95%) 
of TR is secondary TR [69–71], and this is more common in the elderly. However, 
among the patients undergoing tricuspid valve surgery for TR, about half have a 
primary and half have a secondary cause [72].

The most  common secondary etiology of TR is related to left heart dis-
ease, in approximately 54–70% of cases [69–71]. These range from mitral and/or 
aortic valve disease to any cause of left ventricle systolic and/or diastolic dysfunc-
tion that directly or indirectly via secondary pulmonary hypertension leads to right 
ventricle remodeling, tricuspid annular dilation, and resulting TR. The second class 
of secondary TR etiologies is that  related to  chronic lung diseases, including 
chronic obstructive lung disease, bronchiectasis, interstitial lung disease, and pul-
monary thromboembolic disease, with associated pulmonary hypertension and cor 
pulmonale; however, with reduced smoking and treatments, it currently makes up 
only 2.3–17% of secondary TR [69–71]. Another class of increasingly recognized 
causes is atrial functional TR, often in patients with atrial fibrillation, reported in 
17–40% of secondary TR cases [71, 73]. These patients usually have an enlarged 
right atrium leading to dilatation of the tricuspid valve annulus without significant 
right ventricular remodeling. Other less frequent causes of secondary TR are asso-
ciated with primary right ventricular cardiomyopathy (such as arrhythmogenic or 
myocardial infarction) and congenital left-to-right shunting lesions such as septal 
defects and anomalous pulmonary venous drainage that cause right ventricle vol-
ume overload [74, 75]. Secondary TR severity may improve with treatment of 
the right ventricular pathology.

Primary TR causes are well-known despite being less common. Degenerative 
TR related to prolapse is less common than in MR, accounting for 9–34% of pri-
mary TR cases [69–71]. Cardiac implantable electronic device lead-associated TR 
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is another common cause of primary TR in 17–67% of cases; however, it is impor-
tant to carefully image these patients to be certain that the lead is indead affecting 
valve leaflet motion to cause the TR [69–71]. Other causes of primary TR include 
infective endocarditis (especially in intravenous drug users), prosthetic valve 
degeneration, rheumatic heart disease, carcinoid syndrome, trauma, and congenital 
heart disease (especially Ebstein’s anomaly and tricuspid valve dysplasia) [4, 6, 
66, 75].

4.2  Clinical Evaluation

Patients with significant TR have some unique clinical  characteristics compared 
to    those with left heart valve disease, with a higher prevalence of women (over 
50%), heart failure, atrial fibrillation, prior cardiac surgery, chronic lung disease, 
and chronic kidney disease [70, 72, 76–79], and several of these are related to sec-
ondary TR etiologies. It is, therefore, important to einquire about these characteris-
tics and other potential etiologies of TR in the patient’s history. Many patients with 
TR are asymptomatic, even for those with moderate to severe TR, as volume over-
load of the right heart is generally well-tolerated until late in the disease course. 
The TR disease course is often chronic except in primary TR scenarios such as from 
acute infective endocarditis and trauma. Early clinical symptoms are nonspecific, 
including fatigue, impaired exercise capacity, and peripheral edema, and therefore 
the diagnosis is often missed as these symptoms are common with advanced age 
[80]. Symptoms of advanced TR associated with  developing  right heart failure 
include abdominal bloating, ascites, hepatomegaly, pleural effusion, chronic kidney 
and liver disease, coagulopathy, cachexia, low cardiac output, and absolute or rela-
tive hypotension.

A thorough history and clinical examination of the elderly patient and obtain-
ing collateral history are critical in identifying the above mentioned clinical mani-
festations. Characteristic examination findings that may be present include 
a pan-systolic but often soft murmur at the left lower sternal edge louder on inspira-
tion, right ventricular heave, prominent v-waves of the jugular venous pressure, 
pulsatile and at times a larg and tender liver, ascites, and peripheral edema. Many 
clinical factors associated with an  adverse prognosis have been identified in TR 
patients, such as older age, heart failure, cardiogenic shock, chronic kidney dis-
ease,  liver cirrhosis, malnutrition, decubitus ulcer, endocarditis, carcinoid syn-
drome, and emergency surgery [67, 76, 77, 81]. Laboratory tests that should be 
performed in patients with TR include a complete blood count (especially platelet 
count), metabolic panel (especially renal function), coagulation screen, liver func-
tion (including albumin), and B-type natriuretic peptide.
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4.3  Echocardiography

The standard TTE examination is mandatory in the initial imaging assessment of 
TR. The key views to visualize the tricuspid valve include the parasternal right ven-
tricle inflow view, parasternal short axis view at the aortic and mitral valve leaflet 
levels, apical 4-chamber and right ventricle focused views, apical reverse 3- chamber 
view, subcostal 4-chamber view, and subcostal long axis inferior vena cava and 
hepatic vein views [16]. The tricuspid valve is inspected with two-dimensional 
imaging for thickness, motion, vegetations, and any other clues to suggest etiol-
ogy of TR, then with color, continuous wave, and pulsed wave Doppler interroga-
tion. Qualitative observations  of TR include valve malcoaptation, color jet area, 
flow convergence, continuous wave Doppler jet (dense and triangular suggestive of 
severe TR), and systolic flow reversal in the hepatic veins by pulsed wave Doppler 
[3]. The conventional quantitative and semiquantitative parameters for grading TR 
severity are listed in Table 3. Some authors have recently proposed expanding the 
severe TR grade to add “massive” and “torrential” TR to fully capture the range of 
severe TR encountered clinically, with “massive” TR corresponding to a vena con-
tracta of 14–20 and 21+ mm, and “torrential” TR to a vena contracta of 0.60–0.79 
and 0.80+ mm2 [82]. Multiple studies have demonstrated that increasing TR sever-
ity is associated with a worse prognosis [67, 81].

TR evaluation is not complete without evaluating the cardiac chambers, starting 
with the right ventricle, as its dimensions and function are also potential indications 
for valve surgery [4, 6]. The right ventricle is visualized on the same aforemen-
tioned views of the tricuspid valve [16]. The right ventricle dimensions to measure 
with normal reference ranges available are right ventricular basal, mid, longitudinal, 
and outflow tract proximal and distal diameters, end-diastolic and end-systolic 
areas, and volumes and wall thickness [30]. Right ventricle systolic function is 
assessed using a combination of visual evaluation, tricuspid annular plane systolic 
excursion, tissue Doppler lateral annular S wave, pulsed wave or tissue Doppler 
index of myocardial performance, fractional area change, ejection fraction, and lon-
gitudinal strain (free-wall). Diastolic and systolic interventricular septal deviation to 
the left ventricle can be observed with right ventricle volume and pressure overload, 
respectively, and may co-exist. The right heart assessment also includes right atrial 
dimensions (indexed right atrial volume is preferred), right ventricular systolic pres-
sure with TR peak systolic velocity and modified Bernoulli’s equations, and right 
atrial pressure estimated by inferior vena cava size and collapsibility. Finally, dedi-
cated assessments of left heart size, systolic and diastolic function, mitral, aortic, 
pulmonic valves, pericardium, and congenital heart lesions are all potentially rele-
vant to the full TTE examination [16, 30, 82]. 3D echocardiography and TEE can 
further evaluate the tricuspid valve, the tricuspid valve annulus other aspects of right 
heart anatomy, TR etiology, and severity. TEE is also useful for real-time guidance 
during tricuspid valve interventions [21, 83].
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4.4  Magnetic Resonance Imaging

Examples of MRI indications in TR patients include cases when the TR severity is 
indeterminant because of discrepancies between TTE parameters and clinical 
assessment, or TTE views are suboptimal, and to accurately quantify right heart size 
and function [3]. The  bright-blood gradient echo, most commonly SSFP, is the 
sequence used to quantify right ventricle size (end-diastolic volume, end-systolic 
volume) and function (ejection fraction, cardiac output, and strain using feature 
tracking) [28, 84]. Phase contrast imaging placed at the main pulmonic artery quan-
tifies pulmonic forward and regurgitant flows, and volumes, and subtracting the for-
mer from the right ventricle stroke volume gives the TR regurgitant volume, and 
then the regurgitant fraction after dividing by the stroke volume [3]. Unlike TTE, 
guidelines have not officially established thresholds for MRI-derived TR severity by 
regurgitant volume or fraction. A recent study found 65–68% agreement between 
TTE and MRI grading of TR, with effective regurgitant orifice area above 0.4cm2 
being the most sensitive, and triangular and dense jet contour and density by con-
tinuous wave Doppler being the most specific at predicting severe TR by MRI [85]. 
Another functional TR study confirmed increasing MRI-grading of TR severity 
(moderate 30–44 mL or 30–49% and severe 45+ mL or 50+ % for regurgitant vol-
ume and fraction, respectively) to be associated with worse survival in unadjusted 
and adjusted analyses [86]. However, because lower regurgitant volumes and frac-
tions are typically quantified by MRI than TTE, another MRI study identified 35+ 
mL or 30+ % respectively as the optimal thresholds for severe TR associated with 
worse prognosis [87]. MRI is the gold standard for chamber quantification and 
accuracy for regurgitant volume and fraction quantification. 

