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Preface

Stroke remains one of the most complex and multifaceted health problems facing modern
medicine. A leading cause of mortality and morbidity worldwide, this disease is a global
public health problem that profoundly impacts individuals’ quality of life, places a significant
burden on healthcare systems, and has the potential to alter the socioeconomic balance of
societies. Despite scientific advances, advanced imaging methods, and increasingly robust
intervention strategies, the burden of stroke remains persistent in many regions and is
increasingly prevalent, particularly in low- and middle-income countries. This book, titled
“The Global Burden of Stroke and Changing Risk Factors”, aims to meticulously analyze cur-
rent data, trends, and predictions regarding stroke on a global scale. The subsequent section,
which examines regional differences and region-specific risk factors, strikingly demonstrates
how inequalities in access to healthcare and cultural and socioeconomic dynamics shape
stroke burden. The chapters specifically addressing the impact of socioeconomic inequali-
ties on stroke reveal a broader problem that must be addressed not only at the medical, but
also at the societal and political levels. One of the most striking aspects of the book is its
comprehensive coverage of the increasingly important topic of stroke in young people. The
epidemiology, etiology, and risk management of stroke in young people demonstrate that
contemporary lifestyle changes are leading to serious cerebrovascular consequences, even in
young people. This content is a critical guide not only for clinicians but also for health poli-
cymakers, rehabilitation specialists, and public health researchers. The stroke risk presented
in the final chapter highlights the preventable nature of the disease and reiterates the crucial
role of early diagnosis, monitoring, and appropriate management strategies in reducing the
burden of stroke. This approach is a key component of the evidence-based prevention, early
intervention, and comprehensive management trilogy that permeates the book.

This book offers a holistic view of stroke, examining it not only as a clinical presenta-
tion but also as a multilayered phenomenon encompassing biological, environmental,
economic, and social aspects. Each chapter, prepared by leading researchers in the field,
brings together current, reliable, and in-depth information needed by both the academic
world and clinical practice. I hope this book will provide new perspectives for all profes-
sionals, researchers, and health policymakers working in the fight against stroke, and
contribute to the development of more effective prevention strategies, more equitable
healthcare services, and stronger public awareness.

I sincerely congratulate all the authors, researchers, and scientists who contributed to this
valuable work.

Serefnur Ozturk

Faculty of Medicine,
Department of Neurology,
Selcuk University,

Konya, Turkey






Chapter 1

Global Burden of Stroke: Insights
and Trends from GBD 2021

Bao Minh Ton Luu and Thien Tan Tri Tai Truyen

Abstract

Stroke represents a major global health challenge, being one of the leading causes
of death worldwide. In developed countries, while both the incidence and prevalence
of stroke have generally declined, these nations now face the growing burden of
stroke-related disability and the demands of post-stroke rehabilitation, exacerbated
by an aging population and increasing life expectancy. In contrast, developing coun-
tries are confronting an even more challenging situation, as stroke rates are rising not
only among the elderly but also among younger individuals, driven by the detrimental
effects of modern lifestyles and environmental factors. Additionally, these nations
struggle with significant challenges in managing and treating stroke, largely due to
limited healthcare resources. This chapter aims to provide a comprehensive analysis
of the global burden of stroke, highlighting the disparities in prevention, treatment,
and care strategies, as well as the long-term impacts of the disease in both developed
and developing nations.

Keywords: stroke, epidemiology, global burden disease, mortality, risk factor, LMICs

1. Introduction

Stroke, defined as “rapidly developing clinical signs of focal (or global) distur-
bance of cerebral function, lasting more than 24 hours or leading to death, with no
apparent cause other than that of vascular origin” [1], remains one of the leading
causes of death worldwide. According to data from the Global Burden of Disease
(GBD). In 2021 there were 93.8 million (95% Uncertainty Interval [UI]: 89.0-99.3)
stroke survivors, 11.9 million (10.7-13.2) new stroke events, 7.3 million (6.6-7.8)
deaths attributed to stroke, and 160.5 million (147.8-171.6) Disability-Adjusted Life
Years (DALYs) lost due to stroke. These figures accounted for 10.7% (9.8-11.3) of
all deaths and 5.6% (5.0-6.1) of total DALYs from all causes, ranking stroke as the
third leading cause of death, and the fourth leading cause of DALYs, after COVID-19
and ischemic heart disease. Notably, 83.3% of incident strokes, 76.7% of prevalent
strokes, 87.2% of stroke-related deaths, and 89.4% of stroke-related DALYs occurred
collectively in low- and middle-income countries (LMICs) [2]. A global meta-analysis
conducted in 2011 estimated the pooled cumulative risks of stroke recurrence as
3.1% (95% CI: 1.7-4.4) at 30 days, 11.1% (95% CI: 9.0-13.3) at 1 year, 26.4% (95% CI:

1 IntechOpen



The Global Burden of Stroke and Changing Risk Factors

20.1-32.8) at 5 years, and 39.2% (95% CI: 27.2-51.2) at 10 years following the initial
stroke event [3]. Given the high mortality rates, substantial DALYs, and notable
recurrence risk, stroke profoundly impacts individual health and results in enduring
psychological, social, and economic consequences. These severe outcomes escalate
pressures on social development and healthcare systems, particularly within countries
that have limited resources.

In 2019, the global value of lost welfare (VLW) due to stroke was estimated
at US$2059.67 billion, corresponding to 1.66% of global Gross domestic product
(GDP) [4]. The economic impact is particularly severe in Central European, Eastern
European, and Central Asian regions, where the VLW-to-GDP ratio reached 3.01%
[4]. Beyond direct costs related to emergency services, acute care, and rehabilitation,
indirect costs, including productivity loss, long-term disability, and informal caregiv-
ing, account for approximately 32% of the total economic burden of stroke and are
projected to increase further with the population aging and improved post-stroke
survival [5]. Notably, lifetime indirect costs per patient have been estimated to reach
as high as US$54,067, with informal caregiving accounting for up to 80% of these
costs. Stroke survivors often face persistent disabilities impairing mobility, commu-
nication, and self-care, leading to long-term dependence on caregivers [5]. A study of
22,929 patients revealed that 70-79% were either deceased or dependent at five years
post-stroke [6]. Moreover, psychological sequelae are highly prevalent, with cognitive
impairment affecting 30.0% of survivors, depression at 39.1%, and anxiety at 34.9%,
further diminishing quality of life [7].

2. Current burden of stroke
2.1 Global burden

In 2021, stroke was the third leading cause of death globally. Among the primary
subtypes, ischaemic stroke accounted for the largest share of new cases (65.3%
[62.4-67.7]), followed by intracerebral hemorrhage (28.8% [28.3-28.8]) and sub-
arachnoid hemorrhage (5.8% [5.7-6.0]) [8]. Ischemic strokes result from blood vessel
blockage, commonly due to large artery disease, arteriolosclerosis, or cardioembolism
while hemorrhagic strokes occur due to blood vessel rupture, leading to intracerebral
bleeding. Deep hemorrhages are typically associated with hypertension, while lobar
hemorrhages may be related to amyloid angiopathy or vascular malformations.

Although hemorrhagic strokes are less common, they generally have a poor prognosis
and account for a greater proportion of stroke-related DALYs (79.5 million, or 49.6%)
than ischaemic stroke (70.4 million, or 43.8%) [9]. The risk of death from hemorrhagic
stroke is up to four times higher in the first week, 2.5 times higher after 1 week, and 1.5
times higher after 3 weeks compared to ischemic stroke [10]. Significant geographic
variation was observed in age-standardized stroke metrics. For instance, the lowest
incidence was reported in Luxembourg (577 per 100,000 [95% UTI: 53.5-62.1]), while the
highest was observed in the Solomon Islands (355.0 per 100,000 [95% UTI: 332.7-378.1]).
Stroke prevalence was highest in Ghana (2045.8 per 100,000) and lowest in Cyprus
(521.5 per 100,000), whereas age-standardized death rates ranged from 14.2 per 100,000
in Singapore to 277.4 per 100,000 in North Macedonia. The highest stroke burden, as
measured by age-standardized incidence, prevalence, mortality, and DALYs, occurred in
East Asia, Central Asia, and sub-Saharan Africa, and was lowest in high-income regions
such as North America, Australasia, and Latin America [9].
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Between 1990 and 2021, there was a significant global reduction in age-standard-
ized stroke metrics: incidence decreased by 21.8% (95% UI -23.7 to —19.8), prevalence
by 8.5% (—9.7 to —7.3), mortality by 39.4% (—44.0 to —34.6), and DALYs by 38.7%
(—43.4 to —34.0). However, during the same period, the absolute number of stroke
cases and outcomes increased: new stroke events rose by 70.2% (65.9 to 74.6), stroke
survivors by 86.1% (83.0 to 89.4), stroke-related deaths by 44.1% (32.3 to 56.0), and
stroke-related DALYs by 32.2% (21.7 to 42.7). Notably, the pace of decline in age-
standardized stroke incidence slowed in recent years: —1.8% (—2.8 to —0.6) during
2019-2021, compared to —3.1% (—4.2 to —2.0) across 2010-2021 [9].

Among individuals aged >70 years, there were substantial reductions in stroke
incidence (—18.2% [-21.3 to —14.6]), mortality (—34.2% [—39.4 to —29.3]), and DALY
rates (—35.6% [—40.2 to —30.8]) from 1990 to 2021, while prevalence remained
relatively unchanged (—1.0% [—3.1to 1.2]). In contrast, among individuals aged
<70 years, the stroke incidence increased by 4.1% (0.9 to 7.6), and prevalence rose
by 14.8% (13.1 to 16.8). Death and DALY rates in this younger group decreased by
17.4% (—25.0 to —8.9) and 19.0% (—26.0 to —11.6), respectively. These trends were
consistent across ischaemic stroke subtypes. However, the prevalence of subarachnoid
hemorrhage in people under 70 years increased slightly by 3.4% (1.3 to 5.5), while the
incidence, prevalence, mortality, and DALYs associated with intracerebral hemor-
rhage and subarachnoid hemorrhage declined in both age groups [9].

The observed divergence between declining age-standardized stroke rates and
rising absolute numbers of stroke events, deaths, and DALYs reflects the complex
interplay between epidemiological transition and demographic change. On one
hand, substantial progress in primary prevention, such as improved blood pressure
control, reductions in tobacco use, healthier diets, and expanded access to acute
stroke care, has contributed to notable decreases in stroke incidence and mortality
at the individual level. However, these gains are offset by rapid global population
growth, particularly in LMICs [11], and by marked population aging worldwide. As
the >70-year-old age group, those at highest risk for stroke, expands in both absolute
and relative terms, the total number of stroke events continues to increase despite
lower individual risk. Moreover, advances in acute stroke management have improved
survival, resulting in a growing number of stroke survivors who live with long-term
disability, thereby sustaining or increasing total DALYs. This trend does not signify
failure in stroke prevention, but rather highlights a shifting public health challenge:
an aging population that is living longer, but with greater post-stroke care needs.

The implications are particularly profound for LMICs, which face the dual burden
of rising non-communicable diseases and limited health system capacity to manage
long-term sequelae [12].

2.2 Low-and middle-income countries

Stroke remains a leading cause of death and disability globally, but its epidemio-
logical burden and the quality of stroke care differ substantially between the high-
income countries (HICs) and LMICs. Over recent decades, LMICs have accounted
for the majority of new stroke events, stroke-related deaths, and DALYs lost globally
[13-16]. According to the GBD Study 2021, LMICs contributed to 83.3% of incident
strokes, 76.7% of prevalent stroke cases, 87.2% of stroke-related deaths, and 89.4%
of total stroke DALYs. Significant differences in stroke subtype distributions also
exist; ischemic stroke accounted for 74.9% (95% UI 72.3-84.1) of incident strokes
in HICs, compared with only 63.4% (53.6-73.7) in LMICs. Conversely, intracerebral
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hemorrhage comprised a higher proportion of strokes in LMICs (31.1% [30.2-31.3])
than in HICs (17.8% [17.3-17.9]), reaching its highest proportion in low-income
countries (36.9% [36.5-37.1]). Subarachnoid hemorrhage was more common in HICs
(7.3% [7.2-8.3]) than LMICs (5.5% [5.4-5.7]) [2].

Socioeconomic status and health-system capacity significantly influence stroke
outcomes. Individuals with lower socioeconomic status typically experience
reduced access to high-quality acute and rehabilitation stroke care compared to
their counterparts with higher socioeconomic status, resulting in poorer clinical
outcomes [17]. Access to comprehensive stroke care, including stroke units, acute
treatments, and rehabilitation services, varies substantially between HICs and
LMICs. For instance, stroke units are available in approximately 91% of HICs,
compared to only 18% of low-income countries. Similarly, the availability of acute
stroke therapies is substantially greater in HICs (approximately 60%) than in
low-income settings (approximately 26%) [18]. Furthermore, rehabilitation care,
including inpatient and community-based services, is considerably less accessible
in LMICs.

These disparities are clearly evident within continents, particularly across five
major regions: Africa, South Asia, Southeast Asia, Oceania, and South America.
In Africa, stroke incidence and prevalence remain consistently high, with annual
incidence rates reaching up to 316 per 100,000 and prevalence up to 1460 per
100,000 [19]. Stroke fatality rates are alarmingly elevated, often exceeding 80% at
3 years post-stroke. Strokes in African populations occur at younger ages, ampli-
fying their socioeconomic impact. Moreover, this burden is growing, driven by
escalating rates of non-communicable diseases and inadequate control of hyper-
tension [20]. South Asia and Southeast Asia, including India, have among the
highest global age-standardized incidence, mortality, and DALY rates associated
with stroke. Major risk factors in these regions include hypertension, diabetes,
and tobacco use, with considerable inter-country variability observed. In South
America, the stroke burden remains high yet highly heterogeneous, character-
ized by marked disparities in incidence rates and outcomes across countries. In
Oceania, while comprehensive data are scarce, available evidence indicates sig-
nificant within-region disparities [21]. Even within individual continents, stroke
incidence, mortality, and disease burden remain substantially higher in LMICs
compared with their neighboring high-income countries. In Africa, for instance,
Nigeria reports a stroke prevalence of approximately 1.14 per 1000 population,
with 30-day case fatality rates reaching as high as 40% [22]. The disability and
mortality from stroke in Nigeria impose significant socioeconomic impacts,
reflected by a stroke-related DALYs burden nearly sevenfold higher than in high-
income regions [23]. Similarly, in South Asia, stroke ranks as the fourth leading
cause of death and fifth leading cause of disability in India, with incidence rates
ranging from 105 to 172 per 100,000 people annually, and prevalence between 26
and 757 per 100,000 [24]. One-month stroke case fatality rates in India vary from
18 to 42%, with hospitalization costs reaching up to INR 50,000, imposing sub-
stantial financial burdens and chronic disability on affected families [25]. Within
Southeast Asia, stroke remains a major public health concern. In Vietnam had a
considerably higher age-standardized stroke mortality rate of 196-56 per 100,000
(95% UI: 164-21-226-77). Despite this high burden, from 1990 to 2021, Vietnam
experienced gradual reductions in stroke incidence, mortality, and DALYs, with
average annual percentage changes (AAPCs) of —0-34%, —0-49%, and — 0-61%,
respectively [26].
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2.3 HIC versus LMICs

Although stroke is a global public health crisis, its burden is unequally distributed
with LMICs bearing a disproportionately high share of cases, deaths, and disability.
Approximately 86% of all stroke deaths and 89% of stroke-related DALYs occur in
LMICs [27]. Over the past four decades, LMICs have experienced more than a two-
fold increase in stroke incidence, in stark contrast to a 42% decline observed in HICs
during the same period [28]. Furthermore, patients in LMICs typically experience
stroke at significantly younger ages (63 years) compared to their HIC counterparts
(69 years), resulting in a greater loss of productive life years and amplifying socioeco-
nomic consequences [18]. The health system challenges in LMICs are profound when
prehospital emergency systems are often underdeveloped, leading to delayed hospital
arrival, and stroke units remain scarce, with only 18% of LMICs reporting dedicated
stroke rehabilitation services compared to over 90% in HICs [29]. Access to essential
acute interventions such as intravenous thrombolysis and mechanical thrombectomy
remains severely restricted in LMICs, with thrombolysis administered to approxi-
mately 3% of eligible patients in these settings, in stark contrast to usage rates as high
as 30-40% in advanced stroke centers within high-income countries [30]. Post-acute
care is equally inadequate. Most LMIC stroke survivors lack formal rehabilitation
services. They are cared for by family members without professional support, lead-
ing to higher rates of long-term disability and dependency [31]. As a result, stroke
survivors in LMICs frequently endure persistent severe disabilities, poor quality of
life, and perpetuate cycles of poverty and social isolation.

3. Risk factors for stroke

The factors influencing stroke risk can be broadly categorized into three major
groups: behavioral factors, including genetic predisposition, ethnicity, lifestyle,
and health-related behaviors; metabolic factors, encompassing underlying medical
conditions such as hypertension and diabetes, as well as the capacity and responsive-
ness of the healthcare system; and environmental or occupational factors, such as air
pollution and climate change, in which nonmodifiable risk factors for stroke include
age, sex, race—ethnicity, and genetic predisposition. Stroke is predominantly a disease
of aging, and national health systems should leverage these factors to identify vulner-
able populations for targeted screening programs. However, these nonmodifiable
factors should not be the central focus of stroke prevention strategies. Instead, greater
attention must be directed toward modifiable risk factors. Evidence indicates that
approximately 90% of the global stroke burden is attributable to a small number of
potentially modifiable risk factors, and a growing body of research demonstrates that
addressing these factors can lead to a substantial reduction in stroke incidence [32].
The INTERSTROKE study, a large international case—control investigation, identified
ten modifiable risk factors significantly associated with ischemic stroke including
hypertension, current smoking, elevated waist-to-hip ratio, poor dietary patterns,
physical inactivity, diabetes mellitus, binge alcohol consumption, psychosocial stress
and depression, cardiac disease, and an elevated apolipoprotein B to Al ratio. For
intracerebral hemorrhage, key modifiable risk factors included hypertension, smok-
ing, high waist-to-hip ratio, unhealthy diet, and heavy alcohol use [33].

Although the importance of modifiable risk factors is consistently emphasized
across all major stroke prevention guidelines worldwide, the real-world control
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of these factors remains suboptimal, particularly in LMICs, where healthcare
systems often lack adequate capacity. Globally, in 2019, only approximately 23%

of women and 18% of men with hypertension had their blood pressure controlled
(<140/90 mmHg), with the highest rates (>50%) observed in high-performing coun-
tries such as South Korea, Canada, and Iceland. In contrast, many LMICs reported
control rates below 10% [34]. Contributing barriers include poor hypertension
detection, inadequate or insufficient therapy, limited access to medications, physi-
cian inertia, and low adherence among patients. The COVID-19 pandemic further
disrupted screening and management efforts, exacerbating existing gaps in care [35,
36]. To address this, proposals have included the creation of a Global Hypertension
Care Taskforce and the implementation of an “80-80-80 strategy, aiming for 80%
of adults screened, 80% of those diagnosed receiving treatment, and 80% of treated
patients achieving blood pressure control [37].

Similarly, while the global pooled rate of diabetes control improved from 16%
before 2000 to 22% after 2010, significant disparities remain. Control rates are higher
in high-income countries, whereas they remain as low as 16% in low-income settings
[38]. Poor control of diabetes in LMICs can largely be attributed to the demanding
nature of effective glycemic management, which requires strict medication adherence
along with sustained dietary and physical activity modifications, practices that are
difficult to maintain in contexts where health literacy is low and care-seeking behav-
ior is predominantly symptom-driven. Furthermore, individuals in LMICs often
face considerable financial and logistical barriers to accessing newer antidiabetic
and antihypertensive agents, which have demonstrated superior efficacy and lower
side-effect profiles compared to older treatments. Addressing these challenges will
require a multifaceted response, including strengthening public health education and
expanding government and global health support programs that improve access to
affordable, effective therapies in resource-limited settings.

Another key determinant that contributes not only to stroke risk but also to
the broader landscape of metabolic risk factors is the category of intrinsic factors,
encompassing individual-level characteristics such as dietary habits, tobacco use,
physical inactivity, and alcohol consumption. In 2010, the global mean sodium intake
was estimated at 3.95 grams per day, with regional averages ranging from 2.18 to 5.51
grams. Sodium consumption above the recommended threshold was associated with
approximately 1.65 million cardiovascular deaths annually (95% uncertainty interval:
1.10-2.22 million), accounting for 9.5% of all cardiovascular mortality worldwide.
Among these, 61.9% occurred in men and 38.1% in women; notably, 84.3% of these
deaths occurred in LMICs, and 40.4% occurred before the age of 70 [39]. Tobacco
use remains a substantial public health concern, particularly in LMICs, which now
account for the majority of the world’s smokers. Smoking prevalence varies markedly
across regions, from 13.5% in Africa to 32.2% in Asia [40], and a significant propor-
tion in LMICs, between 7.5 and 38.4% of current smokers, are classified as “hardened
smokers,” defined as long-term daily users with low motivation to quit [41]. However,
arange of tobacco control strategies have demonstrated real-world effectiveness in
reducing tobacco use. Among these, fiscal measures, particularly taxation and price
increases, are consistently identified as the most impactful interventions globally,
with robust evidence supporting their role in curbing tobacco consumption and
improving population-level health outcomes [42]. In parallel, legislative measures
such as comprehensive bans on smoking in public places and workplaces have been
shown to significantly reduce both smoking prevalence and exposure to secondhand
smoke, and are widely endorsed as effective tools for governmental action [43].

6



Global Burden of Stroke: Insights and Trends from GBD 2021
DOI: http://dx.doi.org/10.5772/intechopen.1012084

Importantly, multi-component tobacco control programs that integrate taxation,
regulatory policies, mass media campaigns, and cessation support are associated with
greater reductions in tobacco use than single-strategy interventions, underscoring the
value of comprehensive policy frameworks [44]. In addition, urbanization in LMICs
is also contributing to a rise in sedentary behavior, particularly in densely populated
urban centers [45]. Meanwhile, global obesity rates are accelerating more rapidly in
LMICs than in high-income countries, especially among women and children [46].
While high-income countries have seen reductions in alcohol consumption driven

by regulatory and public health measures, LMICs are experiencing a rise in alcohol
use [47]. Heavy alcohol consumption contributes to elevated blood pressure, cardiac
arrhythmias, and cardiomyopathy, all of which heighten the risk of stroke. Moreover,
alcohol alters platelet function and coagulation pathways, thereby increasing the
likelihood of both ischaemic and haemorrhagic events [48].

Environmental air pollution, particularly fine particulate matter (PM,.5) and
nitrogen dioxide (NO,), is a well-established risk factor for both ischaemic and
haemorrhagic stroke. Air pollution may precipitate cerebrovascular events through
mechanisms involving inflammation, oxidative stress, and vascular dysfunction
[49]. Both short-term and long-term exposures have been shown to increase stroke
risk. Exposure to both fine (PM,.5) and coarse (PM) particulate matter has been
consistently associated with higher rates of stroke incidence, hospital admissions, and
mortality. The association is particularly strong for PM,.5 (OR = 1.008; 95% CI: 1.005-
1.011) [50]. It is estimated that approximately 16.9% of the nearly 15 million strokes
that occur annually worldwide can be attributed to air pollution, with both short- and
long-term exposure contributing to increased risk, especially for strokes caused by
atherosclerosis [51]. This burden is particularly pronounced in LMICs, where PM,.5
concentrations are significantly higher. The annual mean exposure to PM,.s between
2011 and 2017 was 48.42 pg/m’ in LMICs, compared to 20.02 pg/m?® in HIC. PM,.5 lev-
els in many LMICs have been found to exceed WHO air quality standards and affect
regions that collectively account for approximately 40% of the global population [52].
Effective air pollution control policies include comprehensive national plans such as
China’s Air Pollution Prevention and Control Action Plan, which set phased targets
and cross-sector measures [53]; sector-specific interventions focusing on transporta-
tion, energy, and industry such as promoting public transit, transitioning to cleaner
fuels, tightening emission standards [54], a combination of incentive-based and puni-
tive approaches, including free public transportation, subsidies for clean household
energy, and congestion pricing for vehicles [55]. These policies have contributed to
significant reductions in PM,.5, PM, and SO, levels, along with public health gains.

A growing environmental determinant of stroke risk, particularly in LMICs, is
exposure to extreme ambient temperatures, which contribute to approximately 13%
of cardiovascular deaths and 5.2% of global stroke mortality [56, 57]. A multinational
analysis involving data on 3,443,969 ischemic and 2.454.267 hemorrhagic stroke
deaths across 522 cities in 25 countries demonstrated a U-shaped association, indicat-
ing elevated stroke mortality at both temperature extremes [58]. Specifically, extreme
cold significantly increased hemorrhagic stroke risk (RR = 1.49, 95%CI 1.40-1.58)
compared to ischemic stroke (RR = 1.34, 95% CI 1.27-1.41), whereas extreme heat
was predominantly associated with ischemic stroke (RR = 1.13, 95%CI 1.06-1.20)
rather than hemorrhagic stroke (RR = 1.02, 95% CI 1.00-1.05). Socioeconomic
context further modified these relationships: countries with lower GDP per capita
experienced higher risks of heat-related hemorrhagic stroke mortality (RR = 1.08,
95%CI 1.02-1.15), whereas ischemic stroke risk due to heat was comparable across
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income levels. Mechanistically, cold exposure promotes vasoconstriction, hyperten-
sion, cholesterol crystallization, plaque instability, and hypothermia-associated
bleeding, thereby increasing stroke risks [59, 60]. Conversely, heat exposure induces
dehydration, hemoconcentration, sympathetic activation, and systemic inflammation
via heat shock proteins, all exacerbating thrombotic and ischemic events [61, 62].

The distribution and control of stroke risk factors differ markedly between HICs
and LMICs, driving much of the global disparity in stroke incidence and outcomes.
Hypertension, the most significant modifiable risk factor for stroke globally, is
particularly poorly controlled in LMICs, where it affects up to 64% of stroke patients
and is a principal driver of the higher proportion of hemorrhagic strokes (about 20%
in LMICs versus 10% in HICs) [31]. LMICs are experiencing a rapid increase in other
vascular risk factors, including diabetes and obesity, driven by urbanization, dietary
transitions toward high-salt and high-fat foods, and reduced physical activity [31].
Environmental exposures such as ambient and indoor air pollution further exacerbate
stroke risk in these regions. Moreover, region-specific factors, including chronic
infections such at HIV-associated vasculopathy in sub-Saharan Africa and genetic
disorders like sickle cell disease, disproportionately affect younger individuals in
LMICs, contributing to earlier stroke onset and greater loss of productive life years.
The underdiagnosis and suboptimal treatment of atrial fibrillation and hypercholes-
terolemia in LMICs, partly due to limited healthcare infrastructure and lower aware-
ness, also contribute to uncontrolled stroke risk [31].

4. Management and rehabilitation

Effective stroke management encompasses rapid prehospital recognition and
response, timely hospital-based reperfusion therapies, organized stroke unit care,
and comprehensive post-acute rehabilitation. While these components are routinely
integrated into HICs, their implementation remains severely limited in LMICs,
contributing to higher mortality and disability rates. In LMICs, public awareness of
stroke symptoms is generally low, and emergency medical services (EMS) are often
fragmented or underdeveloped, resulting in delayed hospital arrival. This delay is a
major barrier to the use of reperfusion therapies. Intravenous thrombolysis, a cor-
nerstone intervention shown to improve functional independence by up to 30%, is
administered to only ~3% of eligible patients in LMICs, compared to up to 30-40%
in HICs. Access to mechanical thrombectomy, which offers an additional 14-25%
improvement in favorable outcomes for large vessel occlusions, is nearly absent in
LMICs [28, 63]. In many countries LMICs, the treatment rate is below 1% due to a lack
of essential infrastructure such as angiographic suites and trained neurointervention-
alists [30].

Once patients reach hospital care, the availability of stroke units, a critical inter-
vention shown to reduce mortality by 14% and improve functional outcomes, is
extremely limited, reported in only 18% of LMIC hospitals versus over 90% in HICs
[64]. The computed tomography scan (CTs) capabilities, essential for differentiat-
ing ischemic and hemorrhagic stroke, are often limited to urban tertiary centers in
LMICs. Rural and peripheral hospitals frequently lack both CTs and MRI, leading
to reliance on clinical assessment alone and increasing the risk of mismanagement.
In-hospital care in LMICs often lacks essential supportive measures such as early
mobilization, dysphagia screening, and prevention of complications, resulting in
higher rates of preventable in-hospital morbidity and mortality [28].
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Addressing these deficiencies requires targeted investment in health system
infrastructure, including the development of EMS networks, expansion of stroke unit
capacity, and provision of affordable neuroimaging. Capacity-building efforts should
prioritize training multidisciplinary teams, including stroke neurologists, nurses,
physiotherapists, and speech therapists. Innovative, cost-adapted approaches such
as telemedicine networks, mobile stroke units, and regional stroke referral pathways
are promising strategies to overcome geographical and resource barriers. Moreover,
policy-level commitment is needed to subsidize critical therapies such as thrombolysis
and thrombectomy and integrate stroke into national non-communicable disease
strategies. Improving acute stroke management in LMICs is essential to reducing early
mortality, minimizing disability, and alleviating the long-term socioeconomic burden
of stroke.

In recent years, stroke diagnosis has undergone significant advancements driven
by rapid progress in imaging technologies, molecular biology, and the integration
of artificial intelligence, all aiming to optimize classification, management, and
prognostication in stroke patients. One of the most notable developments is the
widespread implementation of CT angiography (CTA) and CT perfusion (CTP)
imaging, which enables the early identification of large-vessel occlusion and delinea-
tion of salvageable brain tissue. Landmark trials such as DAWN and DEFUSE-3 have
demonstrated that patient selection based on perfusion imaging allows safe extension
of the mechanical thrombectomy window up to 6-24 hours after symptom onset,
with markedly superior functional outcomes at 90 days compared to medical therapy
alone (49% with 13%) [65]. Similarly, the EXTEND trial showed that intravenous
thrombolysis remains effective up to 9 hours from onset in patients selected by CTP
[66]. These findings have been incorporated into international clinical guidelines
since 2019-2021, establishing CTA and CTP as standard tools for assessing late-
presenting stroke. Advanced MRI techniques such as diffusion-weighted imaging
(DWI) and FLAIR have also contributed to extending treatment eligibility; notably,
the WAKE-UP trial demonstrated that DWI-FLAIR mismatch can reliably identify
patients with wake-up stroke suitable for thrombolysis [67]. In parallel, blood-based
biomarkers, especially glial fibrillary acidic protein (GFAP), are emerging as promis-
ing tools for rapid differentiation between ischemic and hemorrhagic stroke. A pro-
spective study involving 353 acute stroke patients revealed that GFAP levels <30 pg./
mL had a negative predictive value of 100% for excluding intracerebral hemorrhage,
while levels >200 pg./mL strongly suggested hemorrhagic stroke, with a positive
predictive value of 90-95% [68]. These findings have direct clinical implications: a
negative GFAP test may support the safe initiation of early thrombolytic therapy,
whereas a positive result necessitates urgent blood pressure control or reversal of
anticoagulation. In addition, Al is increasingly being applied as an effective sup-
portive tool in the early diagnosis of stroke, helping to shorten alert times, accelerate
inter-hospital transfers, and significantly reduce ‘door-in-door-out’ time. A study
utilizing Canon Medical’s AI platform on 100 stroke CT cases demonstrated that the
Al system could process CTA images in just 60 seconds, much faster than the average
interpretation time by radiologists, which is 395 seconds, with a sensitivity of 77%
for detecting large vessel occlusions, compared to 87% for radiologists [69]. However,
algorithmic transparency and medicolegal issues related to diagnostic errors remain
unresolved challenges. Taken together, these innovations pave the way for faster and
more targeted therapeutic decision-making.

Advances in diagnostic imaging have led to numerous therapeutic breakthroughs.
Mechanical thrombectomy, once restricted to 6 hours post-onset, is now effective
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up to 24 hours in selected patients, thanks to advanced imaging that identifies viable
penumbral tissue, as demonstrated in the DAWN and DEFUSE-3 trials. DAWN
reported a 49% rate of functional independence at 90 days versus 13% with standard
medical therapy [66]. Intravenous thrombolysis has also seen expanded indications,
with the EXTEND trial showing efficacy up to 9 hours post-onset in patients selected
by CT perfusion imaging [70]. In hemorrhagic stroke, blood pressure management
has been refined, guided by imaging predictors such as the CTA “spot sign,” which
indicates risk of hematoma expansion. Surgical approaches have also advanced: early
minimally invasive hematoma evacuation is under active evaluation in ICH, while
aneurysm coiling and clipping in subarachnoid hemorrhage benefit from earlier

and more precise CTA-based diagnosis [70]. Additionally, neuroprotective strate-
gies, though historically unsuccessful, are experiencing renewed interest through
trials targeting specific molecular pathways or patient subsets. These advances are
undoubtedly beneficial for patients, but they may also contribute to the stark dispari-
ties in outcomes between HICs and LMICs. While patients in HICs benefit directly
from these novel approaches, those in LMICs often face significant barriers to access
and implementation due to technological limitations and financial constraints.

5. Policy suggestion for low- and middle-income countries

LMICs should prioritize the development of integrated and comprehensive
stroke care systems. Public education campaigns are essential to enhance community
recognition of early stroke symptoms, commonly summarized by the acronym FAST
as facial drooping, arm weakness, speech difficulties, and the necessity of timely
activation of emergency medical services. Such initiatives must emphasize the critical
importance of seeking immediate medical attention to optimize the chances of receiv-
ing acute interventions within the therapeutic window. Concurrently, raising public
awareness about the availability, efficacy, and safety of acute-phase interventions,
particularly intravenous thrombolysis (tPA), may facilitate timely hospital presenta-
tion and improve patient eligibility for reperfusion therapies.

Robust emergency medical service systems, dedicated stroke units within regional
hospitals, and affordable, accessible neuroimaging infrastructure are foundational
components required for timely diagnosis and effective management. Additionally,
implementing telemedicine programs and remote consultation networks can
empower local healthcare providers to manage complex stroke cases efficiently, mini-
mize delays associated with inter-hospital transfers, and enhance access to specialized
neurological expertise in resource-constrained settings.

Governments play a pivotal role in facilitating these advancements through sup-
portive health policy development, financial subsidies for essential diagnostic tools
and treatments, and integration of stroke prevention strategies within national non-
communicable disease frameworks. Efforts targeting modifiable risk factors must
be embedded within primary healthcare systems and reinforced by evidence-based
public health interventions promoting healthy lifestyle behaviors and addressing
environmental determinants.

Establishing multidisciplinary stroke care teams, including neurologists, rehabili-
tation physicians, specialized nurses, physiotherapists, speech-language pathologists,
and occupational therapists, in conjunction with telemedicine expansions and mobile
stroke units is critical for addressing existing gaps in stroke management. Through
the implementation of these comprehensive strategies, LMICs can substantially
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reduce stroke morbidity and mortality, enhance functional patient outcomes, and
alleviate the significant socioeconomic burdens posed by stroke.

Access to modern stroke therapies, particularly intravenous thrombolysis (tPA),
remains a significant challenge in low- and middle-income countries (LMICs), mainly
due to financial barriers and stringent post-treatment monitoring requirements [71, 72].
The standard protocol for blood pressure monitoring in the first 24 hours after intrave-
nous rtPA bolus is highly intensive, involving up to 36 measurements, posing considerable
strain on healthcare resources, which are typically limited in LMIC settings. Various
LMICs have implemented financial-support policies and have reported substantial initial
successes. In Thailand, the rate of tPA usage increased notably from 0.38% in 2007 to
6.5% in 2012 following its inclusion in the universal healthcare coverage program [73].

In Brazil, policies offering free tPA raised its use from 1.3% in 2009 to 12.5% in 2019 and
reduced 30-day mortality rates [74]. In China, expansion of the “Green Channel” hospital
network and enhanced insurance reimbursement led to thrombolysis rates exceeding 15%
in tertiary hospitals [75]. Recently, the OTIMIST main study proposed a simplified blood
pressure monitoring protocol for mild-to-moderate stroke patients (NIHSS <10), reduc-
ing measurement frequency from 36 to 18 times without adversely impacting treatment
outcomes, thus alleviating healthcare system strain while maintaining patient safety [76].

The Mobile Stroke Unit (MSU) is an innovative pre-hospital care model that functions
as a mobile stroke hospital. It is equipped with a 32-slice CT scanner, cerebral vascular
imaging systems, and telemedicine technology that enables remote consultation with
neurologists [77]. This approach facilitates early diagnosis and intervention during patient
transport. Several LMICs have reported successful implementation of the MSU model. In
Thailand, a study of 978 acute ischemic stroke patients showed that those treated by MSU
had the shortest door-to-needle time (20 minutes), the highest reperfusion therapy rate
(56.8%), and significantly better outcomes (adjusted OR 2.15, 95% CI: 1.39-3.32) [78]. By
significantly shortening onset-to-treatment time, MSUs have shown improved clinical
outcomes compared to conventional ambulance transport.

6. Conclusions

In conclusion, stroke poses a major public health challenge worldwide and particularly
in LMICs, significantly contributing to global morbidity and mortality. Addressing this
issue effectively requires integrated stroke care systems, improved community awareness,
robust emergency services, and expanded diagnostic capabilities. Strategic investment
in healthcare infrastructure, telemedicine programs, and multidisciplinary stroke care
teams can bridge current service gaps. Through supportive government policies and
targeted preventive measures, LMICs can substantially reduce stroke burden, enhance
patient outcomes, and decrease associated socioeconomic consequences.
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Abstract

In this chapter, we outline the trends in incidence, prevalence, and the burden of
stroke in developing countries (lower- and middle-income countries—LMICs) over
recent decades. We highlight the changes in risk factors and types of stroke (ischemic
vs. hemorrhagic) in LMICs, comparing them to high-income countries (HIC). We will
also use statistics from specific countries as case examples. The lack of resources and its
impact on stroke management will be discussed. The authors include stroke physicians
who are part of the World Stroke Organization Future Leaders Program and have car-
ried out quality improvement projects in Sub-Saharan Africa, among other initiatives.

Keywords: stroke, intracerebral hemorrhage, lower and middle-income countries,
epidemiology, incidence, prevalence, DALYs, burden, risk factors, developing countries

1. Introduction

Stroke is among the top 10 most common causes of death globally, being the third
after ischemic heart disease and COVID-19, and accounting for approximately 10%
of deaths worldwide [1]. Stroke is the leading cause of death in upper-middle-income
countries (UMIC), the second leading cause of death in low-income countries (LIC),
and the third leading cause of death in lower-middle-income countries (LMIC)

[1]. Low- and middle-income countries constitute 89% of the global stroke burden
as of 2025 [2]. Therefore, understanding the epidemiology of stroke in low- and
middle-income countries is crucial in planning for developing strategies to reduce
the global stroke burden. In this chapter, we explore the epidemiology of stroke in
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Figure 1.
Countries are classified by income according to the World Bank.

Figure 2.
Incidence of stroke per 100,000 population. Source: Adapted from Ref. [3].

a non-exhaustive list of low- and middle-income countries. A general overview of

country classifications by income is provided in Figure 1, while Figure 2 depicts the
incidence of stroke worldwide.

2. Africa
2.1 Background

Africa is the second-largest and second most gopulous continent, consisting
of 54 countries, an area of around 30 million km?, and a population of around 1.2
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billion. It is estimated to reach 2.2 billion for sub-Saharan Africa (SSA) by the year
2054 [4]. Africa’s population is the youngest among the continents, with a median
age of 19.7. Four African countries are densely populated with more than 100 mil-
lion: Nigeria (>232 million), Ethiopia (>132 million), Egypt (>116 million), and
the Democratic Republic of the Congo (>109 million), while the least populous
country is Seychelles, with a population of around 130,000 [4].

Geographically, historically, religiously, and ecosystem, Africa is divided into two
different regions, namely North Africa (NA), composed of five countries, and SSA,
comprising the rest of the African countries [5]. NA countries are mostly inhabited by
Arabic/Semitic as well as Berber ethnicity, while SSA has a diversity of ethnicities, with
the majority classified as Niger-Congo and Nilo-Saharan [6, 7]. The World Bank classifies
most African countries as low-income countries (LIC) and middle-income countries,
except for Seychelles. These include seven upper-middle-income countries (UMIC), 22
lower-middle-income countries (LMIC), and 24 low-income countries (LIC) [5].

2.2 Burden of stroke

Africa’s Daily Adjusted Life Years (DALYs) following stroke is around 17.3 million
[2]. Although much lower than Asia’s, the actual numbers might be higher, especially
since the epidemiology of Africa is changing owing to socio-demographic changes
with many countries shifting to urbanization and lifestyle changes with changes in
modifiable and non-modifiable vascular risk factors [8, 9].

There is still a scarcity of epidemiological data in many African countries owing to
deficiencies in healthcare services, including a shortage of physicians and the absence
of health facilities managing stroke, such as stroke units and centers [9, 10]. In a
systematic review, it was found that epidemiological studies for stroke in Africa are
mostly hospital-based studies and may not represent the actual incidence or preva-
lence, as patients with minor strokes or rapidly fatal strokes may not get hospitalized
[9, 11]. Despite this bias, stroke accounts for 65% of different neurological disorders
affecting hospitalized adults in Nigeria [12]. A rise in stroke admissions was reported
in Tanzanian hospital-based studies (an increase from 23 to 86 per 100,000 over
27 years) as well as in Ghanaian studies (from 50 to 622 per 100,000 over 33 years)
[13]. Such an increase in admission might highlight the increasing burden of stroke,
more awareness of stroke, and the demographic shift from rural to urban in many
African countries [9, 10, 14]. Other hospital-based studies found incidence rang-
ing from 31 per 100,000 in Zimbabwe to 149 per 100,000 in Mozambique [15, 16].
Community studies in upper Egypt found an incidence of 181 and 250 per 100,000
[17, 18], whilst the incidence was 25 per 100,000 in Nigeria and between 108 and 316
per 100,000 in Tanzania [19, 20].

The prevalence of stroke varies greatly in different countries. The crude preva-
lence rate was as low as 15 per 100,000 population in rural Ethiopia [21], 42 in Tunisia
[22], 114 in Nigeria [23], 243 in South Africa [24], 284 in Morocco [25], 460, and 1156
in two studies in Benin [26, 27], 922 and 963 in upper Egypt [28, 29]; and 1230 and
1460 along the Niger Delta region in Nigeria [30, 31]. The highest prevalence was
2300 per 100,000 population in Tanzania [32].

The incidence and prevalence for all kinds of strokes are on the rise compared
to the rest of the world, and this could be explained based on demographic changes
as in the case of increased longevity secondary to better control of communicable
diseases and shifting in the community from rural to urban with its associated stress,
modifiable vascular risk factors as sedentary lifestyle, food rich in carbohydrates and
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fats with its associated dyslipidemia, hypertension, and diabetes [33, 34]. Moreover,
if the study conducted in Tanzania, Hai as a rural area and Dar Es Salaam as an urban
area, is generalized, according to Akinyemi et al., then one in six Africans will suffer a
stroke every minute [34].

2.3 Burden of stroke in Africa (mortality, and fatality)

Stroke mortality in Africa is one of the highest in the world, ranging between
5.5 and 11% [35-37], and in some studies, the one-month case fatality exceeds 45%
and might reach 83.3% [38]. This could be attributed to deficiencies in the proper
implementation of stroke services in many African countries. There is a shortage
of neurologists, and in many instances, general practitioners or even traditional
and complementary medicine practitioners are first line in treating stroke [10, 39].
In addition, other shortfalls include delay in presentation, lack of reperfusion for
ischemic stroke or surgical intervention for intracerebral hemorrhage, inadequate
management of stroke-related complications such as pneumonia or sepsis, and lack of
access to physiotherapy [10, 34].

2.4 Stroke subtype

Globally, rates of ischemic strokes (62.4%) are higher compared to intrace-
rebral hemorrhage (27.9%) and subarachnoid hemorrhage (9.7%) [40]. This
is also the case in Africa, including SSA, irrespective of age [9, 41-46]. In the
INTERSTROKE study, hemorrhagic strokes accounted for 9% of cases seen in
high-income countries (HIC) vs. 34% in African countries [47]. This reflects
that a greater burden of hypertension is in Africa since it has been shown that the
proportion of hemorrhagic strokes in a population correlates with the burden and
severity of uncontrolled hypertension [47, 48].

2.5 Risk factors

Two major studies, INTERSTROKE and Stroke Investigative Research
and Educational Network Study (SIREN), assessed stroke risk factors. For
INTERSTROKE, it was conducted in Mozambique, Nigeria, South Africa, Sudan,
and Uganda; for SIREN, it was conducted in Nigeria and Ghana. Despite the belief
that communicable diseases such as HIV might share in a good sum of stroke risks in
Africa, the two studies found that modifiable vascular risks are similar to developed
world and are pivotal and more important in Africa [49, 50]. The two studies found
that hypertension, dyslipidemia, diabetes mellitus, central obesity, cardiac disorders,
smoking, an unhealthy diet rich in salt and protein, and poor in fresh leafy vegetables,
as well as high alcohol consumption, physical inactivity, and psychosocial stress are
all common contributors to stroke [49, 50].

Hypertension was found to be a major contributor risk factor, and this might
explain the higher rate of intracerebral hemorrhage in SSA. In Africa, more than 45%
of the population above the age of 25 are hypertensives, and around 50% of hyperten-
sives are unaware, undiagnosed, uncontrolled, and uncompliant [51]. Hypertension
aggravates atherosclerosis by inducing complex vascular micro-aneurysm formation,
lipohyalinosis, and micro atheroma, resulting in rupture or occlusion of the vessel,
leading to intracerebral hemorrhage or ischemia, respectively.
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Dyslipidemia was the second most common risk factor; meanwhile, and despite
being one of the major causes of morbidity and mortality, yet cardiac disease came
sixth in risk factors for stroke, with only 7% detected Atrial Fibrillation (AF) in the
INTERSTROKE study, which is a much lower percentage for SSA if compared to NA.
AF leads to uncoordinated contractions and stasis, most marked at the left atrial
appendage [52]. This causes increased concentrations of fibrinogen, D-dimer, and
von Willebrand factor, which are indicative of prothrombotic states and dislodgement
of thrombus leading to cerebral infarction [52]. AF, coupled with other risk factors
such as hypertension, cardiac diseases, tobacco smoking, and sleep apnea, further
increases the likelihood of succumbing to a stroke [53]. Diabetes was ranked seventh
and eighth for INTERSTROKE and SIREN, respectively [34]. It leads to atherosclero-
sis either alone or in combination with other atherogenic risk factors such as hyper-
tension, obesity, and dyslipidemia, leading to thrombus formation [54]. Compared to
the general population, individuals with diabetes have a fourfold higher risk of stroke.

Factors that affect the vessel wall integrity or the vascular content also play a role
in stroke development. HIV is highly prevalent in SSA, with over 25 million adults
now living with HIV infection [55]. With expanded access to anti-retroviral therapy
(ART), people with HIV are living longer and experiencing fewer opportunistic
infections, but conversely are experiencing an emerging rise in cardiovascular
diseases, including stroke [55, 56]. HIV increases the risk of stroke through its inflam-
matory sequel to the endothelium, induced vasculitis, hypercoagulopathy, and the
adverse effects of retroviral therapy (vasculopathy, induced dyslipidemia, and insulin
resistance) [57, 58].

Rheumatic heart disease is by far the most important form of acquired heart
disease in children and young adults in LMIC [59]. The predominant valvular lesion
commonly associated with systemic embolization is mitral stenosis, usually observed
in the third decade [60]. Mitral stenosis has a 30% risk of systemic thromboembolism
leading to stroke, and the risk of recurrence is as high as 60% in the first year [61, 62].
In SSA, where the burden of rheumatic heart disease is high, it is an important risk
factor for stroke in young adults that warrants studying [63, 64]. Two-thirds of sickle
cell disease (SCD) patients are in Africa; it was found that SCD accounts for 4.2% of
strokes in Africa. SCD is responsible for occluding distal circulation within the circle
of Willis [65].

Many viral infections and febrile illnesses were reported to take place around
10 days before stroke in many Africans. In Nigeria and Ghana, 10% of stroke
victims reported fever up to 4 weeks before stroke development; this highlights an
unstudied role of viral infections and fever in stroke [66]. The COVID-19 burden
on stroke showed a rising trend in many African countries. In one year since its
declaration as a pandemic, 47 African countries reported 7.1 million infections,
amounting to 2.5% of the global burden of COVID-19 [67]. COVID-19 affects the
endothelium integrity as well as the angiotensin-converting enzyme receptors, with
a further rise in the risk of blood pressure as well as coagulopathy, which in turn
increases stroke risk directly or indirectly through augmenting risk factors such as
uncontrolled blood pressure [68, 69].

2.6 Conclusion

The epidemiology of stroke in Africa needs further in-depth analysis and stud-
ies with two major defects, first is in-hospital-based data, which might be deficient
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in representing the true country stroke status owing to that not all stroke cases are
admitted, and of those not admitted and die out of stroke, stroke as a direct cause of
death might not be properly stated in the registries, second, and despite that there is
some community-based studies yet not covering all African countries.

Risk factors of stroke are nearly similar between different African countries and
worldwide, with hypertension being a leading cause, and this might explain the
prevalence of haemorrhagic stroke (HS) in SSA. Communicable diseases such as HIV
and other forms of febrile viral infections might have some role in stroke development
in African countries, and hematologic disorders, precisely SCD, account for a risk in
stroke development in Africa compared to other countries worldwide.

3. China
3.1 Background

China is a country with a population of 1.4 billion people and is the second most
populous country in the world after India. With rapid economic progress, the average
life expectancy has increased from 33 years in 1960 to 79 years in 2022 [70]. With an
aging population, stroke remains an important cause of mortality and morbidity.

Prevalence and incidence.

Between 1990 and 2019, the incidence of stroke in China increased by 123% to
276.7 per 100,000 person-years in 2019 [71]. The incidence is greater in the older
population, with an estimated 500 per 100,000 person-years in people older than
40 years and as high as 2749 per 100,000 person-years after 80 years [72]. However,
when the age of the overall population is considered, the age-standardized incidence
rates decreased by 9.3% between 1990 and 2019 [71].

Of the 3.94 million incident strokes in 2019, 2.87 million were ischemic strokes,
0.85 million were intracerebral hemorrhages, and 0.22 million were subarachnoid
hemorrhages [71]. The increase in stroke incidence was the highest in ischemic
stroke (226.5%), followed by subarachnoid hemorrhage (35.6% and intracerebral
hemorrhage (17.6%) [71]. However, age-standardized incidence rates of intracerebral
hemorrhage and subarachnoid hemorrhage had decreased, whilst ischemic stroke
increased between 1990 and 2019 [71].

The prevalence of stroke was on the rise as well. In 2019, the prevalence of stroke
was 28.8 million, a 147% rise from 1990. The increase in prevalence was largest in
ischemic stroke (24.8 million, 195% increase) compared to intracerebral hemorrhage
(4.4 million, 43% increase) and subarachnoid hemorrhage (1.5 million, 55% increase)
[71]. The prevalence rate increased in people >60 years but decreased in people
<60 years, highlighting the major contribution of aging to the burden of stroke in
China [71].

3.2 Outcomes after stroke

Despite an increase in the number of deaths due to stroke and mortality rate
since the 1990s, age-standardized mortality had reduced in all subtypes of stroke,
with the largest decline in subarachnoid hemorrhage (reduction of 84%) followed
by intracerebral hemorrhage (reduction of 48%) and ischemic stroke (reduction of
3%) [71]. This may be due to a gradual but substantial improvement in the quality
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of stroke care [73, 74]. The prognosis of acute stroke patients appeared to be better
compared to HICs, in part due to the younger age of onset and milder stroke [74, 75].
Disability-adjusted life years (DALYs) of stroke have increased steadily since 1990.
However, there is a reduction in the age-standardized DALY rate by 42% between
1990 and 2019 [71]. The economic burden of stroke is massive. In 2018, the direct
costs of stroke were ¥247.8 billion (purchasing power parity-$PPP 58.6 billion), and
the indirect costs were ¥704.4 billion ($PPP 166.5 billion) [76]. As approximately
70% of stroke costs come from public funding, this constitutes a significant economic
burden on the Chinese economy [76].

3.3 Risk factors for stroke

Hypertension, dyslipidemia, diabetes mellitus, excessive alcohol intake, air pollu-
tion, high salt, and low fruit and vegetable diet are the most common risk factors for
stroke [49, 77, 78]. Hypertension is highly prevalent, affecting 28% of the population.
Between 2002 and 2014, the number of people with hypertension nearly doubled
from 153 million to 300 million [79]. In addition, less than 20% of patients with
hypertension had adequate blood pressure control [80].

Dyslipidemia and diabetes mellitus are common, affecting 34% and 11% of the
population, respectively, and are poorly controlled [81, 82]. Lifestyle factors put men
at higher risk of stroke as well. As high as two-thirds of men are smokers and one-
third drink alcohol weekly compared to <5% in women [83, 84].

3.4 Geographical differences

Geographical location was a factor that contributed to the burden of stroke in
China [77, 85]. The incidence of stroke was the highest in the northeastern (441-
486/100,000 person-years) and the lowest in the southern region (81-136/100,000
person-years) [86]. The higher incidence of stroke may be associated with a higher
prevalence of hypertension in the northeastern and northern regions [87]. In addi-
tion, there is a higher proportion of smoking and alcohol consumption in the north-
eastregion [77]. Dietary differences contribute to a higher incidence of stroke, where
the northern Chinese diet is high in salted vegetables, and the southern Chinese diet is
characterized by high intakes of vegetables and fruits and lower salt intake [88].

Rural areas had a higher incidence and prevalence of stroke due to differences
in prevalence of risk factors and their treatment [77, 85, 89, 90]. The awareness,
treatment, and control of hypertension, diabetes mellitus, and dyslipidemia are less
optimal in the rural areas [79, 81, 82, 87]. Smoking prevalence is higher, whilst con-
sumption of vegetables and fruits is lower in rural areas [91]. In addition, the common
domestic use of coal and wood as fuels in rural areas contributes to the release of fine
particulate matter (PM) and increases the risk of stroke mortality [92].

3.5 Conclusions

Due to an aging population, the overall incidence and prevalence of stroke have
been on the rise. Hypertension is a major risk factor for stroke and is poorly con-
trolled. There are vast geographical differences in the burden of stroke and its risk
factors between different regions and rural-urban differences. These factors should
be considered with planning health policies to reduce the stroke burden.
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4. Europe
4.1 Background

Europe has a population of 742 million as of 2023, having diverse demographic
trends across its regions. The European Union (EU), comprising 27 member states,
has a population of 448 million people. Europe’s median age is among the highest
globally, with 21% of the population being aged 65 and over, and a life expectancy of
81.5 years in 2023, with important variations between regions and countries. Eastern
European countries, most of them being considered low- to middle-income countries,
present distinct demographic characteristics influenced by their socioeconomic and
historical factors, marked by demographic decline, high level of emigration, and
lower life expectancy when compared with Western Europe [93]. The health care
systems of this region exhibit notable differences, with funding and access to services
being higher in Western countries, infrastructure and health education levels in the
population being lower in Eastern European countries when compared to Western
countries. According to the World Bank, globally there are 132 countries classified as
low- or middle-income countries (LMICs), seven LMICs being from Europe, most of
them from Eastern and Southern Europe [5].

4.2 Burden of stroke

Eastern Europe recorded the highest number of stroke cases, followed by Western
and Central Europe. Between 2010 and 2019, the incidence rates remained stable
across all these subregions; however, age-standardized incidence rates showed a
consistent decline in all the subregions, except for the individuals from Eastern and
Central Europe below 70 years, where rates remained unchanged. Eastern Europe
had the highest age-standardized incidence rate, 2.75 times greater than in Western
Europe, despite a significant reduction in incidence rates across all subregions over
the past decades. The total number of prevalent stroke cases rose by 4%, reaching
more than 14 million cases between 2010 and 2019. Ischemic stroke accounted for
78.9%, while intracerebral hemorrhages and subarachnoid hemorrhages made up
14.4% and 10.6%, respectively.

When examining all the regions in Europe, the absolute number of stroke cases
increased in Western and Central Europe but remained stable in Eastern Europe.
Overall age-standardized prevalence rates declined across all subregions. However,
there was an approximately 4% rise in age-standardized prevalence among individu-
als under 70 in Eastern and Central Europe. Eastern Europe had the highest age-
standardized prevalence rate, which was 1.8 times greater than in Western Europe.
Regarding stroke-related deaths, the absolute number increased significantly in
Western Europe, while remaining stable in Eastern Europe, but still at a higher level
compared to the other regions. Although, Eastern Europe had the highest age-
adjusted mortality rate, it also experienced the most significant decline in mortality
rates between 2010 and 2019, with a decrease of more than 20%, this improvement
being caused mainly by better health policies, higher levels of investments and better
quality of care [94, 95].

The total disability-adjusted life years lost (DALYs) rates have been declining
across Europe, in both genders, over the timespan of 30 years, between 1990 and
2019, with the Eastern European region experiencing the highest burden of disease
from ischemic and hemorrhagic (intracerebral and subarachnoid hemorrhage (SAH))
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stroke, followed by Central Europe. In 1990, DALY rates for the female gender were
approximately identical in Eastern Europe and Central Europe and higher by 25-26%
than in Western Europe. As the years passed, Central Europe observed the highest
reduction of stroke burden in women, reducing the gap with Western Europe to 9%,
while Eastern Europe experienced an increase from 26-32% in 2019. The burden

of disease is greater in men (with a male—female ratio of 1.3 in Western Europe and
1.5 in Eastern Europe in 2019) and the difference in stroke burden across regions is
also higher in the male population, with Eastern Europe having the lowest decline in
stroke incidence and DALYs, by 16% from 1990 to 2019.

All the countries in Central and Eastern Europe experienced a decline in disease
burden [96], although they had different trends and patterns. The smallest decrease
was observed in LMICs like Montenegro (—5%), North Macedonia (—16%), Bosnia
and Herzegovina (-19%), and Albania (-28%), with North Macedonia having the
highest health loss due to stroke in 2019, which is 7.7 times higher than the rates in
Western Europe. There is a substantial variation in stroke burden between the coun-
tries from the Central and Eastern European regions. The variation was larger among
the Central European countries, and it was driven mainly by the very high stroke
burden rates of three Balkan countries, those being North Macedonia, Montenegro,
and Serbia. A possible explanation for this may be related to the fact that the high-
est rates of years of life lost (YLLs) due to stroke are found in North Macedonia,
Montenegro, and Serbia, suggesting differences in the quality of acute stroke care in
those countries compared to the rest of Central Europe.

4.3 Stroke subtypes

There are differences reported about the relative proportions of each stroke based
on pathophysiological subtypes in various regions and countries of Europe, as previ-
ously reported on a global scale [97]. There were countries where the proportion of
total stroke burden due to intracerebral hemorrhage reached 75% in Montenegro and
71% in Albania among men in 2019. Among Eastern European countries, Moldova
had a higher proportion of stroke burden due to intracerebral hemorrhage, which may
be related to greater total stroke burden due to YLLs in these countries (up to 90%).
While the proportion of total stroke burden from SAH did not vary as much as for
the other pathological subtypes, the lack of access to treatments for ruptured cerebral
aneurysms and the sequelae of SAH likely contributes to a disproportionate burden of
YLLs in Eastern and Central Europe.

5.India
5.1 Burden of stroke

India is the most populous country in the world, with a population of 1.45 billion
people [98]. Life expectancy in India has increased beyond 60 years of age, which
has led to a progressive increase in noncommunicable age-related disorders [99, 100].
Stroke burden is increasing in India, and it is the fourth leading cause of death and
the fifth leading cause of disability in the country [101]. The Indian Global Burden of
Disease Study 1990-2019 estimated stroke to be the largest contributor to disability-
adjusted life years (DALYs) with an approximate contribution of 37.9% [102]. The
incidence of stroke in India is between 105 and 152/100,000 people per year [103],
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and the age and sex-standardized mortality rate is 82.4 per 100,000 person-years
[104]. The one-month fatality from stroke ranges between 18 and 42% (4), which is
much higher than in developed nations.

A recent systematic review by Jones et al. [101] found that the median age of stroke
patients in India was 62.2 years, with a male preponderance (59%), with a higher
stroke incidence in men. Lower female representation could likely be due to gender
discrimination in access to healthcare, with studies revealing that it was worse for
women, with a male-to-female sex ratio of 1.69 for outpatient visits [105]. The mean
age for stroke occurrence was lower in Indian patients compared to the global average
[106]. Approximately 20% of first-ever stroke patients admitted were found to be
younger than 40 years of age. The annual stroke incidence in individuals between 18
and 49 years was found to be 46 per 100,000 person-years [107], which was signifi-
cantly greater than the European (5-15 per 100,000) and American population (20
per 100,000) [108]. Strokes in this economically productive age group lead to mul-
tiple social, emotional, economic, vocational, and physical considerations [109].

Although the one-month case fatality rate ranged between 18 and 42%, higher
death rates were found in men compared to women. Also, the Million Death Study
[110] found that approximately 33% of premature stroke deaths were reported from
the Eastern part of the country which could be attributable to ethnic differences
(higher rates of hypertension and dietary habits of increased salt intake).

5.2 Stroke subtypes

The rates of ischemic stroke varied between 65 and 84%, with large artery and
small vessel stroke subtypes being more common than cardioembolic ones [104]. This
could, in part, be due to the greater prevalence of intracranial atherosclerotic disease
among Asian (and Indian) stroke patients [111]. Among other determined etiolo-
gies, stroke due to infectious diseases, although uncommon, was more common than
elsewhere, with tuberculosis, fungal infections, and infective endocarditis being the
leading culprits [111]. Tuberculosis causes stroke involving the basal ganglia second-
ary to tubercular meningitis associated with basal arachnoiditis around the circle of
Willis. Thrombocytopenia with viral infections like dengue has occasionally led to
intracerebral hemorrhage (ICH) [112]. The rate of ICH was found to be between 20
and 32% [104], which is higher than in Western countries. Overall, the rate of ICH
was found to be the highest in Asia among all continents [113].

Although cerebral venous sinus thrombosis (CVT) [114] is an uncommon cause
of stroke in India, it was found to affect predominantly young people (median age—

31 years) and is more prevalent during the summer months [114, 115]. The risk factors
mostly identified were anemia, oral contraceptives, pregnancy, puerperium, and central
nervous system (CNS) infections [115]. Another study found that among pregnant CVT
patients, 34% had more than one CVT-predisposing prothrombotic factor [116].

5.3 Conclusion
High-quality epidemiological stroke data from India is heterogeneous and
incomplete since it is only representative of four out of the 29 states and seven union

territories of the country. To further identify the stroke burden in India, future, more
detailed studies following the WHO STEPS framework [117] would be required.
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6. South America and the Caribbean
6.1 Background

Stroke is a leading cause of morbidity and mortality in Latin America
and the Caribbean (LAC). With a population exceeding 666 million [118] (World
Meter, 2025), the region’s socioeconomic, cultural, and geographic diversity
results in significant variations in stroke incidence, prevalence, etiology, risk
factors, healthcare, and outcomes. Stroke poses a major public health challenge
due to its high burden on healthcare systems and its impact on individuals and
families [119].

6.2 Incidence and mortality rates

Stroke epidemiology in LAC is characterized by considerable regional variability,
with stroke incidence rates differing widely across countries. A pooled analysis of data
from multiple studies indicated an overall incidence of 255 stroke cases per 100,000
person-years in South America, with men exhibiting higher rates (261 per 100,000)
compared to women (217 per 100,000) [120]. This regional variability in stroke
incidence reflects differences in healthcare infrastructure, socioeconomic status, and
the prevalence of risk factors.

Data from a systematic review spanning from 1997 to 2021 reported an annual
stroke incidence of 119 cases per 100,000 individuals across LAC, with a preva-
lence of 3060 cases per 100,000 individuals [121]. In contrast, earlier population-
based studies have shown that stroke incidence varied from 0.35 to 1.83 per 1000
individuals annually, while prevalence ranged between 1.74 and 6.51 per 1000
individuals [122].

This variation underscores the changing landscape of stroke epidemiology in the
region, with differences in data collection methods and healthcare access contributing
to evolving figures.

In 2019, LAC accounted for the fourth largest stroke burden globally, with 6.8 mil-
lion disability-adjusted life years (DALYs). The majority of this burden was attributed
to premature deaths (89.5% of DALYs), and intracerebral hemorrhage emerged as
the leading cause of overall stroke burden, responsible for 42% of DALYs. Ischemic
stroke, on the other hand, was the leading cause of disability, contributing to 69% of
years lived with disability [123].

6.3 Younger people

Several studies have identified an unfavorable temporal trend in stroke incidence
among younger people in LAC, particularly among young women. While the global
incidence of stroke declined in older people between 2010 and 2019, a similar trend
was not observed in younger people in LAC. Instead, the incidence of stroke has risen.
This has been linked to increasing rates of conventional risk factors, such as arterial
hypertension, obesity, physical inactivity, dyslipidemia, diabetes mellitus, and smok-
ing, alongside emerging factors like air pollution, long working hours, and stress.
Moreover, better access to acute stroke care and improved patient awareness have also
contributed to the rising numbers [124].
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6.4 Risk factors and population-attributable fractions

The high burden of stroke in LAC can largely be attributed to modifiable risk fac-
tors. Arterial hypertension remains the most significant contributor to stroke risk in
the region, responsible for approximately 53% of the population-attributable fraction
[123]. Obesity is another key risk factor, contributing to 37% of stroke cases. These
risk factors are particularly influential in hemorrhagic strokes, which disproportion-
ately affect women and older adults [123].

In lower-income countries within LAC, household air pollution is emerging as a
critical risk factor, further complicating the stroke epidemiology in these settings.
The higher prevalence of metabolic conditions, including high blood pressure and
elevated body mass index, combined with limited access to prevention and treatment,
particularly in rural areas, exacerbates the stroke burden in these nations [122, 123].

6.5 Case fatality and mortality trends

The case-fatality rate for stroke in LAC remains alarmingly high, with studies
indicating rates ranging from 20 to 40% depending on the country. In particular,
the 30-day case-fatality rate following a first stroke was reported as 21.1% in recent
analyses. The high mortality rates are compounded by limited access to specialized
acute stroke care, including thrombolysis and mechanical thrombectomy, and also
by a lack of sufficient post-stroke rehabilitation, especially in lower-resource settings
[119, 121, 125].

6.6 Economic impact and cost of stroke care

The financial burden of stroke treatment is another critical issue in LAC. A multi-
center study assessed the direct costs associated with acute ischemic stroke treatment
in various LAC countries [126]. The analysis revealed significant cost disparities, with
costs ranging from 1$ 5902 in Peru to I$ 27,488 in Brazil for the same treatment. The
study further highlighted the variations in costs for different treatment modalities,
including medical treatment, intravenous thrombolysis, mechanical thrombectomy,
and the combination of both, with costs ranging from I$ 9735 to I$ 30,153 depending
on the treatment approach. These cost differences reflect the diversity in health-
care systems, access to treatment, and regional disparities in economic resources.
Addressing these disparities through targeted interventions, improving access to
care, and optimizing healthcare spending are essential to improving stroke outcomes
across LAC [126].

6.7 Conclusion

Stroke continues to impose a significant burden on public health in Latin America
and the Caribbean, with increasing incidence rates, high mortality and case-fatality
rates, and substantial regional disparities in care. The rising prevalence of risk factors
such as arterial hypertension, obesity, and diabetes mellitus, compounded by emerg-
ing environmental risks, calls for urgent public health action. Furthermore, dispari-
ties in access to care and the economic burden of stroke treatment must be addressed
through more equitable healthcare policies, better prevention strategies, and efficient
allocation of resources.
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Improving stroke outcomes in LAC will require comprehensive approaches that
target modifiable risk factors, enhance stroke care infrastructure, and ensure more
equitable access to treatment, especially in underserved areas. As stroke epidemiology
continues to evolve, ongoing research and collaboration will be crucial to developing
effective strategies for reducing the stroke burden in this diverse and rapidly changing
region.

7. Southeast Asia
7.1 Background

Southeast Asia (SEA) represents a diverse sub-region of Asia, encompassing
11 nations: Brunei, Cambodia, Indonesia, Laos, Malaysia, Myanmar, Philippines,
Singapore, Thailand, Timor-Leste, and Vietnam. The region spans approximately 4.5
million square kilometers and hosts a population exceeding 680 million, making it
one of the world’s most densely populated regions [4]. Population projections indicate
continued growth, with expectations of reaching 760 million by 2050, driven by high
birth rates and improving life expectancy [127].

The region exhibits remarkable cultural, ethnic, and linguistic diversity, predomi-
nantly composed of Austronesian, Austroasiatic, Tai-Kadai, and Sino-Tibetan ethnic
groups. The religious landscape is equally varied, with Islam, Buddhism, Christianity,
and Hinduism serving as major faiths. Economically, SEA presents a spectrum
ranging from low-income countries to upper-middle-income nations, with Singapore
standing as the region’ sole high-income country [127].

7.2 Epidemiological patterns and disease burden

The Global Burden of Disease Study 2019 revealed that stroke remains the second
leading cause of death in Southeast Asia, with low-income countries experiencing a
significantly higher burden than high-income nations [128]. Specifically, World Bank
low-income countries faced 3.6 times higher age-standardized stroke mortality rates
(95% CI: 3.5-3.8) and 3.7 times higher disability-adjusted life year (DALY) rates (95%
CI: 3.5-3.9), exceeding the global average of 11.6% [128]. The disparity is further
emphasized by the fact that 86.0% (85.9-86.9) of all stroke-related deaths and 89.0%
(88.9-89.3) of stroke-related DALYs occurred in lower-income, lower-middle-income,
and upper-middle-income countries [128]. A comprehensive WHO report published
in 2021 highlights that the burden is particularly significant in low- and middle-
income countries, which account for over 85% of global stroke mortality [129].

Southeast Asian countries show significant variations in stroke burden, with
Indonesia demonstrating the highest mortality rate of 193.3 per 100,000 person-
years, followed by Myanmar (165.4), Lao PDR (141.3), and Cambodia (137.8). The
middle-range countries include the Philippines (109.6) and Vietnam (124.5), while
Malaysia shows a lower rate at 84.3 per 100,000 person-years [7]. The lowest mortal-
ity rates are observed in Singapore (47.9), Thailand (62.8), and Brunei (68.6) per
100,000 person-years. Regarding stroke incidence, limited data are available for
Southeast Asian countries, with Malaysia reporting the lowest rate at 67 per 100,000
person-years, Vietnam at 250 per 100,000 person-years, and Singapore at 180 per
100,000 person-years [104]. When examining DALYs lost, a similar pattern emerges
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with Indonesia showing the highest burden, followed by Myanmar, Lao PDR, and
Cambodia, while Singapore demonstrates the lowest burden in the region [104].

7.3 Young stroke

The burden of stroke among young adults (aged <50 years) has emerged as a
significant public health challenge in Southeast Asia, with epidemiological data
indicating substantially higher prevalence rates compared to Western populations
[128]. This concerning trend is attributed to a complex interplay of modifiable risk
factors, including increasing prevalence of hypertension and diabetes mellitus at
younger ages, rapid urbanization-associated lifestyle changes, and region-specific
genetic predispositions. Recent epidemiological surveillance data demonstrate that
Southeast Asia bears a disproportionate burden of young stroke, with urbanization
and socioeconomic transitions driving significant shifts in dietary patterns and physi-
cal activity levels [5]. Moreover, the healthcare infrastructure challenges, particularly
in resource-limited settings, contribute to delayed diagnosis and suboptimal risk
factor management [5]. These findings underscore the urgent need for targeted public
health interventions, emphasizing primary prevention strategies and early risk factor
modification, to address this emerging epidemic in the region.

7.4 Cerebrovascular disease patterns

Intracranial arterial stenosis (ICAS) patterns in Southeast Asia demonstrate distinct
characteristics. Hospital-based studies from Southeast Asian countries show varying
distributions, with Indonesia reporting high rates of large artery atherosclerosis at 59.6%
[130], while Singapore shows a predominance of small vessel disease at 47.9% [131].
Traditional cardiovascular risk factors remain consistent with other Asian regions, though
the impact may vary across different Southeast Asian populations.

7.5 Distinctive vascular conditions

While Moyamoya disease (MMD) is less commonly reported in Southeast Asia
compared to East Asia, other vascular conditions show regional significance. Studies
from Thailand have documented cases of cerebral gnathostomiasis, a parasitic infes-
tation unique to the region that can cause subarachnoid hemorrhage and migratory
intracerebral hemorrhage [132]. The pattern of arterial dissections in Southeast Asian
populations remains understudied compared to East Asian cohorts.

7.6 Infection-related cerebrovascular complications

Southeast Asia faces unique challenges from tropical infectious diseases affect-
ing cerebrovascular health. Dengue hemorrhagic fever, prevalent in the region, can
result in intracranial hemorrhage due to thrombocytopenia [133]. Recent studies have
also highlighted the impact of COVID-19 on stroke presentations in Southeast Asian
healthcare systems [134].

7.7 Less common vascular conditions

In Southeast Asia, radiation vasculopathy presents a significant clinical challenge,
particularly due to the high prevalence of nasopharyngeal carcinoma (NPC) in the
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region [135]. Studies from Southeast Asian centers, particularly in Singapore and
Malaysia, have reported favorable experiences with carotid artery stenting (CAS) for
radiation-induced carotid artery stenosis [136]. A meta-analysis demonstrated that NPC
patients treated with radiation therapy had an increased risk of carotid stenosis, with a
relative risk of 4.17 (p < 0.00001) compared to non-irradiated patients [137]. Regional
institutions have adopted surveillance strategies using carotid ultrasound screening one
year after radiation therapy, with close monitoring for disease progression.

7.8 Future directions

The challenges in Southeast Asian stroke care require targeted interventions
focusing on strengthening primary prevention, particularly for young stroke patients.
Key priorities include developing telemedicine networks to bridge urban—rural
divides, training more stroke specialists, and establishing more acute stroke units in
underserved areas. Healthcare financing reforms are needed to reduce out-of-pocket
expenses for acute stroke treatments, while regional collaboration could optimize
resource utilization and improve access to advanced therapies.

7.9 Conclusion

Southeast Asia faces unique challenges in stroke care, marked by significant healthcare
disparities across countries and a concerning trend of increasing young stroke incidence.
While some nations have established comprehensive stroke systems, many struggle with
limited resources and healthcare access. Success in addressing these challenges will require
a sustained commitment to improving infrastructure, increasing specialized workforce
capacity, and implementing targeted public health interventions that consider the region’s
socioeconomic diversity and unique disease patterns.

8. COVID-19 and stroke

COVID-19 significantly impacted stroke care worldwide, but its effects have been
especially severe in LMICs, where healthcare systems were already under strain.

The pathophysiology of stroke in COVID-19 patients is multifactorial and
complex, involving both direct and indirect effects of the virus on the vascular and
nervous systems. SARS-CoV-2, the virus responsible for COVID-19, binds to angio-
tensin-converting enzyme 2 (ACE2) receptors, which are expressed in endothelial
cells, neurons, and glial tissue. This interaction can trigger widespread endothelial
dysfunction and inflammation, leading to a prothrombotic state. The exaggerated
immune response, or “cytokine storm,” seen in severe cases, leads to elevated levels
of inflammatory markers like IL-6 and C-reactive protein (CRP), further promot-
ing coagulation and platelet activation. Additionally, COVID-19 is associated with
increased levels of D-dimer and fibrinogen, indicating hypercoagulability and
increased risk of thromboembolic events, including large vessel occlusion strokes.
Cardiac complications such as arrhythmias and myocarditis may also increase the risk
of cardioembolic strokes. In some cases, autoimmune mechanisms and antiphospho-
lipid antibodies may also play a role. Together, these factors contribute to an increased
incidence of ischemic stroke, particularly in younger patients without traditional
risk factors, underlining the need for vigilance and early intervention in COVID-19-
associated stroke [138-140].
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However, in LMICs, limited access to diagnostic tools, delayed hospital presenta-
tions, and shortages of trained personnel often hinder timely diagnosis and treatment
[141]. Lockdowns and fear of infection further discouraged patients from seeking
urgent care, leading to a rise in untreated or late-presenting strokes. Telemedicine,
which offered a lifeline in high-income settings, remained inaccessible to many in
LMICs due to technological and infrastructural barriers. Moreover, many of the
existing stroke units were reallocated to manage the pandemic, and this further com-
promised the stroke care. As a result, mortality and disability from stroke increased
disproportionately in these regions.

Addressing this crisis requires targeted strategies, such as strengthening stroke
care pathways, investing in public awareness, and ensuring equitable access to acute
stroke interventions, even during pandemics. The COVID-19 experience highlights
the urgent need to build resilient stroke systems in LMICs that can withstand future
global health emergencies.

9. Summary of stroke in low- and middle-income countries

Stroke poses a significant and growing public health challenge in low- and middle-
income countries (LMICs), where rising incidence rates are fueled by urbanization,
sedentary lifestyles, and diets high in salt and fat. Hypertension, diabetes, and limited
awareness of risk factors contribute to the burden, compounded by inadequate
healthcare infrastructure for timely diagnosis, acute treatment, and rehabilitation.
LMICs face higher stroke-related mortality and disability rates compared to high-
income nations, as limited access to specialized care, costly therapies, and scarce
rehabilitation services exacerbate outcomes. Economic strains on families due to
medical expenses and lost income further deepen the crisis. Addressing this requires
targeted investments in preventive measures, affordable management of chronic
conditions, and strengthening healthcare systems to improve acute care and long-
term support for survivors.
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Chapter 3

Socio-Economic Inequalities in
Stroke: A Global Perspective

Olaleye Akinmola Adeniji and Ayotomiwa Fagbemi

Abstract

The effects of socio-economic inequalities on stroke risk, clinical profile, and
outcomes continue to attract global public health interest. This is because, despite
impressive advances in stroke prevention and acute care, substantial heterogeneities
remain with regard to stroke incidence, prevalence, prevention, treatment and
outcomes across many parts of the world. Socio-economic factors may influence dif-
ferences in access to resources, lifestyle and behavioral choices, psychosocial stressors
and the built environment and may partly explain why these heterogeneities persist.
The political and cultural environment in which people live, grow and work is also
critical in shaping policy priorities and subsequent allocation of resources to non-
communicable diseases such as stroke. In this chapter, an overview of the effects of
socio-economic inequalities on stroke risk factors, incidence, prevalence, mortality,
is provided. Potential strategies for advancing equity in stroke care, especially across
diverse populations, are also discussed.

Keywords: socio-economic inequalities, stroke, low socio-economic status, disparities,
social determinants

1. Introduction

Stroke is a major disabling disease of global public health importance. It is the
second leading cause of death and third leading cause of adult-onset disability globally
[1]. Stroke outcomes such as death, disability, dementia, depression and anxiety are
major contributors to increased costs of care, caregiver burden and poor quality of
life among stroke survivors and their families [2, 3]. Over the years, understanding of
stroke risk factors, clinical presentation, outcomes and global burden has increased in
tandem with impressive advances in stroke prevention, care and treatment. However,
despite these, substantial heterogeneity exists in the global stroke burden [1]. This
may be partly because of socio-economic factors prevalent within the population
and among individuals that influence stroke epidemiology and outcomes [4]. These
factors sometimes also called social determinants of health (SDOH), have become of
increasing interest in global public health [4]. The World Health Organization (WHO)
Commission on the SDOH in 2010 defined SDOH as non-medical factors that influ-
ence health outcomes [5]. These include structural factors such as the political, legal,
economic, educational and cultural policies or beliefs prevalent within societies that
determine the gradients of income, education, occupation or social class [6]. These
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structural factors play an important role in shaping the material, biological and psy-
chosocial living situation of the individual or society including factors such as housing,
food availability, early childhood factors, the lived environment, physical activity and
mental well-being. These “downstream” factors are referred to as intermediate deter-
minants of health [6]. The accretionary effects of these structural and intermediary
determinants play a critical role in shaping differences in stroke risk within popula-
tions (inequalities) and eventual outcomes after stroke (disparities) [7] (Figure1) .
A better understanding of the drivers of these determinants has, however, emerged,
highlighting a strong association between low socio-economic status (a composite
metric including many indices such as level of education, neighborhood socio-eco-
nomic status and income level) and stroke risk and outcomes [8-10] and are reviewed
in this chapter. Based on these, some strategies for addressing these inequalities in
population stroke prevention and care have been suggested and are also reviewed.

1.1 Stroke risk factors

Low socio-economic status (SES) is an important driver of inequalities in stroke
risk from many studies [11-14]. The overall effects of modifiable stroke risk factors
such as hypertension, diabetes mellitus, obesity, sedentary lifestyle, and alcohol and
tobacco use have a strong correlation with low SES in both high-income countries
(HICs) [11] and low- and middle-income countries (LMICs) [4]. The association
between low SES and dyslipidemia has also been reported [15]. High SES has also
been documented as a risk factor for stroke [16], although overall low SES seems
to be associated with more severe strokes than high SES [4]. This may be because
higher SES increases the adoption of urbanization, lifestyles and diets that increase

the risk of stroke.
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Stroke risk

Stroke care . Stroke
outcomes

Lived

Legal .
environment

Occupation

Factors

Educational

Factors

Lifestyle
choices

Economic Factors

Figure 1.
A diagram showing the interaction between structural (ved squares) and intermediate determinants of health
(text) and stroke visk, stroke cave and outcomes (Venn diagram).
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Although the definitions of low SES vary across different studies [11], a consistent
pattern of higher stroke risk with increasing indices of low SES has been reported
[11, 13, 14]. Several other indices of low SES such as unemployment status [12], rural
habitation [17], non-serviced accommodation [17], low educational level [18] and
lack of health insurance [19] have also been associated with higher risks of stroke.
These associations seem to be present within both HICs and LMICs [11, 18, 19],
suggesting that stroke risk factors may be driven by similar socio-economic variables
across diverse populations. Data from the Global Burden of Disease Investigators
(2019) also suggest that low SES is strongly associated with the risk of stroke and
stroke burden [1].

The effects of SES on stroke risk may even be more pronounced in certain ethnic
groups. In the United States, for example, people of African Ancestry have a higher
incidence of stroke, more severe strokes and higher stroke mortality than other racial
groups and this risk has persisted despite an overall reduction in stroke incidence in
the general population over the last five decades [20, 21]. Markers of low SES such
as low income have been reported as associated with a higher risk of stroke among
African Americans compared to other ethnic groups although other factors such as
genetic and epigenetic factors have also been suggested [21]. In the REGARDS trial,
for example, each additional SDOH factor was associated with higher odds of stroke,
especially in individuals under 75 years of age [22].

The pathways by which low SES increases stroke risk factors such as hyperten-
sion, diabetes, obesity, poor nutrition, sedentary lifestyle, alcohol and tobacco con-
sumption among low SES populations are likely complex and multifaceted. Stroke
knowledge and awareness has been reported to be poorer among people with low SES
[23], and this may lead to poor health-seeking behavior. The burden of infectious
diseases such as HIV has also been reported to be higher among people with low
SES, and this may impact stroke risk, especially in regions of high HIV endemic-
ity [24]. Further, structural and intermediate barriers to equitable access to health
appear more prevalent among people with low SES. People with low SES, especially
in LMICs, have higher out-of-pocket expenditures and higher rates of catastrophic
health expenditure (a marker of impoverization due to illness) due to stroke [25].
These barriers may prevent early presentation and treatment of stroke risk factors
and poorer outcomes.

1.2 Early life factors

Markers of low SES in early life, such as inadequate nutrition, lower parental social
class and poor social mobility, have also been associated with increased stroke risk
[26]. These markers may influence stroke risk across the life course. The fetal origins
hypothesis by Barker [27], which highlights how adverse early life factors such as poor
nutrition increase the risk of cardiovascular diseases such as stroke in later life, is rel-
evant in linking adverse early life factors to increased stroke risk in later life. Studies
suggest that individuals with anthropomorphic indices of inadequate nutrition such
as low birth weight, pre-term birth and short stature have an increased risk of stroke
risk factors such as hypertension, diabetes and obesity in later life [26, 28]. Paternal
social class and a positive family history of stroke death have also been associated with
increased stroke risk [29, 30]. Inter-generational social mobility has also been associ-
ated with increased risk of ischemic stroke with downward social mobility especially
between adolescence and early adulthood being associated with higher odds of stroke
in later life [31].
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1.3 Stroke incidence

According to the GBD investigators 2021 [1], stroke incidence seems to be increas-
ing globally. Stroke incidence increased, especially in parts of Southeast Asia and
Oceania [1], from 1990 to 2020. This contrasted with the picture in 2017, when there
was an overall 11.3% decline in age-standardized stroke incidence globally [4]. This
observed increase in stroke incidence was seen mostly in young to middle-aged
people. Notably, from the 2021 study, there was a strong association between increas-
ing stroke incidence and lower socio-demographic indices (SDIs) [1]. The major
drivers of increasing stroke incidence include demographic factors such as increas-
ing aging of the population, stroke risk factors such as uncontrolled hypertension,
poor lifestyle choices (obesity, smoking, alcohol use and sedentary lifestyle) and air
pollution [1]. These factors act in synergy with other system factors such as absence
or poorly developed stroke prevention and treatment services, inadequate stroke care
manpower and low levels of public spending on healthcare.

Generally, stroke incidence appears to be higher among people with markers of
low SES such as low level of education, low-income status and low neighborhood
social class [11, 14]. This is likely due to the higher burden of stroke risk factors and
poor screening and treatment among people with low SES.

1.4 Stroke prevalence

Age-standardized stroke prevalence seems to have doubled over the past 30 years
despite advances in prevention and treatment of stroke [1, 4]. This trend of increasing
stroke prevalence seems to be predominant in LMICs [4]. The relationship between
low SES and stroke prevalence in LMICs also seems to be non-linear, however, with
increasing stroke prevalence at both high and lower ends of the socio-economic strata
[32, 33]. People with low SES in urban areas appear to have a higher prevalence of
stroke compared to those in rural areas [33].

1.5 Stroke mortality

It is estimated that global stroke mortality will increase by 50% from 2020 to
2050, and a substantial part of this mortality burden would be borne by LMICs [34].
Already, LMICs bear a disproportionate burden of stroke mortality while having the
least number of human resources to tackle it [1, 34]. According to the Global Burden
of Diseases Injuries and Risk Investigators 2021 [1], 87.2% of all fatal strokes, and
89.4% of all stroke-related Disability-Adjusted Life-Years (DALYs) occurred in all
low-income and middle-income countries (LMICs) combined in 2021. The driv-
ers of increasing stroke mortality include absent or poorly developed acute stroke
treatment services, poorly developed pre-hospital stroke services and huge financial
barriers to accessing acute stroke care due to absence of universal health coverage
[34]. Although data on specific racial, gender and socio-economic disparities in stroke
mortality in LMICs is still emerging, their overall effects are likely to be significant
due to challenges with resources available for healthcare and non-communicable
disease prevention. In contrast, HICs have experienced a progressive decline in stroke
mortality [35, 36]. This decline in stroke mortality in HICs occurred despite increas-
ing aging in many of these countries [37, 38]. The main drivers of reducing stroke
mortality in HICs likely include relatively reduced stroke incidence (due to systematic
improvements in population health and population stroke risk factor control) and
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reduced stroke case-fatality rates (due to advances in acute stroke treatments such as
thrombolysis and mechanical thrombectomy for ischemic strokes, decompression and
evacuation surgeries for hemorrhagic strokes and the uptake of acute stroke units)
[35-38]. In many HICs, these declines in stroke mortality have been accompanied by
concomitant declines in mortality from ischemic heart disease and dementia, suggest-
ing a pragmatic model for the control of not just stroke but other NCDs as well [39].

2. Equity-based approaches to reducing socio-economic inequalities

Health equity is defined as the reduction or elimination of all remediable or unfair
differences in health and health outcomes among different social, ethnic, gender, reli-
gious and geographic population groups [40] and has become a topical issue in public
health. The concept is relevant to stroke prevention and care because of the effect
of socio-economic inequalities on stroke risk and outcomes. Despite the advances in
stroke prevention and acute stroke care over the past decades, the promise of access
to safe, timely, effective, affordable and high-quality stroke care remains challenging
for diverse populations due to systemic and structural barriers from differences in
race or ethnicity, gender, economic class or educational level. A range of solutions
has been proposed and operationalized within different models of stroke care with a
view to reducing some of the observed disparities in stroke. Many of these solutions
have their strengths and weaknesses, but they provide useful templates for advancing
equity in stroke care and are discussed below.

2.1 Stroke surveillance and prevention

Stroke surveillance refers to systematic attempts by communities or countries
to map the risk factors for stroke within populations including regular surveys of
populations at risk with a view to early screening and treatment of these stroke risk
factors [41]. It is an important component of the stroke quadrangle [41] (comprising
stroke surveillance, prevention, acute treatment and rehabilitation). These attempts
may involve mass surveys of populations at risk with a focus on identifying stroke
risk factors and determining individual risks. Stroke prevention also involves strate-
gies to modify the population determinants of stroke risk factors and to prevent the
establishment of these risk factors (primordial prevention) or strategies to actively
treat those populations who already have stroke risk factors to prevent the occurrence
of a stroke (primary prevention) [42]. These (primordial and primary prevention)
may involve public legislation and educational programs, bans and taxes on tobacco
and alcohol products, physical activity campaigns and active screening and treatment
of stroke risk factors by trained staff usually at the primary level of care (population-
based strategy) [42]. A second strategy involves identification of individuals or
population subgroups particularly at high risk of stroke (high-risk strategy) [43].
While population-based approaches are thought to be more cost effective, questions
remain about feasibility and sustainability [43]. High-risk strategy of screening and
treatment relies mostly on individual risk-stratification and treatment of high-risk
individuals [43].

Digital tools for stroke risk stratification have also been developed and used [44].
One of the more commonly known and widely recommended tools is the Stroke
Risko-meter Application [45]. However, many of the currently available risk-
stratification models, including the Stroke Risko-meter Application, do not include
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markers of Socio-economic status or SDOH. Further, these applications were derived
from specific populations and may therefore underestimate or overestimate stroke
risk in non-derived populations [44, 45]. Tele-health tools such as the Stroke Coach
have also been studied as a pragmatic means of screening and identifying at-risk
populations, disseminating stroke knowledge and promoting healthy lifestyle and
behavioral choices such as smoking cessation and tobacco use cessation [46]. There is
evidence that these tele-health tools may be effective at improving glycemic control,
dyslipidemia and weight loss [47]. However, their overall efficacy in reducing stroke
risk is still being investigated.

Challenges facing digital approaches to stroke primary prevention include the
digital health divide between HICs and LMICs, structural barriers such as availability
of telephony infrastructure in rural areas, broadband challenges and costs [44, 45].
Many of these digital tools require some level of literacy or numeracy which may also
be a challenge in low-literacy populations.

2.1.1 Task shifting and sharing

Task shifting is defined as the systematic transfer of primary care duties from
physicians to non-physician healthcare workers, such as nurses, pharmacists or
community health workers [48]. Task shifting may be a pragmatic approach where
there are no physicians. However, in areas with low physician densities, task sharing
involving appropriately trained and certified non-physician health workers may be
useful in assisting the physician to deliver healthcare services [48]. Task-sharing
strategies have been reported to be feasible and effective in improving the screening
and management of stroke risk factors in community settings [49]. Data from many
studies and meta-analyses suggest that task sharing with non-physician health work-
ers is effective for the management of blood pressure and diabetes mellitus in both
community and hospital-based settings in both HICs and LMICs [50-52]. However,
many gaps remain in effectively deploying this strategy at scale [51]. The effective-
ness of a task-sharing strategy in improving overall cardiovascular risks is also under
investigation.

3. Future directions and conclusion

As research on the socio-economic inequalities in stroke care and outcomes con-
tinues to grow, priorities for improving these inequalities will become of increasing
political and economic interest, in tandem with the projected increase in global
stroke burden. Therefore, accurate characterization of the impact of different
socio-economic determinants of health within diverse populations will be key for
research, clinical practice and policy implementation. Delineating the effect sizes
of various SDOH using highly rigorous methods will also be important to provide
insights into the best areas to concentrate public health resources. Implementation
strategies to improve these SDOH will also be critical. Endpoints such as feasibil-
ity, sustainability and cost-effectiveness of these interventions will be important
indices. Overall, political will and multi-sectoral strategies will be important
determinants of respective countries outcomes in the efforts to improve these
markers of socio-economic inequalities and optimize stroke care and outcomes for
vulnerable populations.
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Chapter 4

Young Stroke: Epidemiology
and Etiology

Neetika Sharma and Ashish Sharma

Abstract

Stroke is the second leading cause of death in the world. Young stroke is consid-
ered at an age of less than 45 years. The incidence of young stroke ranges from 7 to
151in 100,000 people per year. This incidence has substantially increased and adds
to the cost of long-term care, posing a huge challenge to the health care system. As
with stroke in normal adults, causes of stroke in the young also include large artery
atherosclerosis, cardioembolic, small vessel disease, other determined etiology, and
undetermined etiology. Identification of rare causes of young stroke requires a major
diagnostic effort. Which diagnostic test is necessary for each patient is a matter that
needs to be decided individually. Among the other determined and undetermined
etiologies, non-atherosclerotic vasculopathy and genetic stroke syndromes constitute
the major causes of stroke. Young females are more predisposed to migraine with
aura, vascular disorders, and autoimmune conditions. Ethnic disparity also exists in
this subset of the population. Lifestyle choices (cigarette smoking, drug abuse, and
a sedentary lifestyle) can significantly increase the rate of stroke among the young.
Causes of stroke in the young are often missed. With advances in science, it has
become easier to detect genetic causes of stroke, as they have different management
and their prognosis varies.

Keywords: young stroke, genetic stroke syndrome, juvenile stroke, global stroke burden,
causes of young stroke

1. Introduction

Traditionally, stroke is considered a disease of the elderly; however, stroke at a
young age < 50 years makes up to 10% of all strokes and is still rising [1]. With the
global rise in incidences of metabolic disorders like diabetes, hypertension, dyslipid-
emia, obesity with smoking, drug abuse, physical inactivity, and heart diseases, the
prevalence of young stroke has increased. Young adults of all races and ethnicities
are affected [2]. Stroke adds to morbidity and affects the quality of life. Apart from
neurological conditions, patients also have to deal with psychosocial consequences.
In this chapter, we will discuss the epidemiology along with common and uncommon
but important causes of stroke in the young population.
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1.1 Epidemiology

The incidence of ischemic stroke among young adults is rising globally. A 27-year-
long study from France found that the incidence of stroke for those <55 years of age
was 20.2 per 100,000 adults in 2003-2011 [3]. In the United States, the incidence
of stroke for the age group 20-44 was 28 per 100,000 in 2015 [4]. The incidence of
young stroke varies from continent to continent. In Europe, it ranges from 7 to 8 per
100,000 to 100 per 100,000 in Sub-Saharan Africa [5]. Slight disparity exists among
epidemiological studies secondary to deciding the age limit for young stroke. Some
studies consider <45 years as a young stroke, while some studies consider <65 years of
age as a young stroke [6]. As per Global Burden of Disease 2013, the global prevalence
of ischemic stroke for the age group 20-64 years was 7258,21, and hemorrhagic stroke
was 3,725,085 cases respectively [1]. Black and Hispanic populations are at higher
risk of stroke as compared with white populations in the United States, secondary
to higher conventional risk factors [6]. Studies from Europe and the USA showed
a higher incidence of stroke in women of the age group 30-44 years; however, in
Chinese adults, no difference between the two genders was seen [7]. Higher mortality
and recurrence of vascular events are seen more commonly in males than in females
[8]. The disparities among low, middle, and high-income countries stem from genetic
and cultural differences, as well as variations in access to diagnostic and therapeutic
resources. Given the increasing incidence of stroke in young individuals, primary and
secondary prevention should ideally begin across all income groups. Additionally,
prevention strategies must be tailored to address continent and country-specific risk
factors [7].

1.2 Etiology

Causes of stroke in young adults can be classified as per the trial of ORG in acute
ischemic stroke (TOAST) classification used in older adults. It includes [5]:

1. Large artery atherosclerosis
* Atherosclerotic arteriopathy.

2.Cardioembolic

Atrial fibrillation and other arrhythmias

e Cardiac tumors

* Cardiomyopathy

* Endocarditis with or without valve vegetation

* Patent foramen ovale (PFO) or atrial septum defect
3.Small vessel disease

* Genetic cerebral small vessel disease-cerebral autosomal dominant arteriopa-
thy with subcortical infarcts and leukoencephalopathy (CADASIL)
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* Sporadic cerebral small vessel disease
4. Stroke of another determined cause
* Genetics
* Vascular
* Drugs
e Malignancy
5.Stroke of undetermined cause
* Cryptogenic stroke
1.3 Large artery atherosclerosis

The conventional risk factors of stroke, including hypertension, diabetes mel-
litus, coronary heart disease, smoking, and heavy episodic alcohol consumption,
account for almost 80% of all ischemic strokes in young adults. A deeper under-
standing of the impact of modifiable risk factors on the burden of stroke in young
adults is crucial for developing effective preventive strategies. Research has shown
that traditional stroke risk factors are more prevalent among young adults than
previously believed and assumed [9]. These patients require long-term antiplatelet
therapy, carotid endarterectomy, for ipsilateral carotid stenosis >50%, management
of conventional risk factors, lipid-lowering agents, antihypertensives, antidiabetics,
smoking cessation, etc. [5, 6].

1.4 Cardioembolic

Patients with atrial fibrillation (AF), cardiac tumors, and cardiomyopathy pres-
ent with multifocal neurological symptoms with a prominent history of palpitation
in patients with AF or arrhythmias. Patients with endocarditis have a history of
fever, spondylodiscitis, abscess in other organs, splinter hemorrhages, and cardiac
murmur. PFO or septal defects have a history of precipitation of events after Valsalva,
prolonged immobility, and a history of deep venous thrombosis, with the absence
of conventional risk factors. Diagnosis is confirmed with electrocardiogram (ECG),
echocardiography, and transcranial Doppler bubble test for septal defects. Patients
with arrhythmias and cardiomyopathy require anticoagulation for stroke preven-
tion [10, 11]. Cardiac tumors need surgery [12]. For endocarditis patients, surgery
is advised in cases of heart failure, abscess, and perforation [13]. Patients with PFO
or a septal defect are given antiplatelet therapy. PFO closure is advised in recurrent
PFO-related strokes [14].

1.5 Small vessel disease

CADASIL: 60-85% of patients with CADASIL present with transient ischemic
attacks and ischemic strokes, with an incidence of approximately 10.4 per 100
patient-years [15]. The underlying cause remains a mutation in the NOTCH 3 gene.
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Brain MRI shows white matter hyperintensity in the anterior temporal lobe or exter-
nal capsule. Most events are recurrent and involve subcortical, with 67% of patients
presenting with lacunar syndrome. Other clinical symptoms include psychiatric
manifestations, headache, family history, and progressive cognitive impairment.
These patients need long-term antiplatelet therapy [16]. However, sporadic small
vessel disease occurs secondary to conventional stroke risk factors. MRI Brain shows
leukoaraiosis, lacunes, microbleeds, and white matter hyperintensities.
1.6 Stroke of other determined cause
This includes an extensive list of causes, which can be divided as:
1. Genetic
i. Autosomal dominant
ii. Autosomal recessive
iii. Mitochondrial
iv. X-linked recessive
2.Vascular

3.Drugs

4.Malignancy

2. Genetic
2.1 Autosomal dominant

a.Familial Hypercholesterolemia (FH)—FH should be suspected with fasting
LDL-C > 190 mg/dl in adults and > 160 mg/dl in children. FH can be established
by Simon Broome’s diagnostic criteria-Diagnosis of explicit FH requires [17]:

1. Cholesterol >290 mg/dl or LDL >190 mg/dl in adults. Or Cholesterol >260 mg/
dl or LDL >155 mg/dl in children <16 years of age.

2. Tendon xanthoma in patients or a 1st or 2nd-degree relative.

3.DNA-based on evidence of a functional LDLR, PCSK9, and apolipoprotein B
(APOB) mutation.

4. Family history of myocardial infarction before 50 years in a second-degree
relative or before 60 years in a first-degree relative.

5.Family history of raised total cholesterol >290 mg/dl in first or second-degree
relative or > 260 mg/dl in sibling <16 years of age.
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Definite diagnosis requires 1 and 2 or 3.

Probable diagnosis requires 1 and 4 or 1and 5.

It affects 1/200 to 1/500 individuals worldwide. In patients with FH, those with
ischemic heart disease at baseline are associated with higher ischemic stroke risk [18].

a.Ehler Danlos Syndrome (EDS) Type IV—EDS is characterized by skin hyper-
extensibility, joint hypermobility, and tissue fragility. There are six main types
of EDS, with prominent vascular involvement occurring in type IV. There is an
increased prevalence of cervical dissection, cerebral aneurysm, and cerebrovas-
cular malformation in patients with EDS [19].

b.Marfan syndrome—An autosomal dominant disorder of connective tissue, affect-
ing large and medium blood vessels, elastic fibers predisposing to aneurysm and
dissection along with increased risk of cerebral and spinal ischemia or hemorrhage
that occurs in approximately 10-20% of patients with Marfan syndrome [20].

c. Retinal vasculopathy with cerebral leukoencephalopathy (RVCL)—RVCL affect-
ing retinal, cerebral, and systemic blood vessels occurs secondary to a frameshift
mutation in the TREX1 gene. Neurological symptoms include migraine-like head-
aches, psychiatric disturbances, dysarthria, and hemiparesis [21]. Neuroimaging
shows rim-enhancing mass lesions, punctate non-enhancing and/or nodular
contrast-enhancing lesions [22]. It predominantly affects the frontal lobe and
spares the corpus callosum and infratentorial tissue. Systemic manifestations are
gastrointestinal bleeding, subclinical hypothyroidism, liver and renal disorders,
and Raynaud’s phenomenon. No therapeutic strategy is proven; however, prolif-
erative retinopathy may respond to intravitreal bevacizumab [21].

d.COL4A mutation—COL4A mutations cause familial vasculopathy, occur on
chromosome number 13, and lead to systemic small vessel disease manifestations
like Raynaud’s, cataracts, retinal hemorrhages, and muscle cramps. Neurological
symptoms include perinatal hemorrhages, porencephaly, and infantile hemipa-
resis [21]. The mean age of onset is 36 years. Brain images show leukoaraiosis,
microbleeds, lacunar infarcts, and dilated perivascular spaces [23].

e.Moyamoya—It is an isolated chronic, usually bilateral vasculopathy that leads to
progressive narrowing of the terminal intracranial portion of the internal carotid
artery (ICA) and the circle of Willis. Annual incidence is 0.5-1.5 per 1,000,000
in East Asian countries and 0.1 per 100,000 in others. In adults, it presents with
hemorrhagic, and in the pediatric age group, it presents with ischemic stroke
[24]. Clinical presentation includes transient ischemic attack (TIA), ischemic
stroke, headache, seizures, and cognitive impairment. Lesions do not fit into
avascular territory. Conservative treatment involves aspirin, analgesics, and
antiseizure medications; however, ASA 2019 guidelines recommend surgical
revascularization in patients with a history of ischemic stroke or TIA [25].

2.2 Autosomal recessive

a.Deficiency of Adenosine Deaminase 2 (DADA2)—DADA2 was first described
in 2014. The adenosine deaminase (ADA) enzyme occurs in two isoforms:
ADA1, which is present in almost all cells and leads to severe combined
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immunodeficiency syndrome (SCID), and ADA2, which is present in the hemat-
opoietic lineage. Its deficiency decreases the number of mature B cells, alters
endothelial integrity, and causes chronic neutrophil activation [26].

Clinical presentation depends on the system’s predominant involvement, whether
vascular, immune, or hematologic, and symptoms range from fever, ischemic stroke,
and portal hypertension to B-cell deficiency, pure red cell aplasia, cytopenia, or
bone marrow failure, respectively. Neurological manifestations occur in approxi-
mately 51% of patients and include predominantly ischemic stroke (27%), lacunar
stroke (14%), cranial nerve palsy (14%), hemorrhagic stroke (12%), and polyneu-
ropathy (9%) [27]. Areas of stroke predilection include the brainstem, cerebellum,
and deep brain nuclei [28]. Perivascular enhancement on MRI is characteristic of
ADA? deficiency [29].

High-dose systemic glucocorticoids are effective in reducing inflammation during
the acute phase; however, many patients experience refractory or relapsing disease
when tapering is attempted. For patients with vasculitic predominant manifestations,
TNF-alpha inhibition has shown high efficacy. Anti-TNF has strong protective effects
against stroke. Patients with immunodeficiency and cytopenia-driven phenotypes
are less responsive to TNF-alpha inhibition, and they require hematopoietic stem cell
transplantation [26].

a. CARASIL—Cerebral arteriopathy with subcortical infarcts and leukoencepha-
lopathy has a triad of alopecia, spondylosis deformans, and cerebral small vessel
disease. Premature baldness is seen in 72% of patients with CARASIL. 23%
develop stroke before 40 years of age. MRI changes include bilateral periven-
tricular subcortical white matter hyperintensity [30].

b.Anti-Phospholipid Antibody Syndrome (APAS)—The prevalence of APAS
is 40-50,100,000 subjects. The presence of any antiphospholipid antibody
increases the risk of cerebrovascular events by 5.48-fold for those under the
age of 50 years. 30% of patients present with ischemic stroke or TIA as initial
presentation [31]. The most common finding in MRI is white matter hyperin-
tensity, cerebellar infarct, bilateral border zone infarcts, and stenotic lesions on
MR angiography, mainly the bilateral internal carotid artery and M1 segment of
middle cerebral artery (MCA) are seen [32]. Primary thromboprophylaxis in an
antiphospholipid antibody-positive patient with low-dose aspirin was shown to
reduce the risk of first thrombosis by 50% [31]. In secondary prophylaxis, long-
term anticoagulation with oral anticoagulants is required [33].

c. Sickle cell disease-Ischemic or hemorrhagic stroke occurs in approximately 8%
of children with sickle cell disease without treatment. Silent cerebral infarction
is also common in sickle cell disease [34]. The risk of stroke is highest during the
first decade and most significant between ages 2 and 5 years [35]. A child with
sickle cell disease is 333 times at risk than one without [36]. Patients with abnor-
mal velocity of intracranial blood vessels on transcranial Doppler are at increased
risk of stroke, with a risk of up to 40% within 3 years [37]. The mechanism of
stroke in sickle cell disease is multifactorial and includes abnormal adherence of
sickled red blood cells to vascular endothelium, hemolysis-induced endothelial
cell activation, a hypercoagulable state, and alteration in vasomotor tone. Red
blood cell transfusion remains the most widely used preventive strategy measure
for stroke these patients with sickle cell disease [38].
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d.Inborn errors of metabolism—These disorders are characterized by early or
premature atherosclerosis caused by a defect in lipid or amino acid metabolism,
cerebrovascular occlusive disease secondary to accumulation of non-metabolized
substrate, or ischemia at the molecular level [39].

e. Disorder of biolipid metabolism—Cerebrotendinous xanthomatosis (CTX) leads
to bilateral cataracts, achilles tendon xanthoma, diarrhea, and dementia with
stroke, mainly affecting large and small arteries and the dentate nucleus in the
cerebellum. Progressive accumulation of cholestanol in the brain is the main
mechanism responsible for cerebral symptoms in CTX [40]. S. Cholestanol
levels and urinary bile alcohol levels are raised with low to normal serum choles-
terol and low HDL [41]. MRI shows typical bilateral and symmetrical hyperin-
tensities in the dentate nuclei [42]. A combination of chenodeoxycholic acid and
simvastatin is effective in reducing further serum cholestanol and the progres-
sion of the disease [43]. Tangier disease is an extremely rare condition causing
neuropathy, premature atherosclerosis, and enlarged orange tonsils, with low
levels of APOA1 and cholesterol in serum, and needs supportive treatment [44].

f. Disorder of amino and organic acid metabolism-Glutaric aciduria type I and propi-
onic acidemia are other inborn errors of metabolisms (IEMs), mainly affecting the
basal ganglia with macrocephaly, dystonia, and choreoathetosis in glutaric acidemia
and pancreatitis, osteopenia, hypogammaglobulinemia, and bone marrow sup-
pression in propionic acidemia, respectively. Management involves a diet deficient
in lysine, hydroxylysine, and tryptophan, supplemented with carnitine, riboflavin,
baclofen, and anticholinergics in glutaric aciduria, and restriction of natural pro-
teins, carnitine, biotin supplementation, and alkaline therapy for chronic acidosis
[39]. Deficiency of cystathionine beta-synthase or methylenetetrahydrofolate
reductase (MHTFR) results in homocystinuria. Clinical manifestations involve ecto-
pia lentis, skeletal abnormalities, and osteoporosis. A homocysteine level of more
than 15 umol/L increases the ischemic stroke risk in a nonlinear association [45].

2.3 Mitochondrial disorders

MELAS—Stroke-like lesions are the hallmark of MELAS and manifest clinically as
hemianopsia, hemiparesis, confusion, migraine-like headaches, vomiting, or seizures
[46]. The pathophysiology of stroke-like lesions in patients with MELAS remains
incompletely understood. Proposed mechanisms suggest a combination of mitochon-
drial cytopathy and angiopathy affecting small cerebral vessels [47]. In acute episodes,
MRI shows hyperintensity in diffusion weighted images (DWI) and apparent diffu-
sion coefficient (ADC) with hyperperfusion in perfusion weighted images (PWI) in
areas outside the vascular territory [47]. There is no definitive therapy yet. L-arginine
therapy can be beneficial in stroke-like episode treatment and prevention [48].

2.4 X-linked recessive

Fabry’s disease is a lysosomal storage disease with a deficiency of the enzyme
alpha-galactosidase. It mainly affects the vertebrobasilar circulation. Symptoms
include transient ischemic attacks, vertigo, hearing impairment, tinnitus, and cogni-
tive disturbance. Other symptoms include painful paresthesia, hypohidrosis, angio-
keratoma, cardiac abnormality, cornea verticillate, proteinuria, and gut dysmotility
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[49]. Fabry disease contributes to 1.2% of strokes in young patients [50]. Management
involves enzyme replacement therapy [49].

3. Vascular

66
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i. Arterial dissection—Cervical artery dissection accounts for around 20% of
ischemic stroke cases in young adults. Risk factors for dissection include male
gender, migraine, hyperhomocysteinemia, recent infection, trauma, and
smoking [51]. Carotid artery dissection is more common than vertebral artery
dissection [52]. Cervical artery dissection should be considered in a young
adult with unilateral head or neck pain with neurological deficit or a risk factor
for dissection. The classical appearance of cervical artery dissection on color
Doppler imaging is a candle flame tapering appearance within the lumen and
stenosis. The carotid string sign refers to a string of contrast material distal
to the dissection in the internal carotid artery [53]. Management involves
antithrombotic agents. Within 4.5 hours of onset, IV thrombolysis is safe in
cervical artery dissection-related stroke [52]. There is debate about whether
antiplatelet or anticoagulant agents are superior at preventing a stroke. A meta-
analysis looking at 40 non-randomized trials of 1636 patients with cervical
artery dissection, showed that recurrent stroke risk with antiplatelet therapy
vs. anticoagulation therapy was 2.6% (13/499) and 1.8% respectively (20/1137)
(odds ratio 1.49) and risk of death was 1.00% (5/499) vs. 0.8% (9/1137) (odd
ratio 1.27) respectively. These differences were not significant [53]. Cochrane
review 2010 found no evidence for either drug in internal carotid artery dissec-
tion. As per the European Stroke Organization 2017, 6-12 months of treatment
is adequate for patients where recanalization has occurred; however, in cases
of residual dissecting aneurysm or stenosis, long-term antiplatelets are recom-
mended. Both the European Stroke Organization and the American Stroke
Association guidelines recommend considering endovascular therapy in those
patients with recurrent ischemic events despite the best medical treatment.

—

. Vasculitis—Vasculitis increases the ischemic stroke risk by affecting vessel
lumina and causing distal tissue ischemia. It also increases the stroke risk by
affecting the vessel wall integrity. The site and size of the stroke depend on
the vessel involved, whether the large or small vessel is involved. Large and
medium vessels are typically involved in Takayasu arteritis, Polyarteritis
nodosa, Kawasaki disease, respectively, and present with the sudden onset of
contralateral hemiparesis. Small vessel lesions in ANCA-associated, cryoglo-
bulinemic, and Eosinophilic granulomatous polyangiitis result in subacute,
non-localizing complaints like headaches, seizures, cognitive decline, and
behavioral changes [54]. On the other hand, primary angiitis of central
nervous system (CNS) (PACNS) can also cause headache, cognitive deficits,
and focal neurological deficits. The average affected age group is 42 years
(24-63 years). Management of vasculitis, whether systemic or CNS vasculitis,
is systemic steroid pulse with long-term immunomodulation [55].

—

.Migraine—Migrainous infarction is seen commonly in females suffering
from migraine with aura and mainly involves the posterior circulation terri-
tory. Various factor contributes to stroke in migraine-like cortical spreading
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depression that leads to a change in flow dynamics, increasing vascular
resistance. Increased inflammation, endothelial dysfunction, and genetics all
contribute to stroke pathogenesis in migraine. Currently, there are no recom-
mended guidelines for primary prophylaxis of stroke in migraine [56]. Young
females with migraine with aura should also avoid oral contraception as it
increases the stroke risk in these females [57].

iv. Reversible cerebral vasoconstriction syndrome (RCVS)—Patient presents with
thunderclap headaches lasting 1-3 hours, with or without focal neurological symp-
toms or seizures. Angiography shows segmental narrowing of the branches of
cerebral arteries. Management includes eliminating precipitating events and blood
pressure control. The main diagnostic criteria of RCVS by Calabrese et al. [58].

v. Conventional angiography magnetic resonance angiography (MRA) showing
widespread segmental cerebral artery vasoconstriction (“string and beads”)

vi. No evidence of an aneurysmal subarachnoid hemorrhage
vii. Normal or almost normal cerebrospinal fluid analysis
viii. Acute and severe headache, with or without focal neurological deficits
ix. Reversibility of angiographic abnormalities within 3 months.

x. Various precipitating factors include drug, pregnancy, preeclampsia, eclamp-
sia, pheochromocytoma, neuroendocrine tumor, traumatic brain injury,
porphyria, unruptured cerebral aneurysm, or idiopathic [59]. Management
involves nimodipine for headache and blood pressure monitoring. For prophy-
laxis, patients are advised to avoid the precipitating factors [60].

4. Drugs

Drug abuse is a common cause of stroke in young adults, with psychomotor
stimulants like amphetamine and cocaine being the most frequently implicated. Less
commonly, opioids and psychomimetics like cannabis are also associated with stroke.
Toxicology screening should be conducted in all suspected cases [61]. Anabolic
steroid use is associated with cerebral venous thrombosis, and heroin abuse is related
to hemorrhagic stroke. Patients with tramadol, cannabis, and cocaine use disorders
are more likely to experience strokes in the posterior than in the anterior circulation.
Additionally, individuals with heroin use disorders had significantly higher mortality
rates than those without heroin use disorders [62].

5. Malignancy

Patients with newly diagnosed cancer have an increased risk of both ischemic and
hemorrhagic stroke, with 5-10% of stroke patients having active cancer. The most
identified malignancies include hematologic cancers, long digestive tract cancer, lung
cancer, and pancreatic cancer. The mechanism remains in a hypercoagulable state,
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with direct tumor effects, infections, and therapies involved in treatment. Acute
treatment with IV thrombolysis is beneficial in patients with nonmetastatic disease.
Prognosis is worse in patients than in patients without cancer [63].

1. Stroke of undetermined cause—In these cases, no cause or attributable risk fac-
tors are identified after thorough investigations. They are treated with conven-
tional long-term antiplatelet therapy. The definition of embolic stroke of the
unknown source is based on the exclusion of lacunar infarction by brain imag-
ing, arterial stenosis of more than 50% or dissection of the respective brain sup-
plying artery by angiography or ultrasound, atrial fibrillation by at least 24-hour
ECG monitoring, as well as some rare causes [64].

2. Stroke associated with pregnancy—Stroke in young females deserves special
mention separately. The incidence of stroke in a pregnant female is three times
higher than in a nonpregnant female of similar age. Half of the maternal strokes
are hemorrhagic, contrary to the general population, where 87% of strokes are
ischemic [65]. Many conditions associated with pregnancy contribute to the risk
of stroke and include thrombophilia, heart disease/peripartum cardiomyopathy,
migraine, lupus, hypertensive disorder of pregnancy, thrombocytopenia, and
gestational diabetes [66]. The highest risk of maternal stroke occurs in the peri-
partum and immediate postpartum period up to 2 weeks after delivery [65].

Posterior reversible encephalopathy syndrome (PRES) and reversible cerebrovascu-
lar vasoconstriction syndrome (RCVS) are commonly seen in patients with preeclamp-
sia and occur secondary to endothelial dysfunction, inflammation, and sympathetic
hyperactivity [67]. Cerebral venous thrombosis is one of the most common cerebrovas-
cular complications in pregnancy, affecting approximately 11.6 per 100,000 deliveries
[68]. Females diagnosed with moyamoya during pregnancy two-thirds present with
hemorrhagic stroke with high maternal and fetal morbidity and mortality [69].

Women with antiphospholipid syndrome, lupus, or other autoimmune disorders
are considered high risk and should be started on aspirin after 12 weeks of pregnancy
for preeclampsia prevention [70]. These maternal strokes could be avoided with
targeted prevention efforts and early recognition of warning signs, and require close
collaboration between both neurologists and obstetricians.

6. Conclusion

Stroke in young adults is rising globally. Apart from conventional risk factors,
genetic and region-specific risk factors play an important role. Early measures as
primary prevention can substantially reduce the burden of stroke and improve the
quality of life of young individuals, as stroke patients have to deal with psychosocial
consequences as well after a stroke. There is a need for studies on young stroke preva-
lence and causes from different countries, as different regions affect the genetics and
environmental factors contributing to stroke.
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Chapter 5

Risk Factors and Management of
Stroke in Young Adults

Rajeshwar Sahonta and Anusha Thomas

Abstract

Stroke is traditionally associated with older populations, but its rising incidence
among younger adults presents significant clinical and socioeconomic challenges.
This paper explores the epidemiology, risk factors, and consequences of stroke in
young individuals, defined as those under 45 years. Unlike older adults, young stroke
patients exhibit a more heterogeneous risk factor profile, including genetic predis-
position, lifestyle influences, and rare vascular disorders. The study underscores the
urgent need for early identification, preventive strategies, and targeted interventions
to mitigate long-term morbidity and economic burden. Understanding modifiable
and non-modifiable risk factors is essential for developing comprehensive stroke
prevention frameworks tailored to younger populations.

Keywords: young stroke, epidemiology, risk factor, prevention, neurology,
socioeconomic impact

1. Introduction

Stroke bears a vast neurological disease burden, as evidenced by emerging and
expansive epidemiological literature. Stroke is the second most frequent cause of
death worldwide, after ischemic heart disease, and the third leading cause of dis-
ability. While a specific definition of “young stroke” is lacking, the vast majority of
authors consider “young stroke” to pertain to individuals under 45 years of age [1].
Younger stroke patients tend to have better short-term outcomes, as evidenced by a
higher percentage (60%) achieving a modified Rankin Scale (mRS) score of 0-2 at
28 days post-stroke compared to older patients (46%). However, for younger patients,
long-term prognosis remains a crucial area of focus, as they will live longer with the
consequences of stroke. Rapid identification of causes and risk factors of ischemic
stroke in young adults is key to optimizing treatment and preventing recurrence [2].

2. Incidence and epidemiology

The prevalence of stroke in young adults is estimated to be about 10-14% of
all strokes [3]. From 1990 to 2013, there was an observed rise in the prevalence of
stroke cases, deaths, and disability-adjusted life years (DALYs) among adults aged
20-64 years. Developing countries saw a 36.7% increase in stroke-related deaths
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(95% uncertainty intervals 26.3-48.5) in this age group, while developed countries
experienced a decline in these trends [4]. In the U.S., individuals aged 20-44 account
for 10-15% of all strokes [5], with ischemic strokes comprising 65%, intracerebral
hemorrhages 17%, and subarachnoid hemorrhages 16% [6]. By 2050, it is projected
that nearly half of the stroke-related expenses in the USA, including treatment,
rehabilitation, and lost productivity, could be attributed to young individuals who
experience a stroke [7].

3. Non-modifiable risk factors
3.1 Gender

Gender plays a role in stroke risk, with certain factors being unique or more
prevalent in women. These include the use of estrogen-containing birth control,
pregnancy, and migraine with aura. When all three—migraine with aura, combined
oral contraceptive use, and tobacco consumption—are present, the risk of stroke is
about nine times higher compared to women without these factors [8].

3.1.1 Migraine

Migraine is the most common symptom of around 80% of females. Migraines
affect 91% of men and 96% of women, with 1-year prevalence rates of 6% in men and
18% in women. Ischemic stroke in younger women with migraine with aura is more
prevalent among those who are less likely to have typical cardiovascular risk factors,
such as hypertension, diabetes, or high cholesterol [9].

3.1.2 Pregnancy

Pregnancy—stroke is higher during the peripartum and postpartum periods com-
pared to the antepartum period [10, 13]. Although stroke risk is generally low among
young women, pregnancy, especially during the peripartum period, increases this risk
[10]. Stroke events are more common during the delivery (41%) and postpartum (48%)
periods than in the antepartum period (11%). The incidence of pregnancy-related
strokes, including both ischemic and hemorrhagic subtypes, is estimated at approxi-
mately 34 per 100,000 pregnancies [11]. Pathways leading to hemodynamic changes and
hypercoagulable states in pregnancy are shown in Figure 1 and Figure 2, respectively.

Immune system: an excessive inflammatory response resulting from dysregulation
of this immunomodulatory process can lead to endothelial dysfunction, a key factor
in the development of preterm birth and preeclampsia and may also elevate the risk of
stroke [12].

3.1.3 Exogenous estrogen
Exogenous estrogen is linked to a higher risk of stroke. Women who currently
use oral contraceptive pills (OCPs) have a ~ 2.4-fold higher risk of ischemic stroke

[13] and a = 1.4-fold higher risk of hemorrhagic stroke [14], according to earlier
meta-analyses.
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Figure 1.
Hemodynamic changes in pregnancy. AVM: arteriovenous malformations.
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Figure 2.
Pathway leading to hyper-coagulable state in pregnancy. CF: clotting factors.

3.2 Race and ethnicity

Not every group is affected by stroke in the same way. Young non-Hispanic Black
people in the United States have a stroke rate that is more than twice as high as that of
White people, with fatality rates that are 36-48% higher [15]. The margin has varied
over time, closing between 2008 and 2012 and then expanding once more between
2012 and 2017 [16].
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3.3 Socioeconomic status (SES)

Socioeconomic status (SES) is commonly defined as a composite measure encom-
passing income, education, employment, and social status. Those with lower SES also
tend to have worse survival outcomes and greater stroke severity compared to those
with higher SES [17]. According to World Bank criteria, the age-standardized stroke-
related death rate in 2019 was 3.6 times greater in the low-income group than in the
high-income group [18]. Childhood exposure to the stroke belt was similarly linked
to an increased risk of stroke in adulthood, and lower childhood SES had an indepen-
dent effect on adult stroke risk [16].

3.4 Genetics

Genetics significantly contribute to ischemic stroke, especially in younger
patients, with heritability estimates ranging from 16% to 40% depending on subtype
[19, 20]. A positive family history increases stroke risk by 30-76%, with the highest
genetic influence in large-vessel stroke (40%), followed by cardioembolic (33%)
and small vessel disease (16%). The association between family history and stroke
is strongest in the youngest group (15-24 years) [19]. Monogenic disorders, though
accounting for ~5% of cases, may be underdiagnosed due to phenotypic variability
and complexity [20].

4, Modifiable risk factors
4.1 Lifestyle

Changes in lifestyle are becoming more widely acknowledged as a major contrib-
uting factor to the rising number of strokes among younger people. Smoking, heavy
alcohol use, poor diet, and physical inactivity all have a detrimental effect on cardio-
vascular health and increase the risk of stroke in people under 50.

4.1.1 Tobacco

Tobacco use was responsible for 229.77 million DALYs and 8.71 million deaths
globally in 2019 [21]. The risk of stroke is increased by early exposure to tobacco
smoke, including mother smoking during pregnancy and smoking at any age, with
the risk increasing with younger initiation of smoking [22]. For every five extra
cigarettes smoked each day, the risk of stroke rose by 12% [23]. Figure 3 illustrates the
mechanisms underlying smoke-induced thrombotic states [24, 25].

4.1.2 Alcohol

Moderate-to-heavy alcohol use increases the risk of hemorrhagic stroke, espe-
cially in young adults, and is a significant modifiable stroke risk factor [26]. Alcohol
regularly causes cerebral vasospasm and elevated blood pressure, which increases
the risk of ischemic stroke and atrial fibrillation. Furthermore, alcohol might exacer-
bate hemorrhagic stroke without causing it due to its effects on platelet activity and
coagulant insufficiency [27].
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TOXIC CHEMICAL IN

Figure 3.
Mechanism of smoke-induced prothrombotic states. NO: nitric oxide; LDL: low-density lipids.

4.1.3 Obesity and physical inactivity

Adolescent physical inactivity feeds the cycle of decreased activity and fat
buildup, which leads to adult obesity, particularly abdominal obesity [28]. Thirty-
one percent of people worldwide do not engage in physical activity. People who are
moderately active are 20% less likely to have a stroke, and people who are very active
are 27% less likely to have an ischemic or hemorrhagic stroke [29].

4.1.4 Illicit drug abuse

Drug users under the age of 35 are 6.5 times more likely to have a stroke than non-
users, and cerebrovascular problems, in addition to overdose, suicide, and violence,
contribute to morbidity. The primary illegal substances associated with stroke include
cocaine, amphetamines, ecstasy, heroin/opiates, phencyclidine, lysergic acid diethyl-
amide, and cannabis [30].

4.1.4.1 Cocaine

Cocaine-induced vasospasm is multifactorial, influencing calcium chan-
nels, raising catecholamine levels, and boosting endothelin-1, which results in
vasoconstriction and endothelial damage [30]. It increases the generation of
thromboxane and the formation of thrombus by improving the platelets’ reaction
to arachidonic acid [31].

4.1.4.2 Amphetamine

Amphetamine dramatically increases the risk of hemorrhagic stroke in people
between the ages of 18 and 44. The medication’s sympathomimetic actions can result
in tachycardia and temporary hypertension, which can contribute to cerebral hemor-
rhage even in the absence of preexisting [32].
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4.1.4.3 Ecstasy

Ischemic stroke in the globus pallidus and occipital cortex can result from vaso-
spasm and necrosis in these regions [33]. Aneurysmal dilatation, thrombosis, vascular
damage, and an elevated risk of acute ischemic stroke, ICH, or subarachnoid hemor-
rhage (SAH) are all consequences of long-term use. Additionally, it decreases sero-
tonin availability, which increases the risk of cerebral infarction and ICH, particularly
when hypertension is present [30].

4.1.4.4 Opium

Opium readily penetrates the blood-brain barrier, producing a “rush” at injec-
tion that is followed by drowsiness. The likelihood of right-to-left pulmonary shunts
and pulmonary hypertension is increased by heroin-associated strokes, which are
frequently caused by cardioembolism from infective endocarditis or embolic illness
from foreign particles such as starch or talcum powder. Hypotension, hypoxemia, and
overdose-induced hypoxic-ischemic damage are further concerns [30].

4.2 Cardiovascular risks
4.2.1 Hypertension

Several processes that contribute to both ischemia and hemorrhagic events are
involved in the pathophysiology of stroke associated with hypertension. High intra-
luminal pressure causes endothelial damage, which increases the permeability of
the blood-brain barrier, causes cerebral edema, and facilitates ischemic lesions and
thrombus development. Lacunar infarcts result from minor artery stenosis and block-
age caused by the buildup of fibrinoid necrosis [34].

Chronic hypertension raises the likelihood of rupture, particularly at bifurcations,
by causing arteriolar abnormalities such as fibrinoid necrosis, lipohyalinosis, medial
degeneration, and microaneurysm development [35]. Vulnerable capillaries and arte-
rioles can be ruptured by sudden increases in blood pressure. Hypertension hinders
endothelium-dependent vasodilation, attenuates functional hyperemia, and decreases
cerebral blood flow. Leukocyte activation and vascular inflammation are factors in the
pathophysiology of stroke. A vicious cycle of hypertension and stroke risk is created
when impaired arterial baroreflex sensitivity exacerbates vascular dysfunction [34].

4.2.2 Diabetes

Diabetes is an independent risk factor for stroke, linked to increased rates of ischemic
strokes as opposed to hemorrhagic strokes, as well as increased morbidity and death [36].
Figure 4 illustrates the process by which diabetes results in ischemic stroke [37, 38].

4.2.3 Dyslipidemia

Hyperlipidemia increases the risk of atherothrombotic and cardioembolic
strokes and encourages coronary or cervical atherosclerosis [39]. Following a
stroke, high LDL levels were linked to long-term mortality [40]. High cholesterol
causes atherosclerosis, which encourages the buildup of plaque in arteries, result-
ing in carotid artery stenosis and raising the risk of an ischemic stroke. Chronic
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Figure 4.
Mechanism of diabetes leading to ischemic stroke. SVD: small vessel disease.

inflammation is a common feature of dyslipidemic conditions, aggravating vascular
damage and promoting atherogenesis. Lipid imbalances can also affect endothelial
function, making blood vessels more susceptible to thrombosis. The dyslipidemia-
related prothrombotic environment further increases the risk of arterial occlusion,
compounding the potential for adverse cardiovascular events [41].

4.2.4 Atrial fibrillations

Regardless of age, sex, prior myocardial infarction, or whether the AF is chronic
or paroxysmal. It is linked to roughly 1 out of 6 ischemic strokes [42], with a recurrent
stroke risk of up to 20% annually if treatment is not received [43]. The embolization
of cardiogenic thrombi, which mainly originate from the left atrial appendage (LAA),
accounts for the majority of cases [42]. Pathogenesis is depicted in Figure 5.

4.2.5 Cardiomyopathy

Due to an increased risk of embolism from compromised cardiac function, cardio-
myopathy which includes dilated (DCM), hypertrophic (HCM), and arrhythmogenic
right ventricular cardiomyopathy (ARVC), is a prominent risk factor for ischemic
stroke in young people. With an incidence of 0.589 strokes per 100 person-years,
HCM patients without AF are at comparable risk to those with AF [44].

4.2.6 Congenital heart disease (CHD)

About 1% of babies are born with CHD. It increases the risk of stroke, particularly
in males over 40. Heart failure, diabetes, and arrhythmias are common in young
individuals with CHD and stroke. According to a study conducted in Quebec, the
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Figure 5.
Pathogenesis of stroke in atrial fibrillations. AF: atrial fibvillations; LAA: left atrial appendage.

incidence of ischemic stroke was up to 12 times higher in people aged 18 to 54 and up
to 3 times higher in people aged 55 to 64 than in the general population [45].

4.2.7 Infective endocarditis

Infective endocarditis is more common in children with left-sided endocarditis
and can result in stroke through embolic infarction or hemorrhage. Bacterial adher-
ence is facilitated by the infection’s disruption of the endothelium surface, which
encourages turbulent blood flow and the creation of thrombotic vegetation. This risk
is increased by native valve defects such as mitral valve prolapse or congenital heart
disease. Once bacteria adhere, they activate immune cells and the clotting cascade,
fostering vegetation growth that protects embedded bacteria [46].

5. Others
5.1 Vasculopathy, vasculitides and arteritis
5.1.1 Fabry disease (FD)

Caused by mutation in the alpha-galactosidase A gene raises the risk of stroke,
especially in young men (ages 25-44), whose risk is over 12 times higher than that of
the normal population. Endothelial dysfunction, cerebral hyperperfusion, prothrom-
bosis, and increased reactive oxygen species are the main causes of vascular problems.
Glycosphingolipid buildup in endothelial cells encourages the growth of smooth
muscle, which raises the risk of stroke even more [47].
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5.1.2 Moyamoya disease

Moyamoya disease is a rare, progressive cerebrovascular disease that is frequently
associated with hereditary variables and mutations in extracellular matrix remodel-
ing. It is characterized by artery blockage as a result of smooth muscle cell hyperplasia
and luminal thrombosis. In an effort to reestablish blood flow, collateral arteries form
at the base of the brain [48].

5.1.3 Takayasu arteritis

Takayasu arteritis or pulseless disease, is the chronic inflammation of the aorta
and its branches, known as primarily affects females between the ages of 11 and
30. Strokes happen in 10-20% of cases, and neurological symptoms like headaches,
dizziness, and transient ischemic attacks are caused by persistent ischemia caused
by occlusion or stenosis of the aortic branches. Additionally, the illness may result in
hypertensive crises, which could lead to hemorrhagic stroke [49].

5.1.4 MELAS (mitochondrial encephalopathy, lactic acidosis and stroke-like episodes)

MELAS (mitochondrial encephalopathy, lactic acidosis and stroke-like episodes)
is a mitochondrial disease that affects 1in 6000 people, usually under the age of
40 years. Neuroimaging reveals asymmetric lesions, and symptoms include stroke-
like events, seizures, hemiplegia, cognitive impairment, and sensorineural deafness.
It frequently results from a mutation in mitochondrial DNA at m.3243A > G [50],
which causes cerebral edema and microangiopathy [49].

5.1.5 Fibromuscular dysplasia (FMD)

Mostly affecting women with a median age of 51.9 years, can induce stroke in
younger people, especially by cervical artery dissection (CeAD), which is 70% associ-
ated with cerebral aneurysms and stroke [51].

5.1.6 Reversible cerebral vasoconstriction syndrome (RCVS)

More frequent in women peaks at age 42 and resolves in 1-3 months. It causes
thunderclap headaches and sporadic neurological impairments. High blood pressure,
vasoconstrictive medications, migraines, and the postpartum phase are among the
triggers. Acute artery constriction is frequently normal, although imaging may reveal
it. Intracerebral hemorrhage and ischemic stroke can result from RCVS [52].

5.2 Hematological conditions
5.2.1 Thrombophilic disorders
5.2.1.1 Protein C and S
Protein C and S are natural anticoagulants that prevent blood clots, raise the risk
of thrombosis, including stroke, in young people. Blood tests and genetic testing for

mutations in the PROC gene are used to diagnose strokes associated with this deficit,
and the usual treatment is long-term anticoagulation with heparin or warfarin [53].
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5.2.1.2 Deficiency in antithrombin III (AT III)

Congenital ATIII deficiency is an inherited condition that raises the risk of exces-
sive clotting. It is a protein that prevents blood clots from forming. Low ATIII levels
increase the risk of aberrant clot formation by upsetting the delicate balance between
bleeding and clotting. ATIII-level blood tests are used for diagnosis, and family
screening is advised. Close observation and long-term anticoagulant treatment are
necessary to lower the risk of problems and deaths [54].

5.2.1.3 Factor V Leiden

Factor V mutation that prevents it from being broken down by activated protein
C (APC) is the cause of this autosomal dominant genetic disorder. When factor V is
still active, it promotes excessive thrombin synthesis, which results in the develop-
ment of excess fibrin and clotting, mostly in veins, which can lead to diseases like
pulmonary embolism and deep vein thrombosis. Although transient ischemic events
are more frequent, arterial clot development that results in stroke or heart attack is
uncommon [55].

5.2.1.4 Prothrombin gene 20210 G/A variant

Prothrombin gene 20210 G/A variant increases blood clotting risk and is found
in about 2% of individuals of European ancestry. Recent studies, including a meta-
analysis and the Genetics of Early Onset Stroke (GEOS) study, have linked this muta-
tion to a higher risk of ischemic stroke in adults <55 years, particularly in younger
individuals (15-42 years) [56].

5.2.1.5 Anti-phospholipid antibody syndrome

More common in younger females, is an autoimmune disease associated with
venous thrombosis, usually between the ages of 30 and 40. It doubles the risk of
stroke, particularly in younger patients, and affects 10-20% of people under 50 who
have a stroke. It is common in patients with systemic lupus erythematosus (SLE).
Stroke kills 10-15% of SLE patients, with people in their 30s to 39s having the highest
risk [57].

5.2.2 Sickle cell anemia (SCA)

Sickle cell anemia (SCA) is a serious condition where stroke affects 5-10%
of patients before adulthood. Elevated transcranial Doppler (TCD) velocities
(>200 cm/s) significantly increase stroke risk, with children showing a 44-fold higher
risk. Hydroxyurea is also known to lower stroke risk [58].

5.2.3 Hyperhomocysteinemia
Hyperhomocysteinemia is associated with thrombosis, atherosclerosis, small
vessel disease, and arterial dissection. It is brought on by genetic abnormalities

or deficiencies in folate, B6, and B12. It is linked to ischemic stroke and is caused
by a mutation in the MTHFR gene. According to one study, young males with
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ischemic stroke had four times the prevalence of hyperhomocysteinemia compared to
women [59, 60].

5.3 Other structural and genetic conditions
5.3.1 Carotid or vertebral artery dissection

A prominent cause of ischemic stroke in younger adults affects around 2.6 out
of 100,000 persons annually, with a mean age of 45. Trauma is a common trigger;
diagnostic methods include MRI, MRA, CTA, ultrasound, and angiography; dissec-
tions may have a delayed onset [60, 61].

5.3.2 Patent foramen ovale (PFO)

Patent foramen ovale (PFO) is a major cause of cryptogenic stroke, which
accounts for up to 40% of strokes in young people and is present in 50% of young
stroke patients under 40. The main cause of arterial stroke is paradoxical embo-
lism, in which venous thrombi enter through the PFO. An agitated saline test and a
transcranial Doppler are used to make the diagnosis. PFO closure may be taken into
consideration for recurrent strokes, but antiplatelet treatment is usually used for
first-time strokes [62].

6. Management
6.1 Emergency assessment

The hyperacute phase of stroke management begins immediately upon the patient’s
arrival at the hospital or emergency department, as shown in Figures 6 and 7. MRI can
assist in distinguishing a stroke from stroke mimics.

7. Ischemic stroke

Intravenous alteplase should be administered to young people with large
strokes who qualify for thrombolysis. Ten percent of the dose should be given as a
bolus over 1 minute, and the suggested dosage is 0.9 mg/kg (up to 90 mg) spread
out over 60 minutes. The AHA 2019 update to the 2018 guidelines states that the
normal treatment window for thrombolysis is 0-3 hours after the onset of symp-
toms, with an expanded window of up to 4.5 hours in some circumstances [1].
Although intravenous alteplase is the recommended treatment, patients who are
eligible for mechanical thrombectomy may be evaluated for Tenecteplase (given
as a single IV bolus of 0.25 mg/kg, up to 25 mg), as long as IV fibrinolysis is not
contraindicated [1].

In cases of ischemic cerebral stroke, the main goal of mechanical thrombec-
tomy (MT) is to preserve the ischemic penumbra. The following requirements for
eligibility for endovascular mechanical thrombectomy therapy are outlined in the
American Heart Association and American Stroke Association (AHA/ASA) recom-
mendations for the early management of acute ischemic stroke [1, 63]: 1. A mRS
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Ac%tte ishcemic stroke management. ER: emevgency room; CT: computed tomography; CTA: computed tomography
angiography; MRI: magnetic resonance imaging; MRA: magnetic vesonance angiography; IVT: intravenous
thrombolysis; ICH: intra-cranial hemorrhage; ICU: intensive care unit; EVT: endo-vascular treatment; DSA:
digital subtraction angiography; DVT: deep vein thrombosis; DAPT: dual anti-platelet therapy; OPD: out patient
department.

score below 2 prior to a stroke. 2. An Alberta Stroke Program Early CT Score of 6

or higher and an NIHSS of 6 or higher. 3. Within 6 hours of the commencement of
symptoms, the surgery should begin. 4. The existence of a causal blockage in the
proximal middle cerebral artery (M1) or internal carotid artery. 5. The patient must
be at least 18 years old.

8. Intracranial hemorrhage
8.1 Hypertension management
Reducing the SBP to 140 mmHg is safe and may improve functional outcomes, per

ASA guidelines. A more vigorous BP lowering with continuous intravenous infusion is
necessary for SBP > 220 mmHg [64]. Drugs such as beta-blockers (labetalol, esmolol),
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Acite ischemic stroke management workflow. NCCT [a] rules out hemorrhage, followed by CTA [b] and optional
CT perfusion to confirm left middle cevebral artery (MCA) occlusion. Digital subtraction angiography (DSA)
[c] guides mechanical thrombectomy [d], achieving re-canalization [e], with intravenous thrombolysis (IVT)
used when appropriate.

ACE inhibitors (enalapril), calcium channel blockers (nicardipine), or hydralazine
should be used to progressively lower blood pressure [65].

8.2 Intracranial pressure (ICP) management

Intracranial pressure (ICP) management starts by giving osmotic agents, such
as mannitol or hypertonic saline, and raising the head of the bed to 30 degrees.
Typically, 1.0 to 1.5 g/kg of mannitol 20% is administered. Hyperventilation
during intubation and sedation to a pCO, of 28-32 mmHg can be necessary if ICP
increases further. In patients with a GCS <8 or indications of hydrocephalus or
transtentorial herniation, the American Psychological Association advises using a
parenchymal or ventricular catheter to monitor intracranial pressure (ICP) [64].

8.3 Hemostatic therapy

In patients receiving anticoagulant therapy, reversing coagulopathy is crucial.
Vitamin K, prothrombin complex concentrates (PCCs), rFVIIa, and fresh frozen
plasma are among the available treatment options. For thrombocytopenic patients,
ASA suggests platelet concentrate; for increased INR, it suggests intravenous vitamin
K with FFP or PCCs. According to the FAST study, rFVIIa decreased hematoma size
but had no effect on outcomes or survival [65, 66].

9. Cardiac assessment

About 20% of strokes in young adults are cardioembolic. A 12-lead ECG is used in
the initial cardiac evaluation to check for arrhythmias and prior ischemia episodes;
however, it may not detect temporary arrhythmias such as paroxysmal atrial fibrilla-
tion. Implanted loop recorders can record for up to 3 years, whereas Holter monitors
for 24 hours. While transesophageal echocardiogram provides superior resolution for
minor diseases, transthoracic echocardiography can identify ventricular dysfunction
and valvular abnormalities.
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10. Patent foramen ovale (PFOs)

PFOs are present in 25% of non-stroke patients and 50% of young stroke
patients [67], with the TTE bubble being a key diagnostic test [68]. Recent trials
(CLOSE, REDUCE, RESPECT-PART 2) showed reduced stroke events after PFO
closure [69-71].

11. Others

Diabetes, hypercholesterolemia, and blood problems can be identified with the use
of basic tests such as CBC, coagulation studies, lipid profiles, and HbAlc. TSH, ESR,
CRP, RPR, HIV, hemoglobin electrophoresis, toxicological screening, and pregnancy
screening, when necessary, are additional tests performed on young individuals [72].
Up to 12% of strokes in young adults are caused by drug use, and excessive alcohol use
is a risk factor in and of itself.

12. Stroke care unit
12.1 Glucose management

Strict glucose management (80-110 mg/dL) with insulin infusion enhances
recovery in surgical critical care patients, whereas elevated entry glucose deteriorates
ICH outcomes [66].

12.2 Fever management

Following an ischemic stroke, hyperthermia is prevalent, particularly when there
is intraventricular bleeding, and it raises mortality. Fever duration is associated with
outcomes and may be associated with the formation of hematomas in survivors who
have survived for more than 72 hours [66].

12.3 DVT prophylaxis

DVT prophylaxis uses both mechanical and pharmacological techniques. Although
early use of anticoagulants in ICH or massive infarctions is dangerous, they are
recommended for high-risk individuals [73]. By applying pressure to the calf muscles,
mechanical devices increase blood flow [74].

12.4 Swallow assessment

Pneumonia in stroke patients is frequently caused by aspiration. Screening for
dysphagia on a regular basis can significantly reduce the risk of pneumonia and
improve overall results [75].

13. Secondary stroke prevention

The goal of secondary prevention is to stop strokes from happening again. With
a 9.4% chance at 5 years, stroke recurrence is much higher even in young stroke
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patients, mostly due to modifiable risk factors [76]. Before beginning antiplatelet
therapy to avoid subsequent stroke, a regular non-contrast head CT scan should be
performed 24 hours after treatment to check for bleeding [77].

13.1 Antiplatelet therapy

Dual antiplatelet treatment (DAPT) is recommended for strokes caused by symp-
tomatic intracranial atherosclerosis, mild ischemic stroke (NIHSS <4), and high-risk
transient ischemic attacks (TIA). To lower the incidence of recurrent stroke, DAPT
is usually used for 21 days [78]. According to the 2014 American Heart Association
guidelines, patients who are unable to take oral anticoagulants and have severe
cerebral stenosis or ischemic stroke/TIA from atrial fibrillation should wait 90 days.
Due to the possibility of bleeding, DAPT is helpful for mild strokes but not for large
infarcts or severe strokes [79].

13.2 Anticoagulation

For certain stroke etiologies, anticoagulation is the recommended course of treat-
ment. The use of anticoagulants such warfarin, apixaban, rivaroxaban, and dabiga-
tran for cardioembolic strokes brought on by atrial fibrillation is supported by the
strongest degree of evidence. Anticoagulation is also highly recommended for strokes
brought on by cerebral venous sinus thrombosis. Unfractionated or low molecular
weight heparin should be administered right away to patients with proven CVST, and
they should then take warfarin for 3 to 6 months [80].

13.3 Addressing modifiable risk factors

For the prevention of subsequent stroke, hypertension should be controlled below
140/90 mmHg in non-diabetic patients and below 130/90 mmHg in diabetic patients
[81]. A low glycemic index diet and a HgbA1C <7% are the goals of diabetes manage-
ment [1]. Statins stabilize atherosclerotic plaques and manage dyslipidemia, fre-
quently in conjunction with ezetimibe [82]. Recurrence can be avoided with lifestyle
modifications like as exercise, a low salt intake, Mediterranean diets or the Dietary
Approach to Stop Hypertension (DASH), and quitting smoking [83].

14. Rehabilitation post-stroke

Rehabilitation post-stroke necessitates a multidisciplinary approach since it
combines medical, social, and occupational issues. Younger patients must concentrate
on accepting their illness and deal with issues including adjustment and work-related
stress [84].

15. Conclusion

Stroke in young adults presents a growing challenge with lifelong consequences.
Early diagnosis, aggressive risk factor management, and multidisciplinary care are
critical to improving outcomes. Advancements in genetics and imaging will refine
treatment strategies, while public health efforts must focus on prevention and
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accessibility. A concerted effort is needed to reduce the burden of young stroke and
enhance long-term patient support.

Abbreviations

SLE systemic lupus erythematosus

SCA sickle cell anemia

OCPs oral contraceptive pills

ARVC arrhythmogenic right ventricular cardiomyopathy

FMD fibromuscular dysplasia

CeAD cervical artery dissection

SVD small vessel disease

MT mechanical thrombectomy

AHA/ASA The American Heart Association and American Stroke Association

MELAS mitochondrial encephalopathy, lactic acidosis, and stroke-like
episodes

CADASIL cerebral autosomal dominant arteriopathy with subcortical infarcts
and leukoencephalopathy

AIS acute ischemic stroke

DALYs disability-adjusted life years

ICH intracerebral hemorrhage

mRS modified Rankin Scale

PFO patent foramen ovale

SVD small vessel disease
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Carotid Stenosis as Stroke Risk
Factor
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Abstract

The study’s comprehensive analysis of carotid stenosis and its mechanisms high-
lights the critical role of atherosclerotic plaques in stroke development. By integrat-
ing detailed pathophysiological insights with the latest diagnostic and therapeutic
approaches, the chapter provides valuable evidence-based guidelines for clinicians.
The review underscores the necessity of a multidisciplinary approach in managing
carotid stenosis and ischemic stroke. Through a detailed exploration of risk factors,
diagnostic techniques, and treatment strategies, the study not only enhances our
understanding of the disease but also offers actionable recommendations to improve
patient outcomes. The evidence presented is intended to influence both clinical prac-
tice and future research, ultimately contributing to the reduction of the global stroke
burden. In conclusion, this chapter is a valuable resource for healthcare professionals,
offering a detailed examination of carotid stenosis and its implications for ischemic
stroke. By synthesizing current research with clinical practices, the study provides
arobust foundation for optimizing stroke prevention and management strategies.
Continued research and collaboration are essential to advancing our understand-
ing and improving the quality of life for individuals affected by this pervasive
health issue.

Keywords: carotid artery stenosis, ischemic stroke, atherosclerosis, plaque rupture,
thromboembolism, carotid endarterectomy, stenting, medical therapy, asymptomatic
stenosis, intrastent restenosis

1. Introduction

Stroke, characterized by acute focal neurological deficits, encompasses a spectrum
of clinical syndromes, including hemiparesis, dysarthria, sensory loss, aphasia, and
visual field deficits. Globally, stroke ranks as the second leading cause of death,
claiming approximately 6 million lives annually [1]. While the age-standardized inci-
dence of stroke has shown a declining trend, the absolute number of cases continues
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to rise due to population growth and aging. Of all stroke types, ischemic stroke
constitutes approximately 70-80% of cases, establishing it as the most prevalent and
clinically significant form [2].

A critical and independent risk factor for ischemic stroke is carotid artery stenosis,
with an estimated 15% of first-time cerebrovascular events attributable to asymptom-
atic carotid artery stenosis leading to arterial thromboembolism [3]. Epidemiological
studies across diverse global populations reveal that the prevalence of carotid artery
atherosclerotic plaques among individuals aged 30 to 79 years is approximately 21.1%,
affecting an estimated 815.76 million people. Among these, the prevalence of signifi-
cant carotid artery stenosis is about 1.5%, impacting around 57.79 million individuals
[4]. Given the global trend of population aging, the prevalence of carotid artery
stenosis is poised to increase, thereby imposing a substantial burden on healthcare
systems worldwide.

Carotid artery stenosis is defined as the narrowing of the carotid artery lumen,
with atherosclerotic plaque formation representing the most prevalent etiological
factor, accounting for approximately 90% of cases. Other causes include giant cell
arteritis, fibromuscular dysplasia, arteritis, arterial tortuosity, trauma, tumors, and
congenital arterial obliteration [5]. Atherosclerosis, a systemic disease characterized
by the accumulation of lipid-rich plaques within arterial walls, represents a critical
pathological substrate for carotid artery stenosis. The disease progression begins with
intimal-medial thickening, followed by the formation of atherosclerotic plaques,
which may eventually lead to lumen narrowing or occlusion [6]. This pathological
process significantly escalates the risk of ischemic cerebrovascular events, including
transient episodes of amaurosis fugax, transient ischemic attacks (TIAs), and isch-
emic stroke [7].

Given the profound implications of carotid artery stenosis for cerebrovascular
morbidity and mortality, a standardized approach to its prevention and manage-
ment is of paramount importance. This comprehensive review aims to systematically
explore the pathophysiological mechanisms, risk factors, classification, diagnostic
methodologies, and treatment strategies associated with carotid artery stenosis.
Furthermore, the chapter provides an in-depth narrative on the current state of
research and therapeutic advancements in the field. Through this systematic exami-
nation, the study seeks to enhance clinical understanding, inform evidence-based
decision-making, and guide the development of targeted interventions to mitigate the
adverse effects of carotid artery stenosis.

By synthesizing insights from contemporary research and established clinical
practices, this review not only delineates the current knowledge but also highlights
potential directions for future investigations. The ultimate goal is to contribute to a
reduction in the global burden of cerebrovascular diseases through improved preven-
tive and therapeutic strategies. This work serves as a valuable resource for clinicians,
researchers, and healthcare providers engaged in the management of carotid artery
stenosis and related cerebrovascular conditions, thereby advancing the field of
neurovascular medicine.

1.1 Mechanisms of carotid stenosis leading to cerebral infarction
Carotid stenosis, predominantly caused by atherosclerosis (accounting for over

90% of cases), represents a significant contributor to the pathogenesis of ischemic
stroke [8]. Atherosclerosis preferentially occurs at vascular bifurcations and regions
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where blood flow dynamics change direction or velocity, such as the carotid bulb,
where the common carotid artery (CCA) divides into the internal and external
carotid arteries [9]. This anatomical predisposition renders these regions particularly
susceptible to the development of atherosclerotic lesions.

Atherosclerotic plaques are composed of a lipid-rich core, covered by a fibrous
cap, and are classified as either stable or unstable (vulnerable) based on their his-
topathological characteristics [10]. Stable plaques exhibit a thick fibrous cap with a
relatively small lipid core, which reduce the likelihood of rupture but still progress to
cause arterial narrowing [11]. In contrast, unstable plaques are characterized by a thin
fibrous cap, a large lipid core, and significant leukocytic infiltration, rendering them
prone to rupture and subsequent acute vascular complications [12].

The mechanisms by which carotid stenosis contributes to cerebral infarction are
complex and multifaceted, involving a combination of hemodynamic, structural, and
thromboembolic factors:

1. Plaque rupture and embolization: The progression of atherosclerosis in the carotid
artery can lead to the rupture of unstable plaques. This rupture releases cholesterol
crystals, calcific debris, or other constituents of the plaque into the bloodstream,
forming emboli. These embolic particles can travel through the cerebral circulation,
obstructing smaller intracranial vessels and precipitating ischemic infarction [13].

2. Thrombus formation and embolization: Following plaque rupture or erosion, the
exposure of underlying collagenous or elastotic tissue triggers platelet aggrega-
tion and the formation of a fibrin-rich thrombus. This thrombus may grow, ob-
struct the carotid lumen, or detach and travel to the brain, resulting in embolic
stroke. The process of thrombus formation and embolization is further influ-
enced by hemodynamic factors, such as flow velocity and shear stress, which
promote thrombus stability or fragmentation [14].

3. Vascular structural integrity compromise: Ruptured or eroded plaques can compro-
mise the structural integrity of the arterial wall, leading to intimal tears, media
calcification, or intimal-medial separation (dissection) [15]. These structural
disruptions can result in intramural hematomas, further arterial narrowing,
or the development of recirculation zones, all of which contribute to cerebral
ischemia.

4. Altered hemodynamics: As atherosclerotic plaques enlarge, they progressively
narrow the carotid lumen, distorting blood flow patterns. This hemodynamic
alteration can lead to areas of low or turbulent flow, which predispose to second-
ary thrombus formation and stabilization. In cases of severe stenosis (typically
>70% lumen reduction), cerebral hypoperfusion may occur, even in the absence
of overt thrombotic or embolic events, due to reduced blood supply to critical
brain regions [16].

5. Acute thrombotic occlusion The acute rupture of a vulnerable plaque can precipi-
tate rapid thrombus formation, leading to complete occlusion of the extracra-
nial carotid artery. This thrombotic occlusion results in immediate cessation of
cerebral blood flow to the ipsilateral hemisphere, causing complete ischemic
infarction [17].
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1.2 Clinical and pathophysiological implications

Understanding these mechanisms is essential for developing effective strategies to
prevent and manage carotid stenosis. Each mechanism highlights the importance of
early detection through imaging modalities such as carotid duplex ultrasonography or
CT angiography, aggressive risk factor modification (e.g., lipid-lowering therapy, and
antihypertensive and antiplatelet medications), and timely intervention in high-risk
patients. Targeting vulnerable plaques, optimizing hemodynamic conditions, and
preventing thrombus formation remain critical goals in the clinical management of
carotid stenosis to reduce the global burden of ischemic stroke.

2. Risk factors and prevention of carotid artery stenosis

Carotid artery stenosis, a significant contributor to ischemic cerebrovascular
events, arises from the cumulative effect of various risk factors. These factors are pre-
dominantly linked to atherosclerosis, a systemic disease characterized by the buildup
of lipid-rich plaques in arterial walls. The primary risk factors for carotid artery
stenosis can be categorized into modifiable (lifestyle-related) and non-modifiable
(inherent) factors, each playing a critical role in the development and progression of
the condition.

2.1 Hypertension

Hypertension stands as the foremost risk factor for cerebrovascular diseases, includ-
ing carotid artery stenosis. Chronic elevation of arterial pressure leads to vascular wall
damage, promoting the development of atherosclerotic lesions. The increased mechani-
cal stress on the arterial walls accelerates the formation of intimal-medial thickening
and the development of atherosclerotic plaques [18]. Studies have consistently shown
that effective management of hypertension through antihypertensive therapy can
significantly reduce the risk of cerebrovascular complications, including stroke and
transient ischemic attacks (TIAs) [19]. Optimal blood pressure control, typically
targeting a systolic pressure below 130 mmHg and diastolic pressure below 80 mmHg,
is essential for mitigating the vascular damage associated with hypertension [20].

2.2 Age

Advanced age is a primary non-modifiable risk factor for carotid artery stenosis,
with incidence increasing steadily from middle age onwards. The condition is particu-
larly prevalent among individuals aged 60 years and older, reflecting the cumulative
effects of vascular aging and atherosclerotic progression. Age-related changes, such
as reduced endothelial function and increased arterial stiffness, contribute to the
development of atherosclerotic plaques [21]. While age itself cannot be modified,
understanding its impact is crucial for targeted screening and preventive interven-
tions in older populations.

2.3 Smoking

Cigarette smoking emerges as a major modifiable contributor to carotid artery
stenosis, with studies indicating a more than 50% increased risk among smokers
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compared to non-smokers. Smoking induces oxidative stress, leading to endothelial
dysfunction and accelerated atherosclerosis. The toxic substances in cigarette smoke,
such as nicotine, carbon monoxide, and free radicals, impair vascular endothelial cell
function, promote inflammation, and enhance platelet aggregation. Quit smoking
remains a critical component of preventive strategies, as it can significantly reduce
the risk of developing carotid artery stenosis and related cerebrovascular events.
Nicotine replacement therapy and behavioral interventions are effective aids for
smoking cessation [22].

2.4 Diabetes mellitus

Diabetes mellitus contributes significantly to vascular inflammation and endothe-
lial dysfunction, both of which promote the formation and progression of atheroscle-
rotic plaques in the carotid arteries. Elevated blood glucose levels in diabetic patients
lead to increased glycation of LDL-C, rendering it more oxidized and atherogenic
[23]. Additionally, diabetes is associated with metabolic abnormalities, including
insulin resistance and dyslipidemia, which further predispose individuals to athero-
sclerosis. Glycemic control, achieved through a combination of lifestyle modifications
and pharmacological agents, is essential in mitigating these effects and reducing the
risk of cerebrovascular complications.

2.5 Hyperlipidemia

Elevated levels of low-density lipoprotein cholesterol (LDL-C) are directly associ-
ated with the development of atherosclerotic plaques. LDL-C transports cholesterol to
the arterial wall, where it can become oxidized and retained, leading to plaque forma-
tion [24]. Conversely, high levels of high-density lipoprotein cholesterol (HDL-C) are
protective, as HDL facilitates the removal of excess cholesterol from the arterial wall.
Statin therapy has been conclusively demonstrated to reduce stroke risk by lower-
ing LDL-C levels and slowing the progression of intimal-medial thickening in the
carotid arteries. Current guidelines emphasize stratified LDL-C targets for primary
and secondary prevention. The 2023 ACC/AHA Clinical Guideline Update recom-
mends maintaining LDL-C < 70 mg/dL (1.8 mmol/L) for very high-risk populations
(e.g., established ASCVD or diabetes with multiple risk factors), and < 100 mg/dL
(2.6 mmol/L) for moderate-risk individuals [25].

2.6 Other risk factors

Additional modifiable risk factors include obesity, sedentary lifestyle, and poor
dietary habits. Obesity, particularly abdominal obesity, is associated with meta-
bolic syndrome, which encompasses hyperlipidemia, hypertension, and insulin
resistance—conditions that collectively increase the risk of atherosclerosis [26].

A sedentary lifestyle is linked to reduced high-density lipoprotein (HDL) levels and
increased LDL levels, both of which favor plaque formation. Poor dietary habits,
characterized by high intake of saturated fats, trans fats, salt, and sugar, contribute
to dyslipidemia and hypertension, thereby increasing the risk of carotid artery
stenosis [27].

Non-modifiable risk factors encompass cardiovascular disease family history
and elevated levels of C-reactive protein (CRP), a marker of systemic inflamma-
tion. A family history of cardiovascular diseases suggests a genetic predisposition
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to atherosclerosis, highlighting the importance of heightened vigilance and early
intervention in such individuals. Elevated CRP levels indicate an underlying inflam-
matory state, which accelerates atherosclerotic progression and increases the risk of
vascular events [28].

2.7 Prevention strategies

The prevention of carotid artery stenosis involves a comprehensive, multi-pronged
approach that addresses both modifiable and non-modifiable risk factors. Lifestyle
modifications are foundational to risk reduction and include:

* Adopting a healthy diet: A diet rich in fruits, vegetables, whole grains, and
foods high in omega-3 fatty acids (e.g., fatty fish, nuts, and seeds) can help
reduce the risk of atherosclerosis. Limiting the intake of saturated fats, trans
fats, salt, and sugar is crucial for maintaining optimal lipid and blood pressure
levels [29].

* Engaging in vegular physical activity: A minimum of 150 minutes of moderate-
intensity aerobic exercise per week, such as brisk walking, cycling, or swimming,
is recommended to promote cardiovascular health. Resistance training and
flexibility exercises should also be included to improve overall fitness and reduce
metabolic syndrome-related risks [30].

* Avoiding tobacco and limiting alcohol consumption: Smoking cessation is essential,
and alcohol consumption should be limited to no more than one drink per
day for women and two for men to minimize its impact on blood pressure and
cholesterol levels [31].

Pharmacological interventions are integral to managing underlying conditions
and reducing risk:

* Statins for hyperlipidemia: Statins are the cornerstone of lipid management,
significantly reducing LDL-C levels and slowing atherosclerotic progression.
They also provide additional benefits by reducing inflammation and
oxidative stress.

o Antihypertensives for blood pressure control: Medications such as angiotensin-
converting enzyme (ACE) inhibitors, ARBs, thiazide diuretics, and calcium
channel blockers are effective in controlling hypertension. These agents not
only reduce blood pressure but also possess additional vascular protective
effects [32].

o Antidiabetics for glycemic control: Pharmacological agents such as metformin,
sulfonylureas, and GLP-1 receptor agonists help achieve glycemic control, reduc-

ing the risk of atherosclerosis-related complications [33].

Regular medical screening is essential, particularly for individuals at high risk.
Screening modalities such as carotid duplex ultrasonography and magnetic resonance
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imaging (MRI) can detect early signs of carotid artery stenosis and guide timely
intervention. Periodic assessment of risk factors, including blood pressure, lipid
profiles, and fasting glucose levels, allows for early identification of individuals at risk
and timely implementation of preventive measures.

Understanding and addressing both modifiable and non-modifiable risk factors
are essential for minimizing the incidence of carotid artery stenosis and its attendant
cerebrovascular complications. A holistic approach that combines lifestyle modifica-
tions, pharmacological interventions, and regular medical monitoring is crucial for
effective prevention and management. By reducing the burden of carotid artery
stenosis, such strategies contribute to a significant reduction in the global prevalence
of ischemic stroke and improve overall cardiovascular health.

3. Grading of the severity of carotid artery stenosis

The grading of carotid artery stenosis is primarily based on the degree of
arterial lumen narrowing, as defined by large-scale clinical trials such as the
North American Symptomatic Carotid Endarterectomy Trial (NASCET) and the
European Carotid Surgery Trial (ECST) [34]. These studies have established a
classification system that correlates the extent of stenosis with its clinical implica-
tions and treatment strategies. Below is a detailed grading system based on the
percentage of arterial narrowing (Figure 1).

Figure 1.

Calculation of ICA stenosis according to the NASCET method. According to the NASCET study design, percent
ICA stenosis is calculated by comparing the diameter of the residual lumen (A) to the diameter of the distal
normal ICA (B). According to the ECST method for calculating ICA stenosis. Based on the ECST study design, the
percentage of ICA stenosis is calculated by comparing the residual lumen diameter with the ICA lumen diameter
at the stenotic site.
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3.1 Mild stenosis: Stenosis <30%

Mild carotid artery stenosis, defined as a narrowing of less than 30% of the arte-
rial lumen, typically exhibits minimal hemodynamic significance. At this stage, the
flow reserve is preserved, and the risk of ischemic events is relatively low. Patients
with mild stenosis generally do not require surgical or interventional treatment, but
periodic monitoring is recommended to assess disease progression. Management
at this stage primarily focuses on risk factor modification, such as lipid-lowering
therapy, blood pressure control, and smoking cessation, to prevent disease progres-
sion. Regular imaging surveillance, such as carotid duplex ultrasonography, is essen-
tial to detect any progression of stenosis and to guide future management decisions.

3.2 Moderate stenosis: 30-70%

Moderate stenosis, characterized by a narrowing ranging from 30 to 70%, may
lead to subtle hemodynamic changes. While the lumen is still sufficiently patent
to maintain adequate blood flow under normal conditions, the vessel may become
vulnerable to ischemic events during periods of increased demand, such as exercise
or stress. The clinical significance at this stage is variable, and treatment decisions are
often based on the presence of symptoms, such as transient ischemic attacks (TIAs)
or minor strokes, as well as the overall cardiovascular risk profile of the patient.
Asymptomatic individuals with moderate stenosis may be managed conservatively
with intensive medical therapy, including statins, antihypertensives, and antiplatelet
agents, to reduce the risk of progression and vascular events. However, patients with
symptoms or high-risk features, such as advanced age, diabetes mellitus, or evidence
of high-risk plaque, may be candidates for revascularization procedures [35].

3.3 Severe stenosis: 70-99%

Severe carotid artery stenosis, defined as a narrowing of 70 to 99%, is associated
with a significantly increased risk of ischemic stroke due to the high likelihood of
plaque rupture, thrombus formation, or embolic events. The hemodynamic reserve
is significantly compromised, and even minor changes in blood flow dynamics can
lead to critical reductions in cerebral perfusion, particularly during activities that
increase cerebral metabolic demand. According to clinical guidelines, patients with
severe stenosis, particularly those with symptoms, are strong candidates for revascu-
larization procedures, such as carotid endarterectomy or carotid artery stenting, to
reduce the risk of stroke. However, the decision to proceed with surgery or stenting is
influenced by individual patient factors, such as age, comorbidities, and the presence
of protective collateral circulation. Surgical intervention is generally recommended
for symptomatic patients with severe stenosis, as it significantly reduces the risk of
stroke compared to medical therapy alone. Additionally, the presence of high-risk
plaque features, such as intraplaque hemorrhage, calcification, or a thick fibrous cap,
further underscores the urgency for revascularization [36].

3.4 Complete occlusion: 100% stenosis

Complete occlusion of the carotid artery represents the most severe form of
stenosis, where the lumen is entirely blocked by atherosclerotic plaque or a thrombus.
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In this case, blood flow through the affected vessel is entirely absent, necessitating
reliance on collateral circulation from the contralateral vertebral artery to maintain
cerebral perfusion. Complete occlusion is associated with a high risk of ischemic
stroke, particularly in the absence of adequate collateral flow. Patients with complete
occlusion often present with recurrent TIAs or strokes, highlighting the urgency for
intervention. The management of complete occlusion typically involves a comprehen-
sive evaluation of collateral circulation, often through imaging modalities such as CT
angiography or MR angiography [37]. Revascularization options, including carotid
endarterectomy, stenting, or thrombectomy, are considered on a case-by-case basis,
depending on the feasibility of restoring blood flow and the patient’s overall clini-
cal status.

3.5 Clinical implications and management strategies

The classification of carotid artery stenosis into these distinct grades provides
a framework for clinical decision-making. It allows healthcare providers to tailor
treatment plans based on the severity of stenosis and the associated risk of ischemic
events. While mild and moderate stenosis are primarily managed through risk factor
modification and medical therapy, severe and complete stenosis often require invasive
interventions to mitigate the high risk of stroke.

Prompt and accurate diagnosis of carotid artery stenosis is critical, as delays in
treatment can lead to devastating neurological complications. The integration of
imaging modalities, such as carotid duplex ultrasonography, CT angiography, and
magnetic resonance angiography (MRA), plays a pivotal role in the precise grad-
ing of stenosis and the detection of high-risk plaque features, such as intraplaque
hemorrhage or calcification. Advanced imaging techniques, such as virtual histology
or intravascular ultrasound, may also be employed to assess the composition of the
atherosclerotic plaque, further guiding clinical decision-making [38].

In conclusion, the grading system for carotid artery stenosis, as outlined by the
NASCET and ECST criteria, serves as a cornerstone for the management of patients
with cerebrovascular disease. By correlating the degree of stenosis with its clinical
significance, clinicians can optimize treatment strategies to improve patient outcomes
and reduce the burden of ischemic stroke. The integration of clinical, hemodynamic,
and imaging data is essential for accurately grading stenosis and implementing
personalized treatment plans that address the unique needs of each patient.

4. Diagnosis of carotid artery stenosis

The diagnosis of carotid artery stenosis requires a comprehensive approach that
integrates clinical symptoms, physical examination findings, and advanced imaging
modalities. This section outlines the detailed process for diagnosing carotid artery
stenosis, emphasizing both symptomatic and asymptomatic presentations, as well as
the role of various diagnostic techniques.

4.1 Clinical presentation

Carotid artery stenosis can be categorized into two main clinical presentations:
symptomatic and asymptomatic.

105



The Global Burden of Stroke and Changing Risk Factors

4.1.1 Asymptomatic carotid artery stenosis

Asymptomatic carotid artery stenosis refers to cases where patients exhibit no
symptoms of ischemic brain injury, such as transient ischemic attacks (TIAs) or
strokes, for at least 6 months prior to diagnosis. These individuals are often identified
during routine health screenings or through imaging studies conducted for unrelated
reasons, while symptom-free, asymptomatic patients may still harbor significant
stenosis that could predispose them to future cerebrovascular events. Therefore,
diagnostic evaluation remains crucial, particularly in high-risk populations such as
those with a family history of cardiovascular disease, hypertension, diabetes mellitus,
or other atherosclerotic risk factors.

4.1.2 Symptomatic carotid artery stenosis

Symptomatic carotid artery stenosis is defined by the presence of ischemic stroke or
transient ischemic attack (TIA) within the past 6 months. The clinical manifestations are
diverse and depend on the extent of stenosis and the specific areas of the brain affected.

4.1.2.1 Transient ischemic attack (TIA)

TIA represents a reversible neurological deficit caused by focal cerebral ischemia.
Common symptoms include [39]:

* Monocular blindness (amaurosis fugax): A sudden, transient loss of vision in one
eye, often lasting minutes to hours due to thromboembolic occlusion of the
ophthalmic artery.

* Hemiparesis or hemisensory disturbance: Acute onset of weakness or numbness on
one side of the body, resulting from decreased blood flow to the brain’s motor or
Sensory cortex.

* Dysphasia or aphasia: Difficulty with speech or language comprehension, indica-
tive of involvement of the language centers in the brain.

e Ataxia or vertigo: Impaired coordination or a sense of dizziness, often caused by
cerebellar ischemia.

TIA symptoms typically resolve within 24 hours without residual neurological
deficits, as evidenced by normal neuroimaging studies.

4.1.2.2 Ischemic stroke

Ischemic stroke occurs when there is a sudden reduction or complete obstruction
of blood flow to a portion of the brain, leading to tissue infarction and permanent
neurological damage. Symptoms include [40]:

* Hemiplegia or hemipavesis: Complete or partial paralysis of one side of the body
due to cortical or subcortical infarction.

o Aphasia or dysarthria: Impaired speech or difficulty forming words, reflecting
damage to the language centers or motor pathways.
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* Sensory loss: Loss of sensation or altered sensory perception, often corresponding
to the brain region affected by the infarction.

* Visual field deficits: Loss of vision in specific areas of the visual field, resulting
from infarction in the occipital lobe or its afferent pathways.

* Cognitive impairment: Confusion, memory loss, or executive dysfunction,
particularly in cases of lacunar or watershed infarcts.

4.1.2.3 Other ischemic symptoms

Patients may also present with less common or nonspecific symptoms, such as:

* Hemiphenomena: A constellation of symptoms including ipsilateral Horner
syndrome (ptosis, miosis, and anhidrosis) and contralateral hemisensory symp-
toms, often indicative of carotid artery dissection or severe stenosis.

* Postural symptoms: Dizziness or lightheadedness that worsens with changes
in head position, possibly due to altered cerebral blood flow or orthostatic
hypotension.

* Cognitive dysfunction: Transient or chronic deficits in attention, memory, or
executive functioning, potentially resulting from multiple small vessel infarcts or
chronic hypoperfusion.

These symptoms are often attributed to altered cerebral blood flow dynamics,
such as hypoperfusion in the anterior or posterior circulation [41].

4.2 Physical examination

A thorough physical examination is essential to identify and characterize carotid
artery stenosis. Key components include:

4.2.1 Cavotid auscultation

Auscultation of the carotid arteries involves listening for vascular sounds, most com-
monly a bruit, which is a vascular noise typically heard during systole. A bruit suggests
the presence of arterial narrowing or turbulence caused by atherosclerotic plaques [42].
However, the absence of a bruit does not exclude stenosis, as smaller plaques or those
located in specific anatomical regions may not produce audible turbulence.

4.2.2 Ophthalmoscopic examination

Fundus examination may reveal ophthalmic manifestations of carotid artery
stenosis [43], such as:

o Sellar calcifications: Calcifications in the sella turcica, often reflective of athero-
sclerotic plaques in the carotid arteries.

* Hyaline plaques: Yellowish, semi-transparent lesions in the retinal arteries,
indicative of atherosclerosis.
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4.2.3 Neurological examination

A detailed neurological assessment is crucial to identify and quantify any neuro-
logic deficits. Key components include:

* Motor examination: Assessment of muscle strength, tone, and coordination to
detect hemiparesis or ataxia.

* Sensory examination: Evaluation of sensation, including light touch, pain, and
proprioception, to identify sensory loss.

* Reflex evaluation: Assessment of cranial nerves and deep tendon reflexes to
detect abnormalities.

* Cognitive assessment: Testing of attention, memory, and language function to
identify cognitive deficits.

4.3 Imaging modalities

Accurate diagnosis of carotid artery stenosis requires the use of advanced imag-
ing techniques, particularly in symptomatic patients. The choice of imaging modality
depends on the clinical context, patient comorbidities, and the availability of resources.

4.3.1 Carotid color-coded duplex sonography

Carotid duplex ultrasonography is the preferred initial imaging modality for
screening and evaluating carotid artery stenosis [44]. This non-invasive technique
combines B-mode imaging with pulsed-wave Doppler to provide:

o Anatomical information: High-resolution visualization of the arterial walls
and lumen.

* Hemodynamic data: Measurement of peak systolic velocity and flow volume to
estimate stenosis severity.

* Plaque characterization: Assessment of plaque composition based on echo-
genicity, with hypoechoic plaques indicative of lipid-rich, unstable plaques.

The advantages of ultrasound include its non-invasive nature, low cost, and wide
availability. However, its accuracy is highly operator-dependent, and it may not pro-
vide imaging of the aortic arch or distal intracranial arteries. Additionally, ultrasound
struggles to differentiate between mild, hemodynamically insignificant stenosis and
moderate-to-severe narrowing.

4.3.2 Magnetic resonance angiography (MRA)

MRA is a non-invasive imaging modality that generates high-resolution images
of the carotid arteries using magnetic resonance technology. Techniques such as 3D
time-of-flight (TOF) imaging are employed to visualize the arterial lumen [45]. Key
advantages of MRA include:
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* No ionizing radiation: Safe for patients with contraindications to CT scanning.

* No need for iodinated contrast: Useful in patients with renal insufficiency.
Despite its advantages, MRA has several limitations:

* Overestimation of stenosis: MRA may exaggerate the degree of narrowing, particu-
larly in cases of severe stenosis or occlusion.

* Poor visualization of distal intracranial vessels: MRA is less effective in imaging the
distal cerebral circulation, limiting its utility in assessing intracranial aneurysms
or vasospasm.

4.3.3 Computed tomography angiography (CTA)

CTA is a widely used imaging technique that provides detailed cross-sectional images
of the carotid arteries [45]. It involves the intravenous administration of iodinated
contrast medium, followed by high-resolution imaging using a CT scanner. CTA offers:

* Detailed anatomical representation: Clear depiction of the entire arterial tree,
including the aortic arch, carotid bifurcation, and intracranial arteries.

* Quantification of stenosis: Accurate measurement of the ratio between the stenotic
and normal vessel diameters.

* Preoperative planning: Useful for surgical planning in patients undergoing carotid
endarterectomy.

The disadvantages of CTA include:

* Radiation exposure: Cumulative ionizing radiation is a concern, particularly for
patients requiring repeated imaging.

o Contrast nephropathy: Risk of acute kidney injury in patients with pre-existing
renal impairment.

o Limited resolution: CTA may fail to visualize small intracranial arteries or provide
insufficient detail in cases of vascular tortuosity.

4.3.4 Digital subtraction angiography (DSA)

DSA is considered the gold standard for the diagnosis of carotid artery stenosis.
This invasive technique involves the introduction of a catheter into the arterial
system, followed by the injection of iodinated contrast medium. Digital imaging
software is used to subtract background bone and soft tissue from the image, result-
ing in clear visualization of the arterial anatomy. DSA provides [46]:

* High spatial resolution: Accurate measurement of stenosis and identification of
associated abnormalities such as aneurysms or vasospasm.

* Therapeutic capabilities: The ability to perform percutaneous interventions, such
as carotid stenting, during the same procedure.
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The drawbacks of DSA include:

* Invasiveness: Potential complications such as access site hematoma, infection, or
catheter-induced arterial injury.

* Cost and radiation: Higher expense and exposure to ionizing radiation compared
to non-invasive modalities.

* Limited patient access: Contraindications in patients with bleeding disorders,
severe renal insufficiency, or allergies to contrast agents.

4.4 Diagnostic workflow

The diagnostic process for carotid artery stenosis begins with a thorough clinical
evaluation, including a detailed history and physical examination. For symptomatic
patients, imaging studies are essential to confirm the diagnosis and assess the extent
of stenosis. The choice of imaging modality depends on clinical context, patient
comorbidities, and the availability of advanced imaging techniques.

* Initial screening: Carotid duplex ultrasonography is often the first-line imaging
modality due to its non-invasive nature, cost-effectiveness, and ability to provide
both anatomical and hemodynamic information.

* Definitive diagnosis: For patients with significant stenosis or symptomatic disease,
CTA or MRA is typically used to provide detailed anatomical information and
confirm the diagnosis.

* Preinterventional assessment: DSA remains the standard for patients undergoing
revascularization procedures, as it allows for both diagnostic and therapeutic
interventions in a single procedure.

In conclusion, the accurate diagnosis of carotid artery stenosis requires a multifac-
eted approach that integrates clinical acumen with advanced imaging techniques. By
carefully evaluating clinical symptoms, physical examination findings, and imaging
data, healthcare providers can optimize patient outcomes and guide appropriate
management strategies. The choice of diagnostic modality should be tailored to the
individual patient’s clinical profile and the need for accurate, timely diagnosis.

5. Surgical treatment

The clinical management of carotid artery stenosis involves both surgical
intervention and conservative therapy. Surgical intervention is recommended for
patients with high-risk stenosis who meet specific anatomic and clinical criteria.
The two primary surgical procedures currently employed are carotid endar-
terectomy (CEA) and carotid artery stenting (CAS). The choice between these
procedures is determined by a comprehensive evaluation of the patient’s clinical
condition, anatomic features, and adherence to evidence-based guidelines. The
goal is to develop an individualized treatment plan that optimizes outcomes while
minimizing complications [47].
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5.1 Carotid endarterectomy (CEA)

CEA is the preferred treatment for patients with moderate-to-severe carotid
artery stenosis, particularly in those with symptoms or unstable plaques. It is widely
recognized as the gold standard for removing atherosclerotic plaques from the carotid
arteries and is associated with long-term durable outcomes [48].

5.1.1 Indications

The indications for CEA are based on the severity of stenosis, clinical symptoms,
and anatomic considerations. They are categorized into absolute and relative criteria.
Absolute indications

* Symptomatic carotid artery stenosis: Patients who have experienced a transient
ischemic attack (TIA) or non-disabling stroke within the past 6 months attrib-
uted to carotid artery disease. CEA is strongly recommended to reduce the risk of
recurrent cerebrovascular events.

* Severe asymptomatic stenosis: Patients without symptoms but with documented steno-
sis of 70% or greater in the internal carotid artery. Such high-grade stenosis confers a
significant risk of future cerebrovascular events, even in asymptomatic patients.

5.2 Relative indications

* Moderate asymptomatic stenosis: Patients with 50-69% stenosis who are asymp-
tomatic but at heightened risk for cerebrovascular events due to comorbidities
such as age, diabetes mellitus, or hypertension.

* Unstable plaques: Patients with acute or subacute strokes, TIAs, or imaging
evidence of high-risk plaque characteristics, such as calcified, hemorrhagic, or
ulcerated plaques.

* Bilateral carotid artery disease: Patients with significant stenosis in both carotid
arteries. In such cases, surgical intervention is often advised for both sides,
prioritizing the symptomatic or more severely affected vessel.

5.2.1 Contraindications

While CEA is a well-established and effective procedure, it is not universally
indicated. Contraindications include:

* Chronic asymptomatic stenosis: Patients with no clinical symptoms and stable,
asymptomatic stenosis. In such cases, medical therapy and imaging surveillance
may suffice.

* Recent neurovascular events: Patients who have experienced a stroke or intracra-
nial hemorrhage within the past 3 months.

* Recent myocardial infarction: Patients who have had a myocardial infarction
within the past 2 weeks.

* Severe cognitive impairment: Patients with advanced dementia or inability to
provide informed consent.
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* Hematological disorders: Patients with coagulation disorders or contraindications
to anticoagulant therapy.

* Severe comorbidities: Patients with end-stage organ disease or conditions that
render surgery inherently high-risk.

5.2.2 Preoperative preparation

Comprehensive preoperative preparation is critical to optimize surgical outcomes
and minimize perioperative risks.

» Medical optimization: Patients should be maintained on antiplatelet therapy, typi-
cally aspirin or clopidogrel, starting at least 4 days prior to surgery. This reduces
the risk of perioperative thromboembolic events.

* Hypertension management: Blood pressure should be controlled to a target range
of <140/90 mmHg to reduce the risk of intraoperative complications.

* Lipid regulation: Statin therapy is continued perioperatively to stabilize plaques
and reduce inflammation.

* Cardiac assessment: A thorough evaluation of cardiac function is conducted,
including echocardiography and electrocardiographic monitoring, to ensure safe
anesthesia and minimize cardiovascular risks.

* Imaging studies: Preoperative imaging, such as duplex ultrasound, CT angiog-
raphy, or magnetic resonance angiography (MRA), is performed to confirm
stenosis severity and guide surgical planning.

5.2.3 Surgical technique

The surgical procedure for CEA involves the following steps:

1. Patient positioning: The patient is placed in the supine position, with the head
turned slightly away from the side of the lesion.

2. Anesthesia: General anesthesia is typically used to ensure patient comfort and im-
mobility during the procedure.

3.Skin incision: A longitudinal incision is made along the anterior border of the
sternocleidomastoid muscle, extending from the mastoid process to the supra-
clavicular region.

4. Vascular exposure: The cervical fascia is dissected to expose the carotid sheath.
The common carotid artery, internal carotid artery, and external carotid artery
are carefully mobilized, with attention to preserving nearby structures such as
the vagus nerve and hypoglossal nerve.

5. Arterial occlusion: After achieving hemostasis with temporary clamping, the in-
ternal carotid artery is subjected to proximal and distal occlusion using vascular
clamps or a carotid shunt to maintain cerebral perfusion.
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6. Plaque removal: The internal carotid artery is transected, and the atherosclerotic
plaque is excised. The intimal flap is carefully removed, ensuring smooth mar-
gins and complete eradication of the lesion.

7. Vascular reconstruction: The artery is repaired using sutures or a synthetic patch if
necessary, restoring the arterial lumen to its normal caliber.

8. Reperfusion: The clamps are gradually removed, and the patency of the internal
carotid artery is confirmed via palpation or Doppler ultrasound.

9. Wound closure: The incision is closed, and the patient is monitored in the recovery
area for any signs of complications, such as hematoma or infection.

5.2.4 Postoperative care

Postoperative care is essential to ensure neurologic and cardiovascular stability
and to minimize the risk of complications.

o Antiplatelet therapy: Patients are maintained on aspirin or another antiplatelet
agent for at least 4 weeks to prevent thrombosis. Dual antiplatelet therapy may
be prescribed for a short period postoperatively.

* Neurological monitoring: Patients are closely monitored for any signs of neuro-
logic deficits, such as aphasia, hemiparesis, or sensory abnormalities.

* Imaging surveillance: A postoperative duplex ultrasound is performed to assess
the patency of the artery and the integrity of the repair.

 Medication management: Continuation of statin therapy and blood pressure
control is recommended to optimize long-term outcomes.

o Lifestyle modification: Patients are encouraged to adopt a heart-healthy lifestyle,
including smoking cessation, dietary changes, and regular exercise, to reduce the
risk of future cardiovascular events.

5.3 Carotid artery stenting (CAS)

CAS is an alternative treatment option for patients with severe carotid artery
stenosis who are at high surgical risk or have anatomic factors that complicate endar-
terectomy. This minimally invasive procedure involves the placement of a stent within
the narrowed artery to restore blood flow. CAS is particularly suitable for patients
with high-risk anatomy, such as lesions involving the carotid bifurcation or patients
with a history of cerebellar symptoms post-CEA [49].

5.3.1 Indications

CAS is considered for the following clinical scenarios:

o Symptomatic carotid artery stenosis: Patients with moderate-to-severe stenosis who
are at elevated risk for surgery due to comorbidities or anatomic constraints.
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o Asymptomatic cavotid artery stenosis: Patients with 70-99% stenosis and no symp-
toms but at high risk for cerebrovascular events. However, the clinical utility of
CAS in asymptomatic patients remains under investigation [50].

5.3.2 Contraindications

CAS is contraindicated in the following situations:

* Extensive calcification: Lesions involving long segments of the carotid artery that
may preclude effective stent deployment.

* Anatomic constraints: Severe tortuosity of the aortic arch or other vascular
anomalies that prevent adequate access or stent placement.

* Contraindications to CEA: These include patients with cerebellar ataxia, ipsilat-
eral carotid artery myoclonus, or significant vocal cord palsy from previous CEA.

5.3.3 Preoperative preparation

Preoperative preparation for CAS is critical to ensure safety and efficacy.

o Antiplatelet therapy: Patients begin taking aspirin and clopidogrel at least 1
week before surgery. On the day of the procedure, a loading dose of clopidogrel
(300-600 mg) is administered. Alternative antiplatelet agents, such as ticagrelor
or prasugrel, may be used if the patient is intolerant to clopidogrel.

* Blood pressure control: Strict management of hypertension to a target range of
<130/80 mmHg to reduce the risk of intraoperative complications.

* Neurological assessment: Continuous neurological evaluation is performed pre-
and post-procedure, with the detailed documentation of neurological status for
the first 24 hours.

e Cardiac evaluation: Assessment includes echocardiography and 24-hour Holter
monitoring to evaluate cardiac function. Patients with bradycardia (heart
rate < 50 bpm) or severe AV block may require temporary pacemaker placement
during the procedure.

* Peripheral vascular assessment: Evaluation of peripheral artery integrity, including
palpation of bilateral femoral and dorsalis pedis arteries, with additional imaging
if necessary.

* Lipid regulation: Statin therapy is continued perioperatively to stabilize plaques
and reduce inflammation [50].

5.3.4 Surgical technique
The procedure for CAS involves the following steps:

1. Patient positioning: The patient is placed in the supine position, with monitoring
equipment connected. A small cushion is placed under the shoulder to slightly
extend the neck, optimizing access to the femoral or radial artery.
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2.Skin preparation: The surgical site is prepared and draped under sterile condi-
tions. The femoral or radial artery is typically chosen as the access site.

3. Vascular access: Access is gained using the Seldinger technique, involving skin
puncture, introducer sheath placement, and vessel dilation.

4. Catheter placement and angiography: Under fluoroscopic guidance, a guide wire is
advanced to the target lesion. Selective angiography is performed to delineate the
extent and severity of stenosis.

5.Brain protection: A distal protection device, such as an intracranial filter, is de-
ployed to capture any embolic material released during the procedure.

6. Pre-stent expansion: A balloon dilation catheter is used to pre-stent the narrowed
segment, ensuring adequate vessel preparation for stent deployment.

7.Stent deployment: The appropriately sized self-expanding or balloon-expandable
stent is positioned at the lesion site and deployed to restore blood flow.

8. Post-stent expansion and protection device retrieval: If necessary, the stent is
further expanded. After confirming satisfactory stent placement, the protection
device is carefully retrieved.

9. Procedure completion: A final angiogram is performed to ensure patency of the
artery. The catheter and sheath are withdrawn, and manual pressure is applied to
the access site to achieve hemostasis. Alternatively, a vascular closure device may
be used.

10. Postoperative monitoring: The patient is monitored in the recovery area, with
particular attention to neurologic status, renal function (especially in patients
with pre-existing renal impairment), and wound care at the access site.

5.3.5 Postoperative care

Following CAS, patients require vigilant postoperative monitoring and
management.

o Antiplatelet therapy: Patients commence dual antiplatelet therapy immediately
post-procedure, typically continuing for 1-3 months. This is followed by long-
term maintenance therapy with aspirin or another antiplatelet agent.

* Imaging follow-up: Regular postoperative imaging, such as CT angiography or
duplex ultrasound, is conducted to ensure stent patency and exclude complica-
tions like restenosis or thrombosis.

 Medication management: Continuation of statin therapy and blood pressure
control is recommended to reduce the risk of restenosis and optimize long-term
outcomes.
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* Lifestyle advice: Patients are encouraged to adopt a heart-healthy lifestyle, includ-
ing smoking cessation, a low-fat diet, and regular exercise, to reduce the risk of
future cardiovascular events [51].

5.4 Selection of surgical approach

The choice between CEA and CAS requires a comprehensive evaluation of mul-
tiple factors, including the patient’s overall health, anatomic features, and lesion
characteristics. CEA is generally preferred for patients with straightforward ana-
tomic lesions and low surgical risk. CAS is favored for high-risk patients, those with
anatomic complexities unsuitable for surgery, or those with a history of cerebellar
symptoms post-CEA.

The surgical treatment of carotid artery stenosis demands a personalized and
evidence-based approach. CEA remains the primary intervention for most patients,
offering excellent long-term outcomes. However, CAS provides an alternative for
high-risk individuals or those with anatomic anomalies. By carefully evaluating each
patient’s unique circumstances, adhering to established guidelines, and employing a
multidisciplinary approach, surgeons can optimize outcomes, reduce complications,
and enhance the quality of life for patients with carotid artery stenosis.

6. Non-surgical treatment

Non-surgical management of carotid artery stenosis is a comprehensive approach that
integrates pharmacological therapy, lifestyle modifications, and risk factor management.
The primary objectives of this approach are to stabilize atherosclerotic plaques, slow
disease progression, and reduce the risk of cerebrovascular events. Treatment plans are
tailored to the individual patient based on their unique clinical profile, comorbidities, and
risk factors, with regular follow-up to assess treatment efficacy and response [52].

6.1 Medical therapy

Medical therapy serves as the cornerstone of non-surgical treatment for carotid
artery stenosis, focusing on pharmacological interventions to mitigate risk factors,
stabilize plaques, and prevent thrombotic complications.

6.1.1 Antiplatelet therapy

Antiplatelet agents are essential for reducing the risk of thrombus formation and
subsequent cerebrovascular events [53].

* Aspirin: The first-line antiplatelet agent, with a daily dosage ranging from 75 to
100 mg. Aspirin is fundamental for stroke prevention, particularly in patients
with carotid artery stenosis. It is often initiated at low doses to minimize gastro-
intestinal side effects.

* Clopidogrel: Administered daily at a dose of 75 mg, it is particularly useful for
patients who are intolerant to aspirin or those at higher risk of thrombosis due to
other cardiovascular risk factors. For patients with aspirin allergy or intolerance,
alternative antiplatelet agents such as ticagrelor or prasugrel may be considered.
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6.1.2 Statin therapy

Statins are pivotal for lipid management and plaque stabilization, playing a critical

role in reducing cardiovascular risk [54].

6.1

* LDL-C reduction: The target is to achieve an LDL cholesterol level of 1.8 mmol/L

(70 mg/dL) or a reduction of at least 50% from baseline. Commonly prescribed
statins include atorvastatin, rosuvastatin, and simvastatin. These agents not only
lower LDL cholesterol but also exhibit anti-inflammatory effects, contributing to
plaque stabilization.

* Plaque stabilization: Statins inhibit the inflammatory processes within atheroscle-

rotic plaques, reducing the likelihood of plaque rupture and subsequent throm-
bus formation. For patients who experience statin-induced myopathy, alternative
medications such as pravastatin or red yeast rice may be explored.

3 Antihypertensive therapy

Hypertension is a major modifiable risk factor for cerebrovascular events.

Management involves tailored antihypertensive therapy to achieve personalized blood
pressure goals [55].

* First-line agents: Angiotensin-converting enzyme (ACE) inhibitors, angiotensin

receptor blockers (ARBs), and calcium channel blockers (CCBs) are commonly
utilized. The choice depends on the patient’s comorbid conditions and tolerance.

* Blood pressure targets: The target systolic blood pressure (SBP) is gener-

ally <140 mmHg for most patients. For diabetic patients, a stricter target of
<130 mmHg is advised. In elderly patients, a slightly higher target of <150 mmHg
may be considered based on individual tolerance and comorbidities.

* Polytherapy: Combined antihypertensive regimens are often necessary to achieve

6.1

target blood pressure. The selection of combination therapy is guided by the
patient’s response, side effect profiles, and potential drug interactions.

4 Antidiabetic therapy

Diabetes mellitus significantly increases the risk of atherosclerotic progression.

Glycemic control is essential to reduce vascular complications and improve long-term
outcomes [56].

* Glycemic targets: Fasting plasma glucose should be maintained below 7.0 mmol/L,

with a hemoglobin Alc (HbA1lc) goal of <7%. For patients with gestational diabe-
tes or other specific conditions, individualized targets may be set.

* Pharmacological management: Metformin is the first-line medication for most
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6.1.5 Other pharmacological agents

Additional medications may be employed based on specific patient conditions to
address unique risk factors.

* Anticoagulants: Indications include patients with atrial fibrillation or other condi-
tions requiring anticoagulation. Warfarin or novel oral anticoagulants (NOACs),
such as dabigatran, rivaroxaban, or apixaban, may be prescribed. Close monitor-
ing for bleeding risks is essential [57].

o Antioxidants: Agents such as vitamin C and vitamin E are sometimes used to
mitigate oxidative stress, although their efficacy in reducing stroke risk remains
inconclusive. Emerging evidence suggests limited benefits in this context [58].

* Homocysteine management: In patients with elevated homocysteine levels, supple-
mentation with folic acid, vitamin B6, and B12 may be considered to reduce
cardiovascular risk. This approach is particularly relevant in populations with
genetic methylenetetrahydrofolate reductase (MTHFR) defects [59].

6.1.6 Smoking cessation support

Tobacco cessation is a critical component of cardiovascular risk reduction. Nicotine
replacement therapy or pharmacological aids, such as varenicline or bupropion, may be
prescribed to assist patients in quitting smoking. Behavioral therapy or support groups are
often incorporated into smoking cessation programs to enhance success rates [60].

6.2 Lifestyle modifications

Lifestyle interventions are essential for managing carotid artery stenosis, comple-
menting pharmacological therapy to reduce risk factors and improve vascular health.

6.2.1 Dietary modifications

A heart-healthy diet is fundamental for managing risk factors and promoting
vascular health. The following dietary recommendations are emphasized [61]:

* Mediterranean or DASH Diet: Patients are advised to adopt a diet rich in fruits,
vegetables, whole grains, fatty fish, and nuts. These dietary patterns are associ-
ated with reduced inflammation and improved vascular endothelial function.

* Limit satuvated and trans fats: Patients are counseled to avoid trans fats and
cholesterol-rich foods to reduce LDL cholesterol levels. This includes limiting
processed foods, fried foods, and high-fat dairy products.

* Sodium vestriction: A daily sodium intake of <2300 mg is recommended to help
manage blood pressure. For individuals with hypertension, a further reduction to
<1500 mg per day may be beneficial.

* Personalized diet plans: Cultural preferences and individual dietary restrictions
are considered when creating personalized diet plans, ensuring adherence to
heart-healthy principles.
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6.2.2 Environment and cavotid atherosclerosis

Emerging evidence highlights the role of environmental factors in the develop-
ment and progression of carotid atherosclerosis, independent of traditional risk
factors. Key environmental exposures include [62-65]:

* Air pollution: Particulate matter (PM,.s and PM;,) and traffic-related pollutants
(e.g., nitrogen dioxide) are linked to endothelial dysfunction, systemic inflam-
mation, and accelerated atherosclerosis. Long-term exposure is associated with
increased carotid intima-media thickness (CIMT) and plaque formation.

* Nanoplastics and microplastics: These ubiquitous environmental contaminants
may promote oxidative stress and vascular inflammation, though direct evidence
in carotid atherosclerosis remains limited. Animal studies suggest nanoplastics
exacerbate endothelial injury and lipid deposition.

* Heavy metals: Chronic exposure to lead, cadmium, and arsenic correlates with
elevated cardiovascular risk, partly through oxidative damage and impaired
nitric oxide bioavailability.

* Noise pollution: Chronic noise exposure (e.g., traffic and industrial) is tied to
stress-mediated pathways, increasing cortisol and catecholamines, which may
worsen vascular dysfunction.

6.2.3 Weight management

Excess adiposity is a significant risk factor for atherosclerosis. Weight loss is
encouraged for patients who are overweight or obese, with a target body mass
index (BMI) of 18.5-24.9 kg/m2. Waist circumference goals include <90 cm for men
and < 85 cm for women [66].

* Dietary counseling: Patients receive guidance on energy-restricted diets, portion
control, and increasing physical activity to achieve weight loss goals.

* Behavioral strategies: Behavioral interventions, such as regular meal planning and
tracking food intake, are recommended to enhance adherence to weight manage-
ment plans.

6.2.4 Physical activity

Regular exercise is essential for improving cardiovascular health and reducing risk
factors. The following recommendations are provided [67]:

o Aerobic exercise: Patients are encouraged to engage in at least 150 minutes of
moderate-intensity aerobic activity per week, such as brisk walking, cycling, or
swimming. For individuals with physical limitations, lower-intensity exercises or
water-based activities are recommended.

* Resistance training: Incorporating strength training exercises 2-3 times per
week helps enhance cardiovascular fitness and muscle strength. Resistance
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exercises may include bodyweight exercises, resistance bands, or machine-based
workouts.

o Exercise vegimens: Exercise programs are tailored to individual capabilities and
preferences, ensuring compliance and long-term adherence.

6.2.5 Alcohol moderation

Excessive alcohol consumption increases the risk of hypertension and cardiovas-
cular complications. Patients are advised to limit alcohol intake as follows [68]:

* Men: No more than 25 grams of alcohol per day (equivalent to 1-2 standard
drinks).

* Women: No more than 15 grams of alcohol per day (equivalent to 1 stan-
dard drink).

6.2.6 Stress management and mental health

Chronic stress can exacerbate cardiovascular risk by increasing blood pressure
and promoting atherosclerotic progression. Patients are encouraged to engage in
stress-reduction activities, such as mindfulness, meditation, or yoga. Psychological
support, including counseling or participation in support groups, may be beneficial
for patients with anxiety or depression.

6.3 Regular follow-up and monitoring

Comprehensive follow-up and monitoring are essential to assess treatment
response, detect disease progression, and optimize management plans.

6.3.1 Laboratory monitoring

* Lipid profile: Reassessed every 6-12 months to ensure LDL cholesterol goals are
being met. This monitoring helps guide statin therapy adjustments and provides
insights into overall cardiovascular risk.

* Blood glucose: Regular monitoring, particularly for diabetic patients, is crucial
for optimizing glycemic control and preventing complications. HbAlc levels are
measured quarterly or more frequently if needed.

* Hematologic and renal function: Patients on statins or antihypertensives require
regular monitoring of liver function and renal function to identify potential side
effects and ensure safe medication use.

6.3.2 Imaging surveillance
* Cervical artery ultrasound: Performed every 6-12 months to assess plaque mor-

phology, thickness, and composition. This surveillance helps identify disease
progression or stabilization and guides treatment adjustments.
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o Carotid artery duplex imaging: Used to evaluate changes in blood flow velocities
and detect new or worsening stenosis. This imaging modality is particularly
useful for monitoring high-risk patients and those with recent cerebrovascu-
lar events.

6.3.3 Neurological assessments

* Neurological evaluations: Regularly conducted to detect signs of cerebrovascular
events, such as transient ischemic attacks (TIAs) or silent strokes. This includes
monitoring for new or worsening neurological symptoms, such as dizziness,
visual disturbances, or cognitive changes.

o Vascular visk stratification: Periodic reassessment of cardiovascular risk factors,
including lipid profiles, blood pressure, and glucose levels, helps guide ongoing
management and prevent adverse events.

6.4 Patient education

Patient education is a cornerstone of effective management, empowering patients
to actively participate in their care and adhere to treatment recommendations.

6.4.1 Disease awareness

Patients are educated about the nature of carotid artery disease, its potential com-
plications, and the importance of adhering to prescribed therapies. Understanding
the disease pathophysiology and the significance of risk factor modification enhances
patient engagement.

6.4.2 Medication adhevence

 Medication regimens: Patients receive clear instructions on the correct use of
medications, including dosages, administration schedules, and potential side
effects. This includes guidance on when and how to adjust medications under
medical supervision.

* Titration plans: Patients are educated on how and when to initiate or adjust
medications, particularly for drugs requiring titration, such as statins or antihy-
pertensives. This ensures safe and effective therapy implementation.

6.4.3 Lifestyle modifications

* Dietary recommendations: Patients are provided with tailored dietary advice,
including examples of heart-healthy meal plans and guidance on selecting
nutrient-rich foods. Educational materials, such as handouts or meal prep
guides, may be distributed.

e Exercise routines: Patients receive guidance on setting up an individualized exer-

cise program, including examples of achievable activities and a suggested weekly
schedule. Visual aids or written plans may enhance adherence.

121



The Global Burden of Stroke and Changing Risk Factors

* Smoking cessation support: Patients are provided with resources and strategies to
quit smoking, such as nicotine replacement therapy, quit-smoking medications,
and access to counseling services. Support groups or mobile health apps may be
recommended for additional support.

6.4.4 Stroke warning signs

Education on identifying stroke symptoms is critical for timely intervention.
Patients are instructed to seek immediate medical attention if they experience any of
the following symptoms:

* Sudden confusion or difficulty understanding speech

* Sudden weakness or numbness on one side of the body

Sudden difficulty with walking or coordination
e Sudden loss of vision or double vision
¢ Sudden severe headache with no known cause

Prompt recognition of these symptoms can significantly improve outcomes by
enabling timely treatment.

6.4.5 Follow-up appointments

Patients are educated on the importance of keeping regular follow-up appoint-
ments for both clinical assessments and imaging studies. This ensures continuous
monitoring of disease progression and treatment efficacy. Regular visits also provide
an opportunity for treatment optimization and addressing any emerging concerns.

7. Discussion
7.1 Treatment of asymptomatic carotid artery stenosis

The management of asymptomatic carotid artery stenosis (ACS) remains a
contentious issue in contemporary vascular medicine, with ongoing debates regard-
ing the optimal treatment strategies. Historically, surgical interventions, particularly
carotid endarterectomy (CEA), were regarded as superior to the best medical therapy
(BMT) in mitigating the risk of cerebrovascular events. However, the emergence of
carotid artery stenting (CAS) as a less invasive alternative has significantly expanded
treatment options, prompting a comparative evaluation of CAS versus CEA.

Early epidemiological studies and clinical trials consistently demonstrated that
CEA provided a substantial advantage over BMT in reducing stroke risk, with find-
ings supported by multiple studies. The introduction of CAS, characterized by its
minimally invasive nature and potential advantages in preserving endothelial func-
tion, hasled to a comparative analysis of CAS versus CEA. Over the past decade,
numerous randomized controlled trials (RCTs) have demonstrated that both CAS
and CEA exhibit comparable efficacy and risk profiles, suggesting that treatment
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selection may be guided by patient-specific factors, surgeon expertise, and institu-
tional practices [69].

Concomitant with advancements in surgical techniques, modern BMT regimens
have undergone significant refinements, incorporating potent statins, antiplatelet
agents, and comprehensive risk modification strategies. Notably, contemporary
BMT has achieved a remarkably low annual stroke rate of approximately 0.9% in
ACS patients managed conservatively [70]. This favorable outcome has led some
investigators to speculate that, in certain patient populations, medical therapy alone
may suffice, potentially obviating the need for surgical intervention. A recent meta-
analysis comparing the efficacy of vascular reconstruction, traditional BMT (prior to
2000), and modