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ABSTRACT

he 2023 World Health Organization (WHO)

report noted a global decline of 27% in age-

standardized mortality related to cardiovas-
cular disease (CVD) between the years 2000 and
2019." This substantial reduction in age-
standardized CVD mortality underscores the success
of prevention initiatives implemented in numerous
countries. These initiatives have harnessed estab-
lished knowledge regarding CVD risk factors,
deployed effective interventions, and promoted the
adherence to evidence-based practices within both
clinical and broader population settings.

Despite these notable achievements, the actual
burden of CVD, as measured by the number of CVD-
related deaths, increased by 33%, whereas crude
CVD mortality rose by 6% over the same period.”

Cardiovascular disease (CVD) has increasing challenges for human health with an increasingly aging population world-
wide, imposing a significant obstacle to the goal of healthy aging. Rapid advancements in our understanding of biological
aging process have shed new light on some important insights to aging-related diseases. Although numerous reviews
delved into the mechanisms through which biological aging affects CVD and age-related diseases, most of these reviews
relied heavily on research related to cellular and molecular processes often observed from animal experiments. Few
reviews have provided insights that connect hypotheses regarding the biological aging process with the observed pat-
terns of chronological aging-related impacts on CVD in human populations. The purpose of this review is to highlight
some of the major questions in studies of aging-related CVD and provide our perspectives in the context of real-world
patterns of CVD with multidimensional information and potential biological insights. (JACC: Asia 2024;4:345-358)

© 2024 The Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open
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This increase can be primarily attributed to the sub-
stantial impact of demographic transition toward
increasingly aged populations.>® Globally, the total
aged population defined as age =65 years will in-
crease from 770.4 million in 2022 to 1.58 billion in
2050, representing an increase from 9.7% of the
global population to 16.4%. This dramatic increase in
the size and proportion of the aged population has
been observed and is projected to further aggravate in
all regions globally (Figure 1).>* Importantly, the re-
ductions in CVD burden achieved through prevention
efforts has been—and will be—further offset by the
impact of the increase on the aged population.>®
For a long time, aging has been regarded as an
unmodifiable CVD risk factor—akin to sex—at both
individual and population levels. Therefore, although
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ABBREVIATIONS
AND ACRONYMS

AAA = abdominal aortic

aneurysm

ASCVD = atherosclerotic
cardiovascular disease

CAC = coronary artery calcium
CAS = carotid artery stenosis

CVD = cardiovascular disease
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FMD = flow-mediated

vasodilation

GBD = global burden of disease
IMT = intima-media thickness

NCD = noncommunicable

disease

PAD = peripheral artery

disease

PWYV = pulse-wave velocity
SBP = systolic blood pressure
SDI = socio-demographic index

TC = total cholesterol

WHO = World Health

Organization

age is an essential factor considered in all
available CVD risk-assessment tools used
routinely in clinical practice, the recommen-
dations specifically made on how to lower
aging-related CVD risk have been very
limited as part of the prevention guidelines
for CVD.°'" Almost all publications regarding
CVD burden at the population level use only
age-standardized rates and the CVD burden
caused by the impact of aging is largely
overlooked."'* This leads to a pressing
question: Can we confront these challenges
and diminish or delay the residual risk of
CVD associated with aging at both the popu-
lation and individual levels? Obviously, this
inquiry extends beyond CVD and encom-
passes all age-related diseases.

Rapid advancements in our understanding
of aging have shed new light on some
important insights to the process. First,
although chronological age—as defined by
time from birth—is an unmodifiable param-
eter for individuals or a given population,
biological age (as loosely defined by the bio-
logical state of an individual along the entire ageing
continuum) may be altered by both intrinsic (genetic
makeup) and extrinsic (lifestyle, risk exposure) fac-
tors. Although the chronological aging of a population
is clearly an important parameter for current CVD
burden, the rate of biological aging (also termed “age
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acceleration” or “age deviation”) is an even more
important determinant to the disease trend. Conse-
quently, uncovering and modifying the underlying
drivers of biological aging and aging acceleration
would hold significant potential for clinical applica-
tion. This ongoing progress continually provides new
insights and opportunities for the prevention of CVD
and noncommunicable diseases (NCDs) within the
context of the impact of biological aging.'>""”

Although numerous reviews have delved into the
mechanisms through which biological aging affects
CVD and age-related diseases, most of these reviews
heavily rely on research related to cellular and mo-
lecular processes often observed from animal exper-
iments.'”'® Few reviews have provided insights that
connect hypotheses regarding the biological aging
process with the patterns of chronological aging-
related effects on CVD in human populations.

To bridge this gap, this review aims to pose critical
translational questions derived from the studies on
biological aging, relate these questions to the tangible
patterns of chronological aging-related effects on
CVD, and provide valuable insights that can stimulate
future research endeavors and expedite the trans-
lation of biological aging hypotheses. The content of
this review draws upon a comprehensive review of
the literature and an analysis of the available age-
specific data from the Global Burden of Disease
(GBD) database. This data source is an open database
of the GBD study accessible through the Global Health
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FIGURE 1 Increasing Aged Populations Around the World From 1990 to 2050
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Data Exchange at The Institute for Health Metrics and
Evaluation. The details of the relevant methodology
and quality assessment are available on the published
papers or on the GBD study website.>>°
DEFINITIONS OR CONCEPTS OF
CHRONOLOGICAL AND BIOLOGICAL AGE
AND AGING

Chronological age in individuals is defined as the time
that has passed since birth. This measure increases
unidirectionally and irreversibly throughout a per-
son’s lifespan. The concept of chronological aging is
further defined by arbitrary criteria. According to the
updated criteria of the WHO, individuals are consid-
ered aged when they reach the age of 65 years or
older. At the population level, a population is classi-
fied as an aging population when the proportion of
individuals aged 65 years and above reaches 7% and
as an aged population when that proportion reaches
14%'21

The concept of biological age pertains to the
functional state of the individual, often measured by
physiological functions of cells, tissues, and organs
that shape and sustain the essence of life.

A definition of biological aging refers to the process
of comprehensive biological degeneration of struc-
tures and functions of human body in aging people.
At functional levels, biological aging is characterized
by a progressive decline in physiological ability to
meet demands and loss of resilience and regenerative
capacity. At the mechanistic level, numerous hy-
potheses for an intrinsic biological process have been
proposed, including accumulation of damage at DNA,
protein, and organelle levels; loss of reparative ma-
chinery; and diminished renewal at molecular and
cellular levels.?>*° Although the concept of biological
aging is straightforward, the science of determining
biological aging process accurately—especially the
intrinsic biological process in the clinical setting—
proves to be very challenging and problematic. Much
of the focus in aging research is to find ways to
mitigate or delay the accumulation of chronologically
related damages by reducing risk exposures while
boosting reparative and regenerative activities. Ulti-
mately, the goal of biological aging research is to slow
aging acceleration or reverse biological aging and
extend the period of healthy living. In recent de-
cades, a number of biomarkers have been developed
for humans, including telomere length and more
robustly DNA methylation pattern-based epigenetic
clock.?>?” The further development of these tools
should allow investigators to characterize the pace
and the mechanisms of biological aging process
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unambiguously as well as search mitigation strategies
that can affect the biological aging process. At pre-
sent, our discussions on both biological age and rate
of biological aging in humans remain primarily at a
conceptual level, and much research is needed to
translate this concept into our daily clinical practices
with specific guidelines.

As part of growing awareness of biological aging,
concepts such as “vessel aging” or “cardiovascular
aging” in people have also gained traction in recent
years. In several studies examining the impact of
aging, parameters obtained from direct measurement
of heart and vascular structures or functions were
used as either specific outcomes for association
analysis, or collective predictors of future CVD
risk.?®-? Several cardiac and vascular functional or
structural parameters are featured in aging studies
such as pulse-wave velocity (PWV), arterial intima-
media thickness (IMT) in carotid arteries, coronary
artery calcification (CAC), and flow-mediated vasodi-
lation (FMD). The rationale behind their selection is
that these parameters can serve as more quantifiable
phenotypes to gauge the aging process for the car-
diovascular system, and it is also governed by the
underlying biological aging process.>°>® However,
there is a lack of integrated parameters or scores to
measure cardiovascular age and pace of biological
aging based on aging specific biomarkers, structural,
and functional measurements that can be applicable
in clinical practice.

QUESTIONS FOR BIOLOGICAL AGING-RELATED
IMPACT ON CVD

In 2020, Cohen et al** reported the results of a survey
conducted during a symposium on biology of aging,
involving the participants’ perspectives on key
questions related to biological aging studies. The
survey revealed a significant lack of consensus and
marked disagreement among experts, even on some
of the most fundamental questions within the field.
These contentious issues included debates about
when aging begins and whether aging is a pro-
grammed process or not.

Two of the possible reasons for the lack of
consensus in biological aging studies are insufficient
evidence for a significant impact of these biological
aging processes in humans and lack of objective
criteria for “aging” in humans except for chronolog-
ical age. In our opinion, the following questions can
link the characteristics of CVD, one of the most sig-
nificant chronological aging-related diseases, to the
hypotheses of biological aging process in CVD. 1)
Although the criteria of measurable biological age and
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FIGURE 2 Global Age-Specific CVD Mortality Rates in 2019
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Global age-specific CVD mortality rates in 2019 illustrate the association between aging and CVD mortality through the exponential curve of
age-specific CVD mortality from age 25 years to age =95 years of the world population.? CVD = cardiovascular disease.

aging are not available in humans, what are the pat-
terns and magnitude of chronological age-related
manifestation of CVD that imply the importance of
the underlying biological aging process in CVD? 2)
What are the findings in long-term cohort studies on
the effects of multiple CVD risk factors that can pro-
vide insights to the possible independent effects of
the hypothetical intrinsic biological aging process vs
the effects of the extrinsic factors in shaping the
process of biological aging? 3) Can we find in certain
chronological age when the effects of CVD risk,
potentially stemming from the intrinsic biological
aging process, become irreversible? 4) Do the biolog-
ical aging processes have unique impact on CVD that
differ from other aging-related diseases such as
cancer?

WHAT ARE THE PATTERNS OF THE
AGING-RELATED IMPACT ON CVD IN THE
HUMAN POPULATION?

PATTERNS OF CHRONOLOGICAL AGING-RELATED
IMPACT ON CVD MORTALITY. In a survey address-
ing specific inquiries within the field of aging
research, 76% of the participants engaged in aging
research agreed that mortality rates or survival curves
can often serve as a reasonable proxy for assessing
aging at organismal level.>* Among the major risk
factors for CVD, chronological age stands out as a
potent indicator. At present, we lack a specific pattern
of biological aging-related CVD deaths in humans.
However, the association between chronological age

and CVD mortality patterns can serve as a founda-
tional reference for understanding the potential ef-
fect of biological aging. The global chronological age-
specific CVD mortality rate can be viewed as the
average probability of experiencing a CVD event
within a specific age or age group at any given time in
the human population. However, many publications
focusing on the epidemiologic aspects of CVD mor-
tality at a global scale often offer limited insights into
age-specific CVD mortality patterns.

To address this limitation and provide updated
information, we conducted an analysis of age-specific
mortality data from the GBD database. This compre-
hensive database supplies mortality data for all cau-
ses across various age groups, ranging from newborns
to individuals aged 95 and older, spanning the years
from 1990 to 2019.” Figure 2 illustrates a fundamental
pattern of global age-specific CVD mortality rates for
both men and women in 2019, focusing on pop-
ulations aged 25 to =95 years in 5-year intervals. CVD
mortality rates for both men and women consistently
increased with advancing age, following an expo-
nential curve that steepened as age increased. This
exponential pattern indicates a more rapid rise in
CVD mortality rates with older age.

The mean doubling time for CVD mortality was 7.2
years in men and 6.5 years in women. To put this into
perspective, the observed CVD mortality rates in the
population aged 65 to 69 years were 61 and 67 times
higher than those in the 25 to 29 years age group for
men and women, respectively. Furthermore, in the
age of 85 to 89 population, the CVD mortality rates for
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men and women were a striking 441 and 630 times
higher, respectively, than in the 25- to 29-year age
group. This steep and dramatic increase in CVD
mortality with advanced age underscores that CVD, as
a constellation of multiple diseases is a profoundly
aging-related disease. A potential limitation is that
cardiovascular death is sometimes given as a cause
when there are no other obvious causes, making it
difficult to get precise quantitative estimates
regarding the contribution of biological aging to car-
diovascular morbidity and mortality; however, this
should not dramatically affect any findings regarding
trends in cardiovascular mortality.

PATTERNS OF AGING-RELATED PREVALENCE OF
VASCULAR DISEASE IN DIFFERENT ARTERIAL
TERRITORIES. Significant evidence concerning the
impact of aging can be derived from studies involving
direct measurements in various arterial territories. A
large-scale study involving more than 3.6 million
participants in the United States who completed
medical and lifestyle questionnaires—as well as
screening for peripheral artery disease (PAD)—using
ankle-brachial index (ABI) (with PAD defined as an
ABI <0.9) and ultrasound imaging (with carotid artery
stenosis [CAS] defined as =50% and abdominal aortic
aneurysm was based on an aortic diameter of 3 cm or
more).>> The prevalence of PAD and CAS exhibited an
exponential increase with advanced age, spanning
from ages 40 to 50 years and 91 to 100 years, for both
men and women, irrespective of whether individuals
were symptomatic or asymptomatic.

Several large-scale autopsy studies conducted in
different countries and among diverse ethnic groups
have consistently revealed that atherosclerosis be-
comes more prevalent as individuals age, affecting
various arterial territories.*®® One notable study
conducted in China during the 1980s, a period when
China had a lower socio-demographic index (SDI)
level and lower risk factors for atherosclerotic car-
diovascular disease (ASCVD), analyzed 7,159 autopsy
cases, spanning from infants to people above the
age of 90 years. This study observed a substantial
increase in the proportion of atherosclerosis and
stenosis in coronary arteries with advancing age.
Specifically, the prevalence of atherosclerosis was
58% in people aged 40 to 49 years, 87% in those
aged 60 to 69 years, and reached 100% in those
above the age of 90 years. Importantly, these au-
topsy studies not only underscore the impact of
aging on atherosclerosis but also consistently
demonstrate that atherosclerotic changes can be
found in individuals at very early stages of life,

Zhao et al

From Chronological Observation to Biological Insights

with a 10% prevalence noted among those aged
only 10 to 19 years.>®

These consistent findings—regarding the impact of
chronological aging on CVD mortality and vascular
diseases across various arteries, spanning different
time periods, countries, and ethnic groups, regardless
of socioeconomic and level of major modifiable risk
factors—may imply on the pattern and magnitude of
CVD aggravation driven by biological aging process
and underscore the critical importance of biological
aging research in elucidating the underlying mecha-
nisms of this phenomenon.

WHAT IS THE MAGNITUDE OF INDEPENDENT
AGING-RELATED IMPACT ON CVD RISK?

One of the explanations for the exponential increase
in CVD mortality risk associated with advancing age is
predominantly caused by prolonged exposure to
modifiable CVD risk factors—including high systolic
blood pressure (SBP), elevated total cholesterol (TC)
or low-density lipoprotein-cholesterol (LDL-C) levels,
smoking, diabetes, and obesity—in the aging popula-
tion. This leads us to ponder the magnitude of impact
potentially stemming from the intrinsic biological
aging process such as natural senescence of cells,
proteostasis, or other molecular processes, as well as
their interactions with the extrinsic factors associated
with the heightened CVD risk. These questions
become pivotal in estimating the extent to which the
residual risk resulting from the intrinsic aging process
may be irreversible, thus determining the ultimate
lifespan of the cardiovascular system. With such
insight, we will be able to evaluate the potential ef-
fect of additional new interventions on the specific
residual CVD risk associated with aging. Addressing
these questions is crucial for developing effective
strategies to mitigate age-related CVD risk and to
promote healthier aging.

INDEPENDENT IMPACT AND INTERACTION OF AGING
ON LIFETIME CVD RISK. Studying lifetime risk for CVD
provides compelling evidence for the independent
effect of aging, which may reflect the potential impact
of the hypothetical intrinsic biological aging process
and the interactions between this aging process and
major CVD risk factors such as blood pressure, lipids,
smoking status, and diabetes status.??2%-39742

A meta-analysis of 18 cohort studies in the United
States investigated lifetime risks of CVD across the
age spectrum. The curve depicting lifetime CVD risk
as individuals age at 50 with optimal level of risk
factors showed the potential independent impact of

the biological aging process and the interplay
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FIGURE 3 Lifetime Risk of Stroke in Individuals With Different Risk-Factor Profiles
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Figure 2.

1.*© Abbreviations as in

between the biological aging process and the pres-
ence and extent of risk factors.>® Similar patterns for
lifetime CVD risk have also been reported in other
studies globally.*°4?

As illustrated in Figure 3, the independent impact
of aging-related effects on lifetime stroke risk for in-
dividuals aged 40 years or greater was demonstrated
in a lifetime study of stroke in China. When all risk
factors were at optimal levels, the risk of stroke
remained low or raised slightly from age 40 to 80
years in men and women. The aging-related impact—
which may stem from the hypothetical intrinsic bio-
logical aging process—on lifetime stroke risk was
significantly lower compared with individuals with
elevated risk factors. The gradual increases in risk
during the aging process were observed at each level
of risk-factor profile from not optimal, =1 elevated
risk factors, 1 major risk factor, to =2 major risk fac-
tors. This may reflect not only the additive impact of
risk factors to the basic effect of the hypothetical
intrinsic biological aging but also the synergistic ef-
fects of risk factors interacting with the intrinsic
biological aging.*°

INDEPENDENT IMPACT AND INTERACTION OF AGING IN
RISK-ASSESSMENT MODEL OF ASCVD. Data from long-
term cohort studies, which assessed individuals
with diverse risk-factor profiles, have offered more
precise quantification of the independent impact of

age and aging and the interactions between aging
and other risk factors.*>“*® In a model developed by
the WHO CVD Risk Chart Working Group, which
drew data from 80 cohort studies involving
approximately 1 million individuals without his-
tories of CVD at baseline from across the globe, it
was observed that for each 5-year increase in age
from the baseline age of 40 years, the 10-year risk
of fatal and nonfatal acute myocardial infarction
and coronary heart disease death increased inde-
pendently by 43% (HR: 1.43 [95% CI: 1.40-1.47]) in
men and 67% (HR: 1.67 [95% CI: 1.60-1.73]) in
women.**> In comparison, the corresponding inde-
pendent effects resulting from a 20-mm Hg increase
in SBP were 30% (HR: 1.30 [95% CI: 1.28-1.33]) in
(HR: 1.37 [95% CI: 1.33-1.42]) in
women. When assessing the risk of stroke, it was
found that for each 5-year increase in age from the
baseline age of 40 years, the 10-year risk of fatal
and nonfatal stroke increased independently by
64% (HR: 1.64 [95% CI: 1.58-1.70]) in men and 70%
(HR: 1.70 [95% CI: 1.58-1.70]) in women.

However, the reported increase in HRs of inde-
pendent age-related CVD risk in each 5-year incre-
ment of age from 40 years in men and women is less
consistent with the finding of the lower independent

men and 37%

impact of aging on lifetime CVD risk when all risk
factors were at optimal levels. One possible explana-
tion is that the reported HRs of independent age-
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related CVD risk was mean HRs derived from Cox
regression models based on presumed linear associ-
ations between age and CVD risk when it was actually
a nonlinear association. The analyses of interaction
between age and major risk factors for CVD outcomes
suggest that, as individuals grow older, the general
influence from aging process becomes more pro-
nounced in both groups with higher or relatively
lower level of risk factors. The independent effect
from elevated SBP, TC, diabetes, and smoking on CVD
outcomes are actually diminishing relatively as in-
dividuals age.**

NONLINEAR IMPACT OF AGING-RELATED ON
PREVALENCE OF VASCULAR DISEASE INDIFFERENT
ARTERIAL TERRITORIES. In a large-scale study in
the United States, involving more than 3.6 million
participants who completed medical and lifestyle
questionnaires, individuals were assessed through
screening ankle brachial indices for PAD and under-
went ultrasound imaging to evaluate carotid artery
CAS and abdominal aortic aneurysms (AAAs).>®> A
nonlinear effect of aging on vascular diseases was
identified. When people at the 40- to 50-year age
group were taken as reference, there were notably
elevated risks of vascular disease in different arterial
territories. For example, compared with those aged
40 to 50 years, the adjusted OR for PAD was 5 times
greater at age 71 to 80 years and 12 and 27 times
greater at ages 81 to 90 years and 91 to 100 years,
respectively.?”

In summary, there were several implications for
potential impact of biological aging from the findings
here. First, the patterns of independent effect from
aging in lifetime risk studies imply that the potential
impact of the hypothetical intrinsic biological aging
on the risk of CVD events could remain relatively low
and retarded until 75, or even 80, years of age if all
other major risk factors were kept at optimal levels.
Second, the impact of aging may be augmented sub-
stantially when external risk factors are elevated,
implying that the elevated modifiable risk factors
could accelerate the hypothetical intrinsic biological
aging process significantly in a dose-response
pattern, which, in turn, may also be the driver of
elevated modifiable CVD risk factors such as blood
pressure, lipids, and chronic inflammation. Third, the
potential effects from the intrinsic biological aging
process may increase nonlinearly with aging in all
individuals, becoming more predominant with
dramatically elevated risk of CVD in older persons.
We have to acknowledge the potential contribution of
newly discovered environmental or acquired CVD risk
factors that have emerged more recently than what is
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currently available in survey data and also that the
impact of unknown extrinsic risk factors are not
considered in this argument.

IS THE AGING-RELATED IMPACT ON
CVD RISK MODIFIABLE?

CHANGES OF AGE-RELATED IMPACT ON CVD MOR-
TALITY ACROSS DIFFERENT TIME. It can be inferred
that if the notable surge in CVD mortality up to a
certain age point would be driven primarily by the
programmed and hard-to-reverse biological aging
process, then CVD mortality beyond this age might
exhibit relatively fewer fluctuations, even over
extended periods and across countries with signifi-
cant differences in socioeconomic levels. Adams and
White®” provided not only a reasonable definition of
biological aging but also hypothesized a pathway
linking socioeconomic status, risk factors, and ge-
netic determinants for the rate of biological aging and
health status in their paper entitled “Biological Ag-
ing” published in 2004. However, there is no previous
evidence to support this proposed paradigm in large
population studies for CVD.

Therefore, we compared the age-specific CVD
mortality rates in 2019 with those in 1990. Although
data from both 1990 and 2019 saw CVD mortality rates
increase exponentially with chronological age, there
was a significant decrease in CVD mortality from 1990
to 2019 for each age group from 25 to =95 years
(Figure 4). In men, the most substantial decrease in
CVD mortality occurred in the 75- to 79-year age
group, with a 35% decline from 1990 to 2019. More-
over, the magnitudes of decline in the 90- to 94-
and =95-year age groups were larger than that in the
40- to 44-age group. In women, the magnitude of
decrease in CVD mortality from 1990 to 2019 excee-
ded that in men across all age groups except for those
aged 95 years, in which the decline was notable as
well. This reduction ranged from 25% to 40% across
the entire age spectrum (Figure 4). Remarkably, in
2019, it took approximately 5 additional years to
reach a mortality rate similar to that of 1990 across
age groups from 25 to =95 years, both in men and
women. Notably, there was no distinct chronological
age point at which a relatively stable mortality rate
was observed over the 3-decade period.

CHANGES OF AGE-RELATED IMPACT ON CVD MORTALITY
ACROSS POPULATIONS WITH DIFFERENT SDI LEVELS.
In 1990, it was evident that countries with a low SDI
had significantly higher CVD mortality rates than
those with a high SDI,> but this difference was
observed only before the age of 75 years in men and
before the age of 80 years in women. But, in 2019, we
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FIGURE 4 Decreasing Age-Specific CVD Mortality Rates From 1990 to 2019
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observed that these differences in CVD mortality be-
tween low and high SDI countries not only persisted
but also intensified. These disparities extended to all
age groups except those aged =95 years, encom-
passing both men and women.

High-SDI countries enjoyed delays of 10 to 20
years in reaching similar CVD mortality rates as
low-SDI countries, with the larger delay in women
and a slightly smaller delay in men, all before the
age of =95 years (Figure 5). From 1990 to 2019,
there was a notable decrease in CVD mortality
across all age groups in countries with high SDIs,
ranging from 32% to 62% in men and 31% to 64% in
women (Figure 6). Even in countries with low SDIs,
significant reductions in CVD mortality were
observed across age groups, especially before the
ages of 75 to 79 years, although the magnitude of
decline was somewhat lower compared with coun-
tries with high SDIs.?

The significant decrease in CVD mortality across all
chronological age groups in only 3 decades, even
across countries with varying SDI levels, suggests that
the effect of the biological aging process on CVD can
be modified, even in individuals aged =95 years, us-
ing current known preventive strategies. Throughout
our analysis, we did not identify any specific age
point, from 25 to =95 years, at which CVD mortality
remained relatively unchanged, indicating that there
is significant potential to further reduce CVD mor-
tality to a level that delays by 10 to 20 years compared

with countries with lower SDI levels as they undergo
socioeconomic development.

The decline in CVD mortality across all age groups,
and notably lower mortality among the elderly pop-
ulation in countries with high SDIs, potentially can be
attributed to a combination of factors and the in-
teractions among them, including the delayed or
alleviated effect from both the biological aging pro-
cess and improved management of modifiable risk
factors such as therapies for lipids (eg, statins); blood
pressure; and diabetes as well as the influence of
improved sanitation, nutrition, living conditions, and
medical care of patients with CVD such as thrombo-
lytic therapy or angioplasty as socioeconomic devel-
opment. Consequently, the biological aging process
in humans does not appear to be entirely irreversibly
programmed. The decline in CVD mortality observed
from 1990 to 2019 occurred not only in the young and
middle-aged population but also in the elderly,
further implying that the impact of biological aging
on CVD may be modifiable even in very old pop-
ulations. It implies an optimistic expectation for
natural lifespan in humans.

Particularly intriguing is to understand how the
underlying biological aging process has been modi-
fied in the last 30 years, especially in countries that
have witnessed the most substantial decrease in CVD
mortality among the elderly population, as these in-
sights could offer valuable strategies for other
nations.
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FIGURE 5 Age-Specific CVD Mortality by Time and SDI
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Differences in age-specific CVD mortality rates and changes in women and men among countries with different SDI levels (low, low middle, middle, high middle, and
high) in 1990 and 2019.? (A) women ages 25 to 64 years in 1990; (B) women ages 65 to =95 years in 1990; (C) men ages 25 to 64 in 1990; (D) men ages 65 to =95

years in 1990; (E) women ages 25 to 64 years in 2019; (F) women ages 65 to =95 years in 2019; (G) men ages 25 to 64 in 2019; (H) men ages 65 to =95 years in 2019.

SDI = Socio-demographic Index; other abbreviations as in Figure 2.

IS THE PATTERN OF AGING-RELATED
EFFECTS FOR CVD SIMILAR FOR CANCER?

The biological aging process may serve as the basis
for the development of multiple age-related dis-
eases, given the increasing prevalence of multi-
morbidity in the aging population. In fact, both CVD
and cancer have many common risk factors and
been identified among the top 25 conditions
contributing to multimorbidity, particularly in low-
and middle-income countries.*”*° It is reasonable
to infer that new intervention strategies targeting
key pathways of biological aging have the potential
to prevent multiple age-related diseases. Notably,
immunosenescence is considered a primary under-
lying cause of the increasing proinflammatory status
in aging and aging-related diseases, particularly in
CVD and cancer.”®~>' Based on this hypothesis, one
might anticipate that, as individuals age, both
CVD and cancer could exhibit similar patterns in
age-specific mortality. There could even be an
assumption that cancer might surpass CVD in terms
of mortality rates among the
population.

DIFFERENCES IN PATTERNS OF AGE-RELATED CVD
MORALITY AND CANCER MORTALITY. However, several
key differences in the patterns of the impact of

super-aging

chronological age between CVD and cancer can be
observed. First, CVD exhibits a surged increase from
ages 25 to =95 years in an exponential pattern.
However, for cancer mortality, a sharper exponential
increase is only seen from ages 25 to 29 years to ages
60 to 64 years, after which it significantly slows down
among individuals aged 65 years and older, both in
men and women. Across all age groups, CVD mortality
remains higher than cancer mortality, with differ-
ences ranging from 1.5 to 3.7 times higher in men. In
women, CVD mortality is initially lower than cancer
mortality before age 60 years but reverses after age 60
years, with CVD mortality being 5.3 times and 6.2
times that of cancer mortality in individuals aged 90
to 94 years and =95 years, respectively (Figure 7).
Next, women exhibit cancer mortality rates compa-
rable with men from ages 25 to 49 years. However,
starting from age 50 years, which typically coincides
with the onset of menopause, women demonstrate a
10-year delay in reaching a similar level of cancer
mortality rates compared with men. This pattern
persists until the age bracket of 90 to 94 years
(Figure 7). Finally, the patterns of the increasing rate
of age-specific cancer mortality, as indicated by the
sequential growth ratios per 5-year increase from ages
25 to =95 years, differ significantly from those of CVD
(Figure 8). For cancer, the increase rates slow down



354

Zhao et al
From Chronological Observation to Biological Insights

JACC: ASIA, VOL. 4, NO. 5, 2024
MAY 2024:345-358

FIGURE 6 Decline in Rates of Age-Specific Cardiovascular Disease Mortality by SDI
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Decreases in age-specific CVD mortality rate among countries with different SDI levels (low, low middle, middle, high middle, and high) from1990 to 2019.>
(A) Countries with low SDI levels; (B) countries with high SDI levels. Abbreviations as in Figures 2 and 5.

after the age 50 to 54 years in both men and women.
In contrast, CVD exhibits a much stronger aging-
related pattern, with higher increase rates persisting
until age 80 years, especially in women.

CHANGES OF AGE-RELATED IMPACT ON CANCER
MORTALITY ACROSS DIFFERENT TIME AND POPULATIONS.
When comparing cancer mortality rates in 2019 with
those in 1990, a decline in cancer mortality is
observed before the age of 85 years, with reductions
ranging from 5% to 23% in women and 5% to 31% in
men across the age groups of 25 to 29 years and 80
to 84 years. Notably, in countries with high SDIs,
cancer mortality is considerably higher than in
countries with low SDI levels, starting after age 60
years in women and age 50 years in men. Moreover,
countries with high SDIs have witnessed much
larger declines in cancer mortality from 1990
to 2019.

These distinct patterns of the effect of chrono-
logical aging between CVD and cancer may suggest
different mechanisms or effects of the biological
aging process on different age-related diseases. It is
possible that different organs or systems have
unique hallmarks and “clocks” in the aging process.
These findings lead to questions such as “Why are
age-specific CVD mortality rates significantly higher
than cancer mortality, especially as individuals
age?” “Why do women have lower cancer mortality
rates than men after the age of 50 years, despite
both men and women experiencing a substantial
decline in immunologic function and metabolic
health?”

CONCLUSIONS

Focusing on 4 critical translational questions derived
from the study of biological aging, this review pro-
vides some insights that can stimulate future research
endeavors and expedite the translation of the
knowledge of biological aging from hypotheses to
interventional strategies against harmful effects from
aging in CVD prevention practice.

Several perspectives from this review are particu-
larly noteworthy. First, the dramatic impact of chro-
nological aging on CVD mortality and vascular diseases
across various arteries can be considered as a mirrored
estimation of the overall pattern and magnitude of
CVD aggravation driven by the underlying biological
aging process in humans. Second, although the
intrinsic biological aging itself may play important role
as a background driver of aging-related CVD risk, the
overall contribution of biological aging process should
encompass a synergistic effect of modifiable CVD risk
factors (known and unknown) interacting with the
intrinsic biological aging process. And the synergistic
effect is very likely to be modifiable, influenced by
socioeconomic development levels. Therefore, early
interventions targeted to improving the control of risk
factors and socioeconomic disparities will yield sig-
nificant benefits in reducing adverse CVD outcomes
over the lifespan (Central Illustration). Third, the
distinct patterns of chronological aging effects be-
tween CVD and cancer may suggest different mecha-
nisms or effects of the biological aging process on
different age-related diseases. It is possible that
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FIGURE 7 Comparison of Age-Specific CVD and Cancer Mortality in 2019
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Patterns of age-specific CVD mortality and age-specific cancer mortality.” (A) Age-specific CVD mortality and cancer mortality from age 25 to 95 years; (B) age-specific
CVD mortality and cancer mortality from age 25 to 64 years; and (C) age-specific CVD mortality and cancer mortality from age 65 to =95 years. Abbreviations as in
Figure 2.

FIGURE 8 Sequential Growth Ratios of Age-Specific CVD and Cancer Mortality Rates
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Gender-specific acceleration patterns CVD and cancer mortality as per 5 years' increase from ages 25 to =95 years.? (A) Sequential growth ratio of CVD mortality by age
groups in men and women. (B) Sequential growth ratios of cancer mortality by age groups in men and women. Abbreviations as in Figure 2.
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CENTRAL ILLUSTRATION Synergistic Effects of Biological Aging Process on Aging-Related

The synergistic effects on
aging-related CVD risk in
both individuals and

Further raised CVD risk from
disadvantaged socioeconomic

Elevated CVD risk from
interaction of intrinsic biological
aging process and elevated
modifiable risk factors

Intrinsic biological

aging process

The impact of biological aging on aging-related CVD may be a synergistic effect of the hypothetical intrinsic biological aging process, status
of modifiable risk factors, and the levels of socioeconomic development. CVD = cardiovascular disease.

different organs or systems have unique hallmarks and
"clocks" in the aging process.

One of the most significant knowledge gaps in the
field of biological aging research revolves around the

HIGHLIGHTS

e Biological aging process underlying
chronological aging may play critical role
in aging-related CVD.

e Aging-related CVD should be a synergis-
tic effect of risk factors and intrinsic
biological aging process.

e The synergistic effect of risk factors and
intrinsic biological aging process should
be modifiable.

e There are substantial knowledge gaps
between the biological aging hallmarks

and aging-related diseases in humans.

translation of aging specific biomarkers and func-
tional parameters into human-level assessments. This
includes exploring the intricate relationships among
hallmarks of biological aging and recognizing that
different individuals may follow unique aging road-
maps. This would not only facilitate a deeper under-
standing of the aging process but also pave the way
for more precise interventions and personalized
strategies to promote healthy aging.
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