4.5  Computed Tomography

Cardiac CT has had relatively limited roles in TR assessment, however, it can be 
additive to echocardiography and MRI assessment. Right heart imaging by CT can 
be challenging with contrast timing to interrogate the tricuspid valve, requiring 
dedicated protocols with electrocardiogram gating [88]. Retrospective-gated 4D CT 
can assess right heart size and function [84]. In the era of rapidly evolving transcath-
eter tricuspid interventions, however, CT can provide a means to visualize and 
directly measure the tricuspid annulus, identify the course of the right coronary 
artery relative to the annulus for suitability of annuloplasty devices, along with tra-
jectories of the superior and inferior vena cavae connecting with the right atrium for 
caval valve implantation [89]. CT also allows extracardiac thoracic anatomy assess-
ment, often as part of redo cardiac surgery, which is prevalent in TR patients, along 
with assessing for pulmonary, congenital heart, and pericardial diseases that are 
other potential etiologies for TR.
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5  Conclusion

The elderly population with valvular heart disease continues to grow worldwide and 
places a heavy mortality and morbidity burden on society. Aortic stenosis and regur-
gitation, mitral regurgitation, and tricuspid regurgitation are the most frequently 
encountered in the elderly. Each valve lesion has unique and also common etiolo-
gies, pathophysiology, epidemiology, and clinical features that clinicians should be 
alert to. The rapidly evolving landscape and technologies in advanced cardiac imag-
ing for diagnosis and risk stratification, along with surgical and transcatheter treat-
ments, have extended boundaries in the management of the range of valvular heart 
disease in the elderly with a multi-disciplinary approach. Following both contempo-
rary valve guidelines along with the flexibility of adapting novel imaging and thera-
peutic technologies have enabled the ongoing optimization of clinical outcomes in 
valvular heart disease. This chapter provides guidance on the clinical and imaging 
approaches for this often complex group of elderly patients.
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Acute Coronary Syndrome in the Older 
Adult Populations

Amit Rout, Sheraz Hussain, and Abdulla A. Damluji

1  Introduction

The world population is changing rapidly with a demographic shift towards a large 
expansion of older adults. Of all the age categories, adults older than 65 years of age 
are the fastest growing segment of the U.S. population, with recent data indicating 
that 9% of the population in 2019 was over 65 years old, and this estimate is pro-
jected to increase to 16% by 2050. While the population above 80 years of age was 
around 143 million in 2019, the “oldest old” is projected to increase to 426 million 
by 2050 [1, 2]. Aging is associated with the risk of developing certain biologic pro-
cesses collectively known as geriatric syndromes. The intermix of age-related bio-
logical factors and concurrent geriatric risks or syndromes leads to a higher 
likelihood of developing cardiovascular disease (CVD). Similarly, the presence of 
CVD further worsens preexisting geriatric risks.

Age is an independent risk factor for CVD, which is endemic in the older adult 
populations, with an estimated prevalence of 89.3% among men and 91.8% among 
women aged >80  years [2]. According to the 2019 American Heart Association 
(AHA) annual update on heart disease and stroke statistics, the prevalence of CVD 
was 70–75% in those aged 60–79 years and 79–86% in adults 80 years and older [1, 
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2]. As older age could be accompanied by geriatric-specific conditions, older 
patients with the acute coronary syndrome (ACS) are at higher risk for adverse out-
comes, including mortality, rehospitalizations, diminished quality of life, and func-
tional decline [3]. The significance of preventing and managing coronary disease is 
highlighted by the fact that the lifetime risk of a first coronary event at the age of 
70 years is approximately 35% in men and 24% in women [4]. As a group, CVD 
contributes to 20% of all disability-adjusted life-years (DALY) burden by age 
65 years, of which coronary disease is a dominant cause [3].

Coronary disease portends a significant burden on society as it relates to health-
care utilization and costs. The direct medical costs of coronary disease are projected 
to increase from $89 billion in 2015 to $215 billion in 2035. The indirect costs 
attributed to coronary disease were $99 billion in 2015 and are projected to increase 
to $151 billion in 2035 [4, 5]. The rate of hospital admission for ACS is highest 
among patients older than 65 years, along with the length of hospital stay and mean 
charges for hospitalization [6, 7]. The increased cost could be attributed to multiple 
factors, including the complexity associated with caring for older patients because 
of increased age-associated risks, including multiple comorbidities, frailty, adverse 
events, and other age-associated risk factors [7]. As such, the cost-benefit analysis 
of the management of ACS and the health resources utilization among older patients 
remains an area of active debate among specialists in geriatric cardiology [8, 9]. 
While observational evidence suggests the benefits of pharmaco- and catheter-based 
therapies among older patients, large randomized controlled trials have traditionally 
excluded older adults because of the complexity associated with their care [10, 11]. 
Geriatric syndromes, including multimorbidity, polypharmacy, cognitive impair-
ment, frailty, disability, and functional decline, usually are age-associated risks that 
strongly influence the management of ACS.  In this chapter, we will discuss the 
bidirectional association between geriatric syndromes and ACS and highlight an 
approach to managing coronary syndromes in older adult populations in light of 
these age-associated risks.

2  The Aging Process and the Pathophysiology of ACS

Atherosclerosis is the hallmark of coronary disease development and progression. 
Atherosclerosis consists of plaques in the intima, which contain smooth muscle 
cells, inflammatory cells, calcium, coagulation factors, and lipids. Inflammation 
develops as early as the second decade of life and continues to progress with aging. 
The pathophysiology of ACS involves an event that triggers myocardial ischemia or 
infarction from acute plaque rupture, erosion, or thrombosis resulting in supply- 
demand mismatch. ACS encompasses ST-segment elevation myocardial infarction 
(STEMI/STE-ACS), non-ST-segment elevation myocardial infarction (NSTEMI/
NSTE-ACS) and unstable angina (UA) [12, 13]. With advancing age, coronary dis-
ease complexity increases with calcification, bifurcation lesions, and multivessel or 
left main involvement. In the Multi-Ethnic Study of Atherosclerosis (MESA) study, 
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coronary artery calcium deposition increased in all age groups, but the highest prev-
alence was in older adult populations [14]. In the meta-analysis of older patients 
involving octogenarians, the prevalence of left main coronary artery disease was 
around 7.3% vs. 5.7%, and three-vessel disease was 29% vs. 20% when compared 
to patients <80 years old [15]. In another registry, the prevalence of multivessel 
disease was 39.8% in <60 years old, 50.3% for the 60–80 age group, and 58.7% in 
>80 years old. The use of multivessel or left main PCI increased with age, with 
14.4% in <60 years old, 14.7% in 60–80 years old, and 16.8% in >80 years old [16].

As the individual ages, various physiologic changes affect the cardiovascular 
system leading to both cellular and functional level changes, which ultimately lead 
to increased coronary disease risk [17]. These changes impact ventricularsystolic 
and diastolic function, valvular structures, electrical conduction system, and vascu-
lature, contributing to increased mortality and morbidity in older patients [17, 18]. 
The presence of  multiple coexisting conditions like hypertension, diabetes, and 
chronic kidney disease also contributes to increased CVD risk with age [18, 19]. 
Advancing age affects the integrity of the vasculature, causing loss of elasticity, 
increased stiffness, and arterial thickening in large- to medium-sized arteries [17, 
20]. Endothelial dysfunction, smooth muscle cell thickening, collagen deposition, 
calcification, and atherosclerosis of the vascular wall worsen with age leading to 
arterial wall stiffness and isolated systolic hypertension. The endothelium plays a 
major role in vascular homeostasis by regulating vasodilation, vasoconstriction, 
smooth muscle cell growth, platelet and inflammatory cell migrations and activa-
tions. Atherosclerosis begins with endothelial dysfunction and later progresses to 
decreased bioavailability of the endothelial vasodilators like nitric oxide (NO) and 
prostacyclin while the level of vasoconstrictors like thromboxane and endothelin 
are increased [17, 21]. Overall, this leads to decreased vascular dilation, increased 
vasoconstriction, endothelial dysfunction, and subsequently vascular wall injury 
and the development of atherosclerosis. These vascular changes also influence tar-
get blood pressure goals and end-organ function [21, 22].

3  Epidemiology of ACS in Older Adults

Cardiovascular disease remains the leading cause of death worldwide, and coronary 
heart disease accounts for 42.1% of all CVD-related deaths. Based on the National 
Health and Nutrition Examination Survey (NHANES) between 2015 and 2018, the 
prevalence of CAD in the 60–79 years age group was 22% of males and 13.4% of 
females, of which 12.6% of males and 4.5% of females in this age group had a prior 
myocardial infarction (MI) event. In the same survey, the prevalence of CAD in the 
80 years and older age group was 33.9% of males and 21.6% of females, of which 
15.8% of males and 8.7% of females had a prior MI [23]. In the Atherosclerosis 
Risk in Communities (ARIC) Study between 1987 and 2002, the prevalence of MI 
in patients aged 65–74  years old was around 37–39% [24]. In the multicenter 
EUROHEART ACS study, 53.9% of patients with ACS were >65 years old, while 
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25% were above 75 years old. The percentage of women with ACS increased with 
age, similar to men after the age of 75 years [25]. Data from large registries for 
NSTE-ACS reported a prevalence of around 32–40%, and for STE-ACS, around 
25–29% in those above 75 years old [10, 11]. The National Heart, Lung, and Blood 
Institute (NHLBI) reported data from the ARIC study between 2005 and 2014 that 
in the 65-to-74-year age group, the incidence of MI was highest in black males, 10.7 
per 1000 person-years compared to 7.3  in white males, 7.7  in black females and 
3.7  in white females. The incidence of MI increases significantly in those aged 
75–84 years group approximating 15.9 vs. 9.4 per 1000 person-years for black and 
white males, respectively, and 12.0 vs. 8.5 per 1000 person-years for black and 
white females, respectively [23]. In the Cardiovascular Health Study (CHS), the 
10-year incidence rate for MI in patients 65 years or older was 19.3/1000 person- 
years for male and 9.4/1000 person-years for females [26].

Table 1 Common geriatric syndromes and their interaction with acute coronary syndromes

Geriatric 
syndrome Definition Interaction with ACS

Multimorbidity
[27, 30, 32]

Presence of two or more medical 
disease conditions in the same 
individual

Prevalence increases with age, lower rates 
of revascularization, increased hospital 
stays and mortality

Polypharmacy
[34, 38, 40]

Daily use of five or more 
medications

Increased risk of bleeding and other 
adverse events

Cognitive 
impairment
[42, 50, 53]

Memory impairment more than 
expected for age and education 
level, dementia is the final form

Increased risk of developing cognitive 
impairment, major barrier in management 
of ACS

Delirium
[57, 58, 60]

Acute disturbance in attention 
and awareness that fluctuates with 
time

High incidence in hospitalized patients 
with ACS, associated with increased stay, 
bleeding, functional/cognitive decline and 
mortality

Frailty
[61, 62, 64, 78]

Decline in physical reserve 
associated with increased 
vulnerability

Less revascularization like PCI and 
CABG in frail patients, increased risk of 
mortality, MI, stroke, rehospitalization 
and bleeding

Disability
[87, 89, 93]

Difficulty performing basic or 
complex activities essential to 
independent living

Increased risk of CAD in disabled 
patients, increased adverse events, 
prolonged recovery

Functional 
decline
[97, 101, 103]

Reduced capacity to perform 
activities of daily living 
secondary to worsening physical 
and cognitive dysfunction

ACS event worsens functional decline, 
increased risk of adverse events and 
mortality after ACS

ACS acute coronary syndrome, CAD coronary artery disease, CABG coronary artery bypass graft-
ing, PCI percutaneous coronary intervention
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4  Geriatric Syndromes and ACS

Several geriatric syndromes are present in older patients admitted with ACS 
(Table 1). These age-related risks affect health outcomes because ACS exacerbates 
the burden of these geriatric syndromes. We aim to define and discuss the most com-
monly encountered geriatric syndromes among older adults with ACS.

4.1  Multimorbidity

Multimorbidity is the presence of two or more medical conditions in the same indi-
vidual. While sometimes used interchangeably, comorbidity is defined as the con-
current presence of diseases associated with a primary condition like CAD [27, 28]. 
The prevalence of multimorbidity increases with age, reaching above 70% in those 
≥75 years old [29]. Older CVD patients often live with multimorbidity, which has 
significant effects on their overall care. Among Medicare beneficiaries ≥65 years 
old, the three most common comorbidities in patients with CAD are hypertension, 
hyperlipidemia, and diabetes mellitus, all risk factors for coronary events. Arthritis, 
anemia, heart failure, chronic kidney disease, atrial fibrillation, and chronic obstruc-
tive pulmonary disease (COPD) are among the top 10 comorbidities [30, 31]. The 
prevalence of multimorbidity in patients with ACS is reported from 25 to 96% and 
increases with age and is associated with lower rates of revascularization, increased 
hospital stays, and mortality [32]. The pathophysiological implication of multimor-
bidity is the complex interaction of each disease at various levels of cardiovascular 
risk with physiologic risks, hemodynamic response, its impact on multiple organs 
system, medication interaction and subsequent further increase in atherosclerosis 
and inflammation [33].

4.2  Polypharmacy and Deprescribing

Polypharmacy is defined as the concomitant use of at least five or more medications 
daily. Older patients presenting with ACS and with comorbidities are frequently 
managed with >5 concurrent medications as part of guideline-directed medical ther-
apy, thus fulfilling the definition of polypharmacy [34]. However, multiple therapies 
may also have a negative effect on the overall well-being of older patients because 
of frequently encountered medication related adverse events. Interactions between 
the various drugs can potentiate the risk of adverse effects of one or more medica-
tion. In a registry-based Swedish study of older patients, the prevalence of polyphar-
macy, defined as the use of more than five drugs, was 44%, while almost 12% of 
older patients were on more than 10 different medications on a daily basis, i.e. 
hyperpolypharmacy [35]. In another European study, 8% of the population were on 
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nine or more drugs, and 90% of these were from cardiovascular medications [36]. 
Similarly, in a large US population-based study in patients >65 years old, the preva-
lence of polypharmacy with five or more drugs was 36.8% [37]. Older patients fre-
quently encountered higher healthcare utilization secondary to adverse drug 
reactions from polypharmacy [38–40]. Adverse reactions associated with cardio-
vascular medications include bleeding, hypotension, electrolyte imbalance, and 
renal injury [38–40]. Polypharmacy is very common in patients with CAD. Current 
guidelines recommend dual antiplatelet therapy (DAPT), statin, beta blockers, and 
enin-angiotensin-aldosterone system (RAAS) antagonist for patients with 
ACS. Furthermore, many of these patients have comorbidities, like diabetes, hyper-
tension, chronic kidney disease, and other chronic conditions for which these 
patients are already on multiple medications. These adverse drug events can be miti-
gated by actively evaluating a patient’s medication list with a pharmacist trained in 
managing geriatric patients with the goals of discontinuing non-essential medica-
tions, those with little or no benefits, and evaluating for dose reductions of essential 
medications, a term known as deprescribing [41].

4.3  Cognitive Impairment

Mild cognitive impairment (MCI) is defined as memory impairment more than 
expected for a patient’s age and educational level [42]. Dementia is the final form of 
cognitive dysfunction, also known as a major neurocognitive disorder. Patients with 
MCI have an estimated 10–30% risk of developing dementia [43–45]. Alzheimer’s 
disease is the most common cause of dementia (60–80%), followed by cerebrovas-
cular disease or vascular dementia (5–10%); other causes include Lewy body dis-
ease, frontotemporal lobar degeneration, Parkinson’s disease, hippocampal 
sclerosis, and mixed pathologies [46]. The prevalence of dementia increases with 
age, with approximately 5% of the population at age 65–74 years, 10–14% between 
ages 75 and 84 years, and 29–35% of age 85 years and older [46]. Similarly, the 
prevalence of MCI was 19%, 28%, and 38% for those aged 65–74 years, 75–84 years, 
and ≥85 years old, respectively [47]. In a large US population study, the prevalence 
of cognitive impairment without dementia was around 22% in those older than 
71  years old [48]. Studies have shown not only increased prevalence but also 
increased risk of developing dementia and cognitive impairment in patients with 
CAD [49, 50]; cognitive impairment and dementia present major barriers in diagno-
sis and management in patients with ACS. Events like ACS worsen cognition in 
older patients, which then affects their future cardiovascular management and out-
comes [51–53].
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4.4  Delirium

Delirium is defined as an acute disturbance in attention and awareness in one’s state 
of mind that tends to fluctuate with time [54]. It is triggered by the presence of 
physiological stressors, inflammation, hemodynamic instability, drug therapy, elec-
trolyte imbalances, or the actual underlying condition [55]. Delirium more com-
monly occurs in older adults when placed in an unfamiliar environment, such as 
hospitals especially the critical care setting. It is associated with a prolonged hospi-
tal stay, more extensive disease work-up, and with overall poor outcomes [56]. The 
prevalence of delirium in older patients in a nonhospital setting is usually low, 
around 1–2%, and further increases with age. In the hospital setting, the prevalence 
of delirium varies with the level of acuity, with 8–17% in the Emergency Department 
to as high as 50–82% in postoperative and intensive care units [57]. In one study 
involving ≥65 years old coronary care unit patients, the overall incidence of delir-
ium increased with age and reached 50% in those ≥85 years old. Furthermore, those 
with delirium were found to have five times increased mortality at 30 days [58]. 
Another study found an overall prevalence of around 26% in cardiac intensive care 
units [59]. In a prospective multicenter registry study including NSTE-ACS patients 
aged 80 years or older, the incidence of delirium during hospitalization was 37% 
and was associated with prolonged hospitalizations and increased bleeding and 
mortality at six-month follow-up [60].

4.5  Frailty

Commonly present in the older adult population, frailty is defined as the progressive 
decline in physical reserve, which is associated with increased vulnerability to acute 
stressors, adverse health outcomes, increased hospitalizations, and mortality [61, 
62]. In a large US population-based study, frailty was present in 15% of those over 
65 years old. Frailty was more prevalent among women, racial minorities, lower 
income groups, and with advanced age (9% in 65–70 years old versus 38% in those 
≥90 years old) [63]. In a Medicare-based registry study, frail patients without CVDs 
had more major cardiovascular events, including MI and mortality, compared to 
nonfrail patients when followed longitudinally [64]. Frailty is a clinical diagnosis 
and can be assessed by using various tools and indexes. One of the initial tools is the 
Fried physical frailty phenotype that consists of five components: slowness (time to 
walk 15  feet- slowest 20%; cutoff depends on sex and height), weakness (grip 
strength measured using hand dynamometer, lowest 20%; cut off depends on gender 
and BMI), low physical activity (expends <270 kcal/week, calculated from activity 
scale incorporating episodes of walking, household chores, yard work etc.), exhaus-
tion (subjective self-reported of feeling everything being an effort or ‘I could not get 
going’), and weight loss (lost >10 pounds unintentionally in one year) [65]. The 
FRAIL scale is an interview-based screening tool that includes fatigue, resistance, 
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ambulation, illnesses, and weight loss. This scale is commonly used in acute set-
tings because of its convenience [66]. The Clinical Frailty Scale (CFS) is a com-
monly used instrument in cardiovascular trials and is based on fitness, active disease, 
activities of daily living, and cognition [67]. Other frailty tools include the Frailty 
Index, Reported Edmonton Frail Scale, Tilburg Frailty Indicator, Hospital Frailty 
Risk Score, and Comprehensive Geriatric Assessment [68–72]. Some frailty scales, 
like the FRAIL scale, Frailty Index, and CFS, have been used in cardiovascular tri-
als and for prognostication in patients with ACS [73]. Gait speed or walking speed 
had been used as a surrogate for frailty and was a risk factor for disability, cognitive 
dysfunction, hospitalization, mortality, and cardiovascular death in older patients 
[74, 75]. Frailty is also associated with adverse cardiovascular outcomes, and frail 
patients experience worse functional decline after a cardiovascular event [76].

Multiple studies using various frailty tools had shown an increased risk of mor-
tality and other cardiovascular outcomes in frail compared to nonfrail patients [77–
81]. In the TRIOLOGY ACS trial, the medical managements using prasugrel and 
clopidogrel were compared in NSTE-ACS patients. The Fried scale was used to 
calculate frailty in patients aged 65 years or older. The authors reported that com-
pared to nonfrail patients, frail patients had an increased risk of the primary out-
come of the composite of cardiovascular death, MI, stroke, and all-cause death over 
a period of 30 months [79]. Large population-based studies using health care data-
bases persistently show the reduced use of PCI and coronary artery bypass grafting 
(CABG) revascularization procedures in frail compared to nonfrail patients. 
Furthermore, the incidence of adverse cardiovascular outcomes was significantly 
higher in frail than in nonfrail patients [80, 81]. In a meta-analysis of 15 studies 
including older patients with ACS, frailty was associated with a significantly higher 
risk of mortality, reinfarction, stroke/transient ischemic attack (TIA), major bleed-
ing, and rehospitalization rates [82].

4.6  Disability

Disability is defined as difficulty performing basic or complex activities essential to 
independent living [83]. Older populations commonly encounter multiple disabili-
ties ranging from hearing, vision, cognition, mobility, self-care, or independent liv-
ing, which compromises their ability to carry out activities of daily living and 
instrumental activities of daily living [84]. In the US, almost 42% of the older 
(≥65 years) population reported the presence of one or more disabilities. Impaired 
mobility is the most prevalent, with 26.9% reporting this disability [84]. Similarly, 
the United Nations Department of Economic and Social Affairs Disability estimates 
that 46% of the 60 years and older population have some form of disability [85]. 
Disability in older adults is mainly related to the geriatric syndromes discussed 
earlier pertaining to multimorbidity, polypharmacy, cognitive dysfunction, and 
frailty. Population studies found multiple causes of disability, including advanced 
age, overweight, depression, stroke, cardiovascular disease, diabetes, hypertension, 
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cognitive impairment, osteoarthritis, and falls [86–88]. Cardiovascular disease 
remains an independent risk factor for increasing disability in older patients [89, 
90]. Disability is also associated with an increased incidence of CAD and overall 
cardiovascular adverse events [91–93].

4.7  Functional Decline

Functional decline is defined as a reduced capacity to perform activities of daily 
living because of worsening physical and/or cognitive function [94]. Functional 
decline is very common and usually becomes progressive with age. It is associated 
with deterioration in the quality of life and adverse health outcomes. Risk factors 
like mobility disability, cognitive impairments, arthritis, depression, and other com-
mon geriatrics risks were associated with increased functional decline in older 
patients [95–98]. In a Japanese study involving older patients admitted to the hospi-
tal for heart failure, multiple risk factors leading to functional decline were identi-
fied, including age 80 years or older, prior stroke, dementia, mobility impairment, 
advanced heart failure, hyponatremia, and renal disease [99]. In the same study, 
patients with functional decline experienced increased cardiovascular adverse 
events and mortality [99]. In another study, older patients with a history of or a new 
vascular event, including hospitalization for MI, experienced an increased risk of 
functional decline [100–102]. Prospective studies in patients with MI have found 
that older age, longer hospital stays, mobility dysfunction, preadmission physical 
activity, and depression were important risk factors for functional decline [103].

5  Management Strategy of ACS in Older Adults

5.1  Presentation and Diagnostic Approach

The diagnostic criteria for ACS in older patients are similar to those in the general 
population. A detailed history and clinical examination become much more impor-
tant in the older patient given multiple comorbidities and polypharmacy, which can 
affect the diagnostic approach for ACS. Multimorbidity such as prior atheroscle-
rotic cardiovascular diseases and chronic kidney disease is common in older 
patients, and many patients are on some pharmacotherapy which includes an anti-
platelet or an anticoagulant. A detailed past medical and a review of medication 
history are important as it often impacts the initial diagnostic approach and fur-
ther pharmacotherapy. Cognitive impairment and functional decline in older patients 
are likely to act as barriers to performing a full evaluation, and it is often necessary 
to obtain medical information from patients’ families and caretakers. While classi-
cal chest pain remains one of the common presentations of ACS in all populations, 
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including older adults, the frequency of typical ischemic symptoms decreases with 
age [10]. In the GRACE registry, an atypical presentation was present in 43% of 
patients older than 75 years [104]. In the National Registry of Myocardial Infarction 
(NRMI), chest pain was not the initial presentation in more than 40% of patients in 
the 75–84-year age group and was absent in more than 50% of patients 85 years or 
older [10]. In a recent prospective observational study SILVER-AMI, which 
included patients ≥75 years of age, chest pain was absent in 44% [105]; the com-
monly reported atypical symptoms were dyspnea, diaphoresis, nausea, vomiting, 
and syncope [10]. It is important to recognize these atypical symptoms and maintain 
a high degree of suspicion because several studies have reported a poor prognosis in 
patients with atypical ACS presentation [10, 104, 106].

The 12-lead electrocardiogram (ECG) is one of the first and most readily avail-
able diagnostic tests in patients presenting with ACS. While the diagnosis of STE- 
ACS can be made with ECG in the appropriate setting, ECG in NSTE-ACS may be 
nonspecific and require serial monitoring. The yield of an ECG in diagnosing ACS 
decreases in the presence of other ECG abnormalities, especially with left bundle 
branch block (LBBB).  These abnormalities are common in older patients, with 
studies reporting their presence in almost 70% of patients over the age of 75 years 
[107–109]. In addition to LBBB, they include right bundle branch blocks, left ven-
tricular hypertrophy, atrial fibrillation, atrial flutter , and a paced ventricular rhythm. 
The presence of these ECG abnormalities increases with age [107–109].

A cardiac troponin assay is a biomarker that aids in the diagnosis of MI, even 
among older patients. With the advent of high sensitivity troponin, diagnostic yield 
is significantly improved and is currently being recommended in clinical practice 
guidelines [110]. Variations in levels of these troponin assays based on patient fac-
tors like age, gender, race, and chronic diseases can occur, and clinicians should be 
cognizant of these variations while interpreting them [110]. Baseline elevated levels 
of cardiac troponin levels have been reported in older patients in the community 
[111, 112]. In a large general population study, the levels of high-sensitivity cardiac 
troponin T and cardiac troponin I were noted to correlate well for patients younger 
than 60 years. However mild elevation above the 99th percentile was observed with 
age and those with muscle mass disorder, particularly high sensitivity troponin T 
[113]. Similarly, data from large population studies reported possible overdiagnosis 
of MI in the older adult population with the use of the 14 ng/l cutoffs of high sensi-
tivity cardiac troponin T [114]. With the availability of cardiac troponin, current 
guidelines do not recommend routine use of creatine kinase myocardial isoenzyme 
and myoglobin for diagnosis of ACS [113].
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6  Pharmacotherapy in ACS

6.1  Antiplatelet Therapy

Aspirin is an irreversible platelet cyclooxygenase-1 inhibitor. Current American and 
European guidelines recommend the use of a loading dose (325 mg) at the initial 
presentation of ACS, followed by a daily maintenance dose (81 mg) [13, 115–120]. 
The role of aspirin in MI was established in the Second International Study of 
Infarct Survival (ISIS-2); aspirin was associated with a significant reduction in vas-
cular death when used alone or in combination with streptokinase compared to pla-
cebo. In the ISIS-2 study of patients treated with aspirin, the reduction in deaths for 
those ≥70  years old was higher than for those 60–69  years old [121]. In the 
Antithrombotic Trialists’ Collaboration meta-analysis, aspirin was associated with 
a significant reduction in the risk of MI, and this benefit was higher in the ≥65-year- 
old age group compared to the younger patients [122]. In an observational study, the 
role of aspirin in ≥65  years old patients after an MI event was compared with 
patients discharged without aspirin. Of the 5490 patients included in this study, 24% 
were discharged without aspirin. At 6 months follow up, mortality in patients dis-
charged on aspirin was significantly lower than in patients discharged without aspi-
rin (8.4% vs. 17%) [123]. While the role of aspirin is well established in secondary 
prevention, concerns regarding increased bleeding risk remain high, especially in 
the older population [124–126].

Clopidogrel is recommended as an alternative to aspirin in a patient with aspirin 
intolerance or allergy [118, 119]. The role of clopidogrel in addition to aspirin was 
first established in the CURE (Clopidogrel in Unstable angina to Prevent Recurrent 
ischemic Events) trial. In this trial, NSTEMI patients randomized to clopidogrel 
experienced a significant reduction in CV death, MI, or stroke at 1 year. Compared 
to patients <65 years, those ≥65 years had a similar and significant reduction in 
these outcomes [127]. However, in the PCI Cure trial, the impact of clopidogrel on 
death or MI was not significant in the ≥65 years old subgroup [128]. While clopi-
dogrel is one of the most widely used P2Y12 receptor inhibitors, there is a substan-
tial population that exhibits clopidogrel resistance or residual high treatment platelet 
reactivity; thus, this population experiences an increased risk of ischemic 
events [129].

Potent P2Y12 inhibitors like ticagrelor and prasugrel have a more rapid onset of 
action and more pronounced platelet inhibition than clopidogrel. In the PLATO 
trial, vascular death, MI, or stroke was significantly lower in ACS patients random-
ized to ticagrelor than in those randomized to clopidogrel. In the PLATO trial, 15% 
(n = 2878) of patients were ≥75 years old, though there was a numerical decrease in 
primary events (16.8% vs. 18.3%) the difference was not significant, while the 
<75 years old (n = 15,744) patients had a significant reduction in primary events 
(8.6% vs. 10.4%) [130]. In a detailed post hoc analysis of PLATO based on age ≥75 
or <75 years, the mortality and CV death outcomes were significantly reduced in the 
ticagrelor group; however, there was no difference in the MI, stent thrombosis, and 
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stroke outcomes. Major bleeding was similar in both the ticagrelor and clopidogrel 
groups, including those >75 years [131]. The TRITON–TIMI 38 trial reported a 
significant reduction in the primary endpoint of CV death, MI, or stroke with prasu-
grel when compared with clopidogrel in ACS patients. In the 1769 (13%) patients 
≥75 years old, there was a numerical but nonsignificant reduction in the primary 
endpoint with prasugrel (17.2% vs. 18.3%). The risk of TIMI major bleeding, fatal 
and life-threatening bleeding was significantly increased in the prasugrel patients 
who were ≥75 years old. Furthermore, the ≥75-year-old group experienced no dif-
ference in the composite of death, MI, stroke, or TIMI major bleeding with prasug-
rel when compared to clopidogrel. The recommended doses of prasugrel in ACS are 
a 60 mg loading dose and a 10 mg maintenance dose [132]. The European Medicines 
Agency and United States Food and Drug Administration (FDA) recommend a 
30 mg loading dose and a 5 mg maintenance dose in patients ≥75 years old because 
older patients usually have higher concentrations of the active prasugrel metabolite 
[133]. The Assessment of a Normal versus Tailored Dose of Prasugrel after Stenting 
in Patients Aged ≥75 years to Reduce the Composite of Bleeding, Stent Thrombosis, 
and Ischemic Complications (ANTARCTIC) trial that randomized ≥75-year-old 
patients with PCI for ACS found no extra benefit of a platelet function-based dose 
adjustment of prasugrel [134]. In the TRIOLOGY-ACS trial, which compared pra-
sugrel and clopidogrel in NSTE-ACS patients and among the elderly subgroup 
(≥75 years), 5 mg of prasugrel was used rather than 10 mg [135]. Overall, there 
were no differences in CV death, MI, stroke, or bleeding events among all partici-
pants and among those in the older age group [136]. The Elderly ACS 2 trial, which 
randomized patients  >74-year-old with ACS to prasugrel (5  mg) or clopidogrel, 
reported no difference between the two groups in the composite of mortality, MI, 
stroke, rehospitalization, or bleeding [137]. The POPular AGE (Ticagrelor or 
Prasugrel Versus Clopidogrel in Elderly Patients with an Acute Coronary Syndrome 
and a High Bleeding Risk: Optimization of Antiplatelet Treatment in High-Risk 
Elderly) trial included those over 70 years old with NSTE-ACS. The use of clopido-
grel was associated with less bleeding but a similar risk of ischemic events when 
compared to ticagrelor or prasugrel [138]. Registry studies provide conflicting 
results, with the Bremen STEMI registry, including patients ≥75 years old, reported 
decreased ischemic events with ticagrelor when compared to clopidogrel without 
any difference in bleeding, while the SWEDEHEART (Swedish Web System for 
Enhancement and Development of Evidence-Based Care in Heart Disease Evaluated 
According to Recommended Therapies) including patients ≥80 years old, reported 
an increased risk of mortality and bleeding with ticagrelor when compared to clopi-
dogrel [139, 140].

Dual-antiplatelet therapy with aspirin and a P2Y12 inhibitor remains the corner-
stone of treatment to prevent recurrent ischemic events in patients with ACS under-
going PCI. Despite guideline recommendations for DAPT in all age groups, the use 
of aspirin and P2Y12 inhibitors is often significantly reduced in older patients [10, 
141–143]. Current ACC/AHA DAPT guidelines recommend 12 months of DAPT 
after an ACS event [13, 120]. Depending on patients’ bleeding and ischemic risks, 
the duration can vary from 6 to 12 months. The guidelines also recommend the use 
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of the more potent P2Y12 inhibitors, prasugrel, and ticagrelor, in patients with ACS 
rather than clopidogrel, except that the use of prasugrel is contraindicated in patients 
with a history of stroke or TIA [13]. The FDA highlighted that prasugrel is generally 
not recommended in patients >75 years of age because of an increased risk of fatal 
and intracranial bleeding and uncertain benefits, but exceptions are made for high- 
ischemic risk patients with diabetes and prior acute MI  in whom the benefits appear 
to be greater than the risks. The 2017 European Society of Cardiology (ESC) guide-
lines similarly recommend 12 months of DAPT in patients with ACS, and six months 
in patients with ACS and high bleeding risk [119]. Though the recommendations are 
similar for the older population, they are usually considered at high risk for bleeding 
with DAPT, and the duration of DAPT should be individualized in this age group 
[124, 138, 144]. In a meta-analysis of six randomized control trials including both 
stable CAD and ACS patients, the risk of ischemic events in those with six months 
of DAPT was similar to the risk in those with 12 months of DAPT, but there was a 
significant reduction in major bleeding with six months of treatment duration [145].

6.2  Parenteral Anticoagulation Therapy

Parenteral anticoagulation is recommended in the acute setting in patients present-
ing with ACS [13, 115–119]. Multiple trials have shown the benefits of unfraction-
ated heparin (UFH), and low-molecular-weight heparins (LMWHs) compared to 
placebo in patients with NSTE-ACS [146–150], although the representation of 
older patients was minimal in these trials. Multiple  randomized controlled trials 
(RCTs) also compared UFH with LMWH in NSTE-ACS patients, and overall, there 
was no significant difference between the two [10, 149, 151–153]. In a meta- analysis 
comparing six trials of enoxaparin versus UFH, there was a significant reduction in 
death or MI with enoxaparin. Age-based subgroup data available from these trials 
were limited [154]. However, in a post-hoc age-related analysis of The Superior 
Yield of the New Strategy of Enoxaparin, Revascularization and Glycoprotein IIb/
IIIa Inhibitors (SYNERGY) trial, involving patients ≥75 years reported increased 
bleeding with enoxaparin when compared to UFH [155]. LMWHs are eliminated 
by the kidneys, and this complicates their use in older patients with chronic kidney 
disease. UFH is not renally cleared and remains a useful option in the older popula-
tion. However, the dosing of UFH is frequently associated with under or overdos-
ing, leading to increased recurrent ischemic events and bleeding risks with UFH in 
older adults [156].

The Fifth Organization to Assess Strategies in Acute Ischemic Syndromes 
(OASIS-5) trial compared fondaparinux, a parenteral factor Xa inhibitor, versus 
enoxaparin in ACS patients. The primary outcome of death, MI, or refractory isch-
emia was similar in both groups; however, the risks of major bleeding and death at 
1 and 6 months were significantly lower in the fondaparinux group. In patients 
≥65 years old, the risks of bleeding (4.1% vs. 8%) and mortality were significantly 
lower in the fondaparinux group [157, 158]. Similarly, in the OASIS-6 trial, the 
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risks of mortality and MI in STEMI patients were significantly less in those treated 
with fondaparinux than in those treated with UFH [159]. These benefits were noted 
in all age groups [157–159]. One caveat of using fondaparinux in ACS that limits its 
use in this setting is an increased risk of catheter-related thrombosis and requiring a 
switch to other parenteral anticoagulants [157, 159]. The use of fondaparinux is 
attractive during PCI because of its relatively short, 17–21-hour half-life. This short 
half-life allows single fixed daily dosing. However, catheter-related thrombosis 
remains a major adverse cardiovascular event that increases the risk of MI and 
stroke. Fondaparinux is primarily used when conservative management of ACS is 
contemplated.

Bivalirudin was evaluated in ACS in multiple RCTs and offered an alternative to 
UFH and LMWHs, especially in patients with heparin-induced thrombocytopenia 
[160]. Trials comparing bivalirudin with heparin plus GP IIb-IIIa inhibitors showed 
a significant reduction in major bleeding without increasing the risk of ischemic 
events with bivalirudin; however, when GP IIb-IIIa inhibitors were not used or were 
optional, the risk of bleeding was similar between bivalirudin and heparin. Age- 
specific data from RCTs support similar results in the older population [160–165]. 
The use of bivalirudin is limited because of high cost and some concern for an 
increased risk of stent thrombosis [160, 166].

6.3  Oral Anticoagulation Therapy

Warfarin is the first and the oldest oral anticoagulant. It is a vitamin K antagonist 
that exerts anticoagulant activity by interfering with the function of the vitamin 
K-dependent clotting factors II, VII, IX, X, protein C, and protein S [167]. Initial 
studies showing a mortality benefit with warfarin post ACS event were published in 
1949, with subsequent studies confirming those findings [168]. Later studies 
revealed that the combination of aspirin and warfarin, as opposed to aspirin alone, 
significantly reduced cardiovascular death, recurrent myocardial infarction, and 
thromboembolic strokes after an ACS event. Meta-analysis of such trials demon-
strated a reduction in ischemic events; however, these benefits were offset by an 
increased incidence of major bleeding complications [169, 170]. Direct oral antico-
agulants have been evaluated in the setting of recent ACS for secondary prevention 
with or without DAPT, however, with limited success. Dabigatran was evaluated in 
ACS patients in the RandomizEd Dabigatran Etexilate Dose Finding Study 
(RE-DEEM) trial. At the six-months follow-up, major bleeding was significantly 
increased based on the dose of dabigatran used [171]. A subsequent meta-analysis 
reported an increased risk of MI event with dabigatran when compared to heparin 
products or warfarin use in different settings like stroke, venous thromboembolism, 
and ACS patients [172]. The Apixaban for Prevention of Acute Ischemic and Safety 
Events (APPRAISE-1) trial compared apixaban with a placebo in a patient with 
ACS who were on DAPT. The results showed an increased risk of major bleeding 
and a nonsignificant reduction in CV mortality, MI, and stroke with apixaban [173]. 
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APPRAISE-2 trial was a large-scale (7392) patient trial that compared apixaban 
5 mg twice daily with a placebo in ACS patients. There was no reduction in CV 
mortality, MI, or stroke with apixaban compared to placebo and a significant 
increase in TIMI major bleeding. Subgroup analysis based on the patients age ≥75- 
years found no benefit in ischemic events with a significantly increased risk of 
bleeding, which was five to six times more than in the <75-year-old group [174]. 
Rivaroxaban is a direct factor Xa inhibitor. It was initially evaluated in the ATLAS 
ACS TIMI 46 (Aspirin with or without Thienopyridine Therapy in Subjects with 
Acute Coronary Syndrome Thrombolysis in Myocardial Infarction 46). This trial 
enrolled only a limited number of ≥75-year-old patients. It reported a dose- 
dependent increase in major bleeding and a reduction in ischemic events [175]. The 
ATLAS ACS 2-TIMI 51 (Acute Coronary Syndrome ACS 2–Thrombolysis in 
Myocardial Infarction 51) trial with 15,526 patients compared twice daily low dose 
rivaroxaban 2.5 mg or 5 mg dose with placebo in patients with recent ACS and 
already on DAPT. Both rivaroxaban doses were significantly associated with reduc-
tions in CV death, MI, or stroke; however all-cause mortality and CV death were 
significantly reduced in the 2.5 mg dose but not in the 5 mg dose group. Furthermore, 
rivaroxaban was associated with an increased risk of TIMI major bleeding, which 
was lower in the 2.5 mg dose compared to the 5 mg dose group. The trial included 
1405 (9%) patients ≥75 years old. While specific primary and safety events for this 
age group were not reported, those older than 65 years had a significant reduction in 
ischemic events and an increased risk of bleeding events in the primary trial analysis 
[176]. Based on this trial, 2.5 mg twice daily rivaroxaban was approved after ACS 
in Europe but not by the US FDA [177].

6.4  Oral Anticoagulant Therapy in Patients with Atrial 
Fibrillation and ACS

ACS and concomitant atrial fibrillation (AF) are fairly common in older populations 
[178]. Patients with AF who present with ACS and undergo PCI are complicated in 
terms of anticoagulation and antiplatelet therapies. The WOEST (What is the 
Optimal antiplatelet and anticoagulant therapy in patients with oral anticoagulation 
and coronary StenTing) trial compared dual therapy with warfarin plus clopidogrel 
and triple therapy with warfarin, aspirin, and clopidogrel. The trial included both 
stable CAD and ACS patients, and the average age of study participants was 70 years 
old. Compared to triple  therapy, dual therapy was associated with a significant 
reduction in bleeding events. Subgroup analysis based on age ≥75 years showed 
similar benefits as the overall study [179]. Similar trials using DOACs compared 
dual therapy with DOAC plus a P2Y12 inhibitor versus triple therapy with warfarin 
plus DAPT. The RE-DUAL PCI (Randomized Evaluation of Dual Therapy with 
Dabigatran (plus a P2Y12 inhibitor) vs. Triple Therapy with Warfarin (plus a P2Y12 
inhibitor and aspirin) in Patients with Atrial Fibrillation That Undergo a Percutaneous 

Acute Coronary Syndrome in the Older Adult Populations



318

Coronary Intervention with Stenting) trial compared dabigatran (110  mg and 
150 mg) based dual therapy with warfarin plus DAPT triple therapy in patients with 
non-valvular AF who underwent PCI. Compared to triple therapy with warfarin, 
dual therapy with dabigatran was associated with a significant reduction in bleeding 
with no increase in thrombotic risk [180]. In a post-hoc analysis in patients ≥75 years 
old, dabigatran 110 mg was associated with a significant reduction in bleeding but 
with increased risk of thrombotic events, while the 150 mg dabigatran group failed 
to offer any additional reduction in bleeding events but was non-inferior to warfarin 
included triple therapy for thrombotic events [181]. The AUGUSTUS 
(Antithrombotic Therapy after Acute Coronary Syndrome or PCI in Atrial 
Fibrillation) trial evaluated the use of apixaban versus warfarin and with or without 
aspirin in patients with AF undergoing coronary revascularization for ACS [182]. 
Dual therapy with apixaban and a P2Y12 inhibitor was associated with the reduc-
tion in bleeding without an increase in ischemic events when compared to double 
warfarin therapy (plus P2Y12 inhibitor) or triple therapy (aspirin + P2Y12 inhibi-
tor) or apixaban (aspirin + P2Y12 inhibitor) Similar results were noted in the sub-
group of ≥80-year-old patients [182]. The PIONEER AF-PCI (Prevention of 
Bleeding in Patients with Atrial Fibrillation Undergoing PCI) compared the safety 
of rivaroxaban and warfarin in patients with AF who underwent PCI. Dual therapy 
with rivaroxaban (15 mg) plus a P2Y12 inhibitor was associated with a reduction in 
bleeding without an increased risk of ischemic events when compared to warfarin- 
based triple therapy (aspirin plus P2Y12 inhibitor). The results in the ≥75-year-old 
subgroup were associated with reduced bleeding (20.6% vs. 31.4%) and a similar 
risk of ischemic events (5.6% vs. 6.5%) [183]. The ENTRUST-AF PCI (evaluation 
of the safety and efficacy of an edoxaban-based antithrombotic regimen in patients 
with AF following successful percutaneous coronary intervention) trial compared 
edoxaban-based dual therapy with warfarin-based triple therapy in patients with AF 
undergoing PCI for stable CAD or ACS. The trial found similar risks of bleeding 
and ischemic events in the two groups. In the age group ≥75 years old, the risk of 
bleeding was similar in edoxaban dual therapy, and the warfarin-based triple ther-
apy regimens [184]. Based on these results, it is reasonable to consider dual therapy 
with P2Y12 inhibitor and a DOAC over triple therapy in most older patients under-
going PCI. For those with complex disease or high risk of ischemic events, triple 
therapy for a month post PCI followed by dual therapy of DOAC plus P2Y12 inhibi-
tor or coumadin plus P2Y12 inhibitor is also a reasonable strategy.
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7  Revascularization for STEMI

7.1  Role of Fibrinolysis

While PCI is the preferred revascularization technique in STEMI, fibrinolytic ther-
apy still remains an important therapeutic option when timely PCI is not available. 
The role of fibrinolysis in older adults is mainly available from subgroups of large 
RCTs and observational studies, as there are no dedicated trials for this population. 
The GISSI-1 (Gruppo Italiano per lo Studio della Streptochinasi nell’Infarto 
Miocardico) trial found a non-significant decrease in mortality in patients >75 years 
old with streptokinase [185]. In the ISIS-2 trial (Second International Study of 
Infarct Survival), the use of streptokinase was associated with a significant reduc-
tion (15.8% vs. 23.8%) in mortality in patients ≥70 years old [121]. The original 
FTT (Fibrinolytic Therapy Trialists’ Collaborative Group) study, which included all 
ACS patients, found a nonsignificant relative reduction in mortality in the elderly 
≥75-year-old, which on further analysis after excluding NSTEMI patients found a 
significant reduction in mortality (26% vs. 29.4%) [186, 187]. Registry and obser-
vational data had reported conflicting results with some showing no additional ben-
efits of fibrinolytic therapy in the elderly, while other showed a significant reduction 
in mortality especially with long-term follow-up [188–190]. Fibrinolysis increases 
the risk of bleeding in all age groups, but the elderly are more prone to bleeding. The 
FTT study reported a higher risk of stroke in the elderly (2.0% vs. 1.2%). The risk 
of intracranial hemorrhage (ICH) increases with age and is associated with increased 
mortality in the elderly; however, the overall risk remains low [191–193].

Trials comparing alternative agents for fibrinolysis showed improved benefits in 
terms of reduction in ICH. In the GUSTO-I trial, tissue plasminogen activator (tPA) 
was associated with a significant reduction in mortality and stroke in all patients, 
including elderly 75–84 years of age; however ≥85 years old had benefit from strep-
tokinase [191]. In the ASSENT-2 (Assessment of the Safety of a New Thrombolytic 
2) trial, Tenecteplase had a lower risk of ICH in the ≥75 years old population when 
compared to tPA [194]. The risk of stroke is further dependent on the adjunctive 
parenteral anticoagulant used with fibrinolytics. In the ASSENT 3 (Assessment of 
the Safety and Efficacy of a New Thrombolytic 3) trial, the use of unfractionated 
heparin was associated with a lower rate of ICH compared to enoxaparin (1.2% vs. 
6.7%) [195]. The ExTRACT-TIMI-25 (Enoxaparin Versus Unfractionated Heparin 
With Fibrinolysis for ST-Elevation Myocardial Infarction) trial showed enoxaparin 
without bolus in the elderly (≥75 years) had a similar risk of bleeding and a nonsig-
nificant reduction in death and MI when compared to unfractionated heparin [196]. 
The addition of dual antiplatelet with clopidogrel and aspirin in patients with fibri-
nolysis offers a further reduction in ischemic outcomes; however, the trials 
excluded patients ≥75 years old [197, 198]. The STREAM (Strategic Reperfusion 
Early after Myocardial Infarction) trial compared half dose tenecteplase with clopi-
dogrel followed by coronary angiography with primary PCI in STEMI patients and 
found similar results in a composite of death, shock, and heart failure but with 
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an increase in ICH. The trial protocol used a 300 mg loading dose of clopidogrel in 
the ≤75 years old while no loading dose was used in ≥75 years old; the outcomes 
were similar in both age groups [199]. Furthermore, a post-hoc analysis found a half 
dose of tenecteplase in the elderly (≥75 years old) was associated with a reduction 
in ICH compared to full dose tenecteplase without increased risk of ischemic out-
comes [200]. Of the potent P2Y12 inhibitor, only ticagrelor had been directly com-
pared with clopidogrel in patients receiving fibrinolytics. The TREAT (Ticagrelor in 
Patients With ST Elevation Myocardial Infarction Treated With Pharmacological 
Thrombolysis) trial found no additional benefit of ticagrelor over clopidogrel in 
patients undergoing fibrinolysis; further, there was an increased risk of minor bleed-
ing [201]. The ongoing STREAM-2 trial in ≥60-year-old STEMI patients aims to 
compare the pharmaco-invasive strategy of immediate half dose tenecteplase fol-
lowed by transfer to PCI center versus standard PCI therapy [202].

7.2  Role of Percutaneous Intervention

Revascularization guidelines in older patients with STEMI follow those of the gen-
eral population, with immediate reperfusion being the primary goal [11, 115, 116]. 
Earlier trials comparing PCI versus fibrinolytic therapy had a low representation of 
older adults but showed consistent benefits of lower mortality and MI with PCI 
compared to fibrinolytic therapy [11, 121, 185–187]. In the PAMI (Primary 
Angioplasty in Myocardial Infarction) trial, PCI was compared with a tissue plas-
minogen activator [185]. Of the 395 patients included in this study, 38% were 
≥65 years old; PCI, when compared with fibrinolytic therapy, was associated with 
a significant reduction in hospital mortality (5.7% vs. 15%), hospital death, MI, 
(8.6% vs. 20%) and in-hospital recurrent ischemic events (8.6% vs. 27.5%) in this 
age group [203, 204]. Similarly, results in subgroups of older adults in the GUSTO- 
IIb (Global Use of Strategies to Open Occluded Coronary Arteries in Acute 
Coronary Syndromes-IIb) and the DANAMI-2 (Danish Multicenter Randomized 
Study on Fibrinolytic Therapy Versus Acute Coronary Angioplasty in Acute 
Myocardial Infarction) trials found a significant reduction in 30-day mortality with 
PCI compared to thrombolytic therapy [11, 205, 206]. In one of the trials from the 
Netherlands, angioplasty was compared with streptokinase in 87 patients older than 
75 years. Compared to streptokinase, PCI was significantly associated with a reduc-
tion in the 30-day composite of mortality, MI, and stroke (9% vs. 29%). The persis-
tent mortality benefit was demonstrated in the PCI group (15% vs. 32%) at 2 years 
of follow-up [207]. In the Senior PAMI (Primary Angioplasty Versus Thrombolytic 
Therapy for Acute Myocardial Infarction in the Elderly study, NCT00136929), 
483 ≥ 70 years old patients were randomized to PCI or to thrombolytic therapy; the 
trial was discontinued early because of slow recruitment. During the 30-day follow-
 up, both PCI and thrombolytic therapy were associated with a similar rate of mortal-
ity (10% vs. 13%), stroke (0.8% vs. 2.2%), and major bleeding (5.6% vs. 6.2%). 
However, reinfarction was significantly reduced in the PCI group compared to the 
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thrombolytic group (1.6 vs. 5.4%) [208, 209]. In the TRIANA (TRatamiento del 
Infarto Agudo de miocardio eN Ancianos) trial, 266 ≥ 75 years old patients with 
STEMI were randomized to PCI or to fibrinolysis; the mean age was 81 years old. 
The trial found a numerical but importantly nonsignificant reduction in mortality, 
reinfarction, and disabling stroke, but recurrent ischemia was significantly reduced 
in the PCI group (0.8 vs. 9.7%). The authors of the TRIANA trial also reported a 
pooled analysis of 3 randomized trials and found a significant reduction in the com-
posite of mortality, MI, and stroke (14.9% vs. 21.5%) with PCI compared to throm-
bolytic therapy; however, mortality was similar in both groups (10.7% vs. 
13.8%) [210].

Overall, the use of PCI in older adults has steadily increased in recent years. In a 
retrospective analysis of the US national database, authors noted between 2004 to 
2014, the use of PCI in patients 90 years older increased from 0.6% to 1.4% of all 
the PCI hospitalizations of which PCI for STEMI increased from 23.1% to 30.9% 
[211]. Similar trends from European and Asian registries suggest increasing use of 
PCI in older patients with STEMI [212–215]. Despite this increased rate of utiliza-
tion, mortality in older patients with STEMI remains high. In a retrospective study 
from the Norwegian database, in-hospital mortality was 17% in ≥80 years old com-
pared to only 4% in <80 years old. At the three years follow-up, survival further 
decreased to 52% in ≥80 years compared to 89% in <80 years old; in the PCI treated 
group of ≥80 years old, survival was slightly better (58%) [216]. Another study 
from the French registry reported an improvement in mortality with changes in 
management strategies over the year. With the increasing use of PCI, one-year 
STEMI mortality in ≥75 years decreased from 36.2% in 1995 to 21.1% in 2010; this 
improvement was also seen in the very elderly (≥85) [217]. Current guidelines rec-
ommend the use of PCI in STEMI patients without any limitation to life expectancy 
[115, 116]. However, the burden of geriatric syndromes remains a significant factor 
that influences the utilization of PCI in older patients with STEMI [214–216, 218].

7.3  Revascularization for NSTE-ACS/NSTEMI

Compared to the younger population, older patients who present with NSTE-ACS 
are less likely to undergo revascularization and usually have a worse prognosis [10]. 
Current guidelines support using an early invasive revascularization strategy in all 
age groups of patients with NSTE-ACS [13, 117]. The initial trials evaluating the 
use of an invasive strategy in NSTE-ACS were conducted when revascularization 
was performed without the use of stents or P2Y12 inhibitors. Later trials included 
percutaneous revascularization with glycoprotein IIb/IIIa inhibitor and long-term 
DAPT use. The TIMI IIIB (Thrombolysis in Myocardial Infarction IIIB) trial over-
all found better relief of angina, fewer rehospitalizations, and shorter lengths of stay 
with an invasive strategy but no differences in death and MI. Interestingly, in the 
subgroup of patients ≥65 years old, there was a significant reduction in death or MI 
at one year [219, 220]. However, the VANQWISH (Veterans Affairs Non-Q-Wave 
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Infarction Strategies in Hospital) study with 8% of the study population ≥75 years 
old found no difference in death or MI with an invasive strategy [221]. The FRISC 
II (FRagmin and Fast Revascularization during InStability in Coronary artery dis-
ease) was one of the initial trials to demonstrate a benefit of an invasive strategy in 
NSTEMI patients [222]. The RITA 3 (Randomized Intervention Trial of unstable 
Angina 3) trial found a significant reduction in mortality, MI, or refractory angina 
with an invasive, compared to a non-invasive, strategy (9.6% vs. 14.5%); however, 
the result was mainly driven by a reduction in refractory angina and overall there 
were  no differences in death or MI between the two groups [223]. The ICTUS 
(Invasive versus Conservative Treatment in Unstable Coronary Syndromes) study 
failed to show any benefit of an early invasive compared to a conservative strategy, 
and even in the elderly subgroup (≥65 years old) there was no difference (23.6% vs. 
24.4%) in death, MI, or rehospitalization for angina within one year [224]. A pooled 
analysis of three trials FRISC II, ICTUS, RITA-3 (FIR), in the ≥75-year age group 
found a significant reduction in cardiovascular mortality and MI with a routine inva-
sive, compared with a selective invasive strategy involving medical management 
and angiography only in case of refractory angina, reinfarction, hemodynamic 
instability (26.1% vs. 34.9%) at five-year follow-up. The benefits were mainly 
attributable to a reduction in MI (15.2% vs. 24.7%), while mortality was similar 
though numerically less in the routine invasive arm (16.9% vs. 20.2%) during five- 
year follow-up [225]. The TACTICS–TIMI 18 (Treat Angina with Aggrastat and 
Determine Cost of Therapy with an Invasive or Conservative Strategy–Thrombolysis 
in Myocardial Infarction 18) compared early invasive and conservative strategies in 
patients who were treated with aspirin, heparin, and the glycoprotein IIb/IIIa inhibi-
tor tirofiban. The trial showed a significant reduction in death and MI in the invasive 
group. Moreover, the benefit of the invasive strategy was higher in the older 
(≥75 years old) age group, with death or MI of 10.8% in the invasive arm and 21.6% 
in the conservative arm, but with a concomitant significant increased risk of bleed-
ing in the invasive group (16.6% vs. 6.5%) [226].

More recently, five dedicated randomized controlled trials compared invasive 
and conservative strategies in the older population (Table 2) [227–231]. The Italian 
Elderly ACS trial was one of the first trials to investigate specifically the population 
≥75 years of age to compare early invasive and conservative strategies. The trial 
enrolled 313 patients; the rate of revascularization was around 55% in the invasive 
group and 23% in the conservative group. The primary outcome of mortality, MI, 
stroke, repeat hospital admission, and severe bleeding was similar in both groups at 
one year follow-up (27.9% in the invasive vs. 34.6% in the conservative group). In 
a subgroup analysis, the authors observed that patients with elevated troponin who 
underwent an invasive strategy had a reduction in the primary outcome when com-
pared with a conservative strategy, but a similar difference was not seen in the nor-
mal troponin group [227]. The After Eighty study enrolled >80  years old 457 
patients and compared invasive strategy involving revascularization with medical 
management versus conservative strategy with only medical management. The pri-
mary outcome of mortality, MI, stroke, and urgent revascularization was 
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Table 2 Major randomized controlled trials comparing revascularization in older adults

Trial
N/Follow up/
mean age Study design Endpoints and major results

SENIOR 
PAMI (not 
published), 
2005
[208]

483/12 M/78Y STE-ACS, PCI 
vs. fibrinolysis

No difference in PE: Composite of death 
or stroke (11.3% vs. 13%, p = 0.57), 
reduction in SE of mortality, MI or stroke 
with PCI (11.6% vs. 18%, p = 0.05), no 
difference in major bleeding

TRIANA, 
2011
[210]

266/1 M/81Y STE-ACS, PCI 
vs. fibrinolysis

No difference in PE: Composite of 
mortality, MI, or stroke (18.9% vs. 
25.4%, OR:0.69; p = 0.21), reduction in 
recurrent ischemia (0.8 vs. 9.7%, 
p < 0.001), no difference in major 
bleeding

TACTICS 
TIMI 18 
(subgroup), 
2001
[226]

278/6 M/≥75 NSTE-ACS, 
routine invasive 
vs. selective 
invasive

Significant reduction in PE: Composite 
of mortality MI, or re-hospitalization 
(10.8% vs. 21.6%; OR: 0.44; p = 0.016), 
significantly increased risk of major 
bleeding

Italian ACS 
Elderly, 2012
[227]

313/12 M/82Y NSTE-ACS, 
routine invasive 
vs. selective 
invasive

No difference in PE: Composite of 
mortality, MI, stroke, or 
re-hospitalization (27.9% vs. 34.6%, HR: 
0.80; p = 0.26), reduction in PE with 
invasive strategy in subgroup of + 
troponin, no difference in major bleeding

After Eighty, 
2016
[228]

457/18 M/85Y NSTE-ACS, 
invasive vs. 
optimal medical 
treatment

Significant reduction in PE: Composite 
of mortality, MI, revascularization, or 
stroke (40.6% vs. 61.4%, HR: 0·53; 
p = 0·0001), no difference in major 
bleeding

MOSCA, 
2016
[229]

106/30 M/82Y NSTE-ACS, 
routine invasive 
vs. selective 
invasive

No difference in PE: Composite of 
mortality, MI, revascularization, or 
rehospitalization (HR = 0.769 p = 0.285), 
no difference in major bleeding

80+, 2020
[230]

186/12 M/84Y NSTE-ACS, 
routine invasive 
vs. optimal 
medical 
treatment

No difference in PE: Composite of 
mortality, MI, revascularization, stroke, 
or re-hospitalization
(33.3% vs. 36.6%, HR:0.90; p = 0.66), 
reduction in urgent revascularization in 
invasive group, no difference in major 
bleeding

RINCAL, 
2021
[231]

251/12 M/85Y NSTE-ACS, 
routine invasive 
vs. optimal 
medical 
treatment

No difference in PE: Composite of 
mortality or MI
(18.5% vs. 22.2%, HR: 0.79; p = 0.39), 
no difference in major bleeding

DEAR-OLD, 
ongoing
[235]

696/12 M/≥75Y NSTE-ACS, 
routine invasive 
vs. selective 
invasive

PE: Composite of mortality, MI, 
revascularization, or stroke

(continued)
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significantly reduced in the invasive arm compared to the conservative arm (40.6% 
vs. 61.4%); these results were mainly driven by the reduction in MI and urgent 
revascularization [228]. In another small trial of 106 patients (≥70 years old), com-
paring early invasive versus conservative strategies, the primary outcome of mortal-
ity, MI, and cardiac readmission was similar at the end of 2.5 years of follow-up. 
The authors did note that at three-month follow-up, mortality and recurrent MI were 
significantly less in the patients randomized to the early invasive strategy [229]. In 
a meta-analysis of randomized controlled trials involving subgroups of the 
TACTICS-TMI 18, FIR trials, Italian Elderly ACS, and After Eighty with a total of 
1887 patients compared routine invasive strategy with a selective invasive strategy. 
The study reported a reduction in the composite of death or MI (20.8% vs. 28.4%), 
MI, and repeat revascularization in the routine invasive arm compared to the selec-
tive invasive arm. However, no difference was noted in overall mortality, CV mor-
tality, or major bleeding [232]. The randomized 80+ study and the RINCAL trial 
were recently published; both trials, like the After Eighty study, compared an inva-
sive strategy with revascularization and medical therapy versus medical therapy 
alone, and both were terminated early because of slow recruitment [230, 231]. The 
80+ trial randomized 186 patients, and at 12-month follow-up, a similar rate of 
major adverse cardiovascular events was reported in both groups (33.3% vs. 36.6%). 
As expected, urgent revascularization was lower in the invasive arm, while other 
outcomes, including mortality, MI, stroke, and recurrent hospitalization, were simi-
lar in both groups [230]. The RINCAL (Revascularisation or medIcal therapy iN 
elderly patients with aCute anginAL syndromes) trial, randomized 251 patients 
≥80 years old. The primary outcome of mortality or MI at the one year follow-up 
was similar in both strategies (18.5% vs. 22.2%). There was a numerical but non- 
significant reduction in urgent revascularization and MI in the invasive arm com-
pared to the conservative arm [231]. Both trials reported similar risks of major 
bleeding in both strategies.

Retrospective data from US national inpatient sample database reported a signifi-
cant increase in PCI for all the NSTE-ACS ≥90 years old patients from 5.4% in 

Table 2 (continued)

Trial
N/Follow up/
mean age Study design Endpoints and major results

SENIOR- 
RITA, 
ongoing
[236]

1668/60 M/≥75Y NSTE-ACS, 
routine invasive 
vs. optimal 
medical 
treatment

PE: Composite of CV mortality or MI

CV cardiovascular, MI myocardial infarction, M months, PE primary endpoint, SE secondary end-
point, Y years. SENIOR PAMI primary angioplasty versus thrombolytic therapy for acute myocar-
dial infarction in the elderly, TRIANA TRatamiento del Infarto Agudo de miocardio eN Ancianos, 
TACTICS TIMI 18 treat angina with aggrastat and determine cost of therapy with an invasive or 
conservative strategy–thrombolysis in myocardial infarction 18, MOSCA coMOrbilidades en el 
Síndrome Coronario Agudo, RINCAL Revascularisation or medIcal therapy iN elderly patients 
with aCute anginAL syndromes
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2003 to 6.3% in 2014. Overall, of all the PCI performed in ≥90 years old, the per-
centage of NSTE-ACS increased from 49.6% to 52.6% in that same time frame. 
Additionally, PCI in NSTE-ACS patients was associated with a decrease in in- 
hospital mortality from 3.7% vs. 12.8% compared to patients without PCI, yet sig-
nificant selection bias exists in observational studies [211]. A study from the UK 
database reported reduced five-year mortality in ≥80 years old NSTE-ACS patients 
managed with an invasive compared to conservative or medical management (36% 
vs. 55%) [233].

The current European and American guidelines for NSTE-ACS patients recom-
mend similar invasive strategies in all age groups [13, 117]. Despite this, the use of 
invasive management strategies in patients with ACS continues to remain low in the 
very old, given their anatomic, pathophysiologic, and age-related complexities 
[234]. Currently, two large trials are actively recruiting patients to further evaluate 
the role of an invasive strategy in the elderly population. The SENIOR-RITA 
(British Heart Foundation SENIOR-RITA Trial) trial is a randomized open-label 
trial to compare the role of a routine invasive strategy compared with a conservative 
strategy in ≥75 years old NSTE-ACS patients [235]. The trial aims to enroll more 
than 1600 patients, and the primary outcome of the trial is death or MI. The DEAR- 
OLD trial is a randomized, open-label, noninferiority trial to compare a deferred 
invasive approach to an early invasive in ≥75 years old NSTEMI patients. The pri-
mary endpoint of this study is a composite of mortality, MI, stroke, and urgent 
revascularization at one year [236].

7.4  Role of Coronary Artery Bypass Grafting

Use of CABG in the older adult populations with ACS is often limited, which is 
driven by the increased perception of poor prognosis in this population with major 
surgery. Older patients usually have multivessel CAD, complex lesions, heart fail-
ure with low left ventricular function, and valvular disease [237]. Furthermore, mul-
timorbidity, like diabetes mellitus, peripheral vascular disease, stroke, hypertension, 
and anemia, are commonly seen in the elderly, which increases their perioperative 
risk of worse outcomes with CABG. However, the data regarding the use of CABG 
in elderly patients with ACS is limited. While the use of CABG in very old patients 
>85 years old is overall decreasing, there have been improvements in patient selec-
tion over time [238, 239].

Older adults should be evaluated based on their functional status and other geri-
atric syndromes, followed by a shared decision with patient and care team rather 
than a “one size fits all” approach. The 2021, ACC/AHA/SCAI guideline for coro-
nary artery revascularization recommendation does not mention any age limitation 
while considering revascularization in patients with ACS. However, the guideline 
identifies that the evidence for elderly patients (≥75  years  old) is limited and 
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recommends individualizing patient care based on patient preference, cognitive 
function, and life expectancy [120].

8  Conclusion

The older adult population is expanding rapidly and is disproportionality affected 
by a high burden of cardiovascular disease. The mortality and morbidity risks for 
older patients with acute coronary syndrome are increased by a multitude of factors, 
including the presence of geriatric syndromes, the pathophysiologic changes 
accompanying the normal aging process, a higher burden of multivessel coronary 
artery disease, decreased candidacy for invasive procedures because of frailty and/
or comorbidities, and increased likelihood for adverse effects of pharmacologic 
therapies. The intensity and invasiveness of interventions are individually based, 
and shared decision-making has an important role in optimizing outcomes in the 
older ACS patient population.

Older adults undergoing invasive interventions have much higher risks when 
compared to younger patients. Older patients also have a higher burden of anatomic 
disease, including left main involvement, diffuse three-vessel disease, calcifica-
tions, and other anatomic complexities. Physiologic changes with advanced age and 
coexisting multimorbidity further amplify the risks of hemodynamic collapse. Age- 
related risks, including geriatric syndromes, introduce another layer of complexity 
in the diagnostic approach and management. Considerations in the management of 
ACS in older adults goes beyond a disease-centric approach and also involve con-
siderations regarding geriatric syndromes and shared decision-making to improve 
health outcomes in older patients with ACS.
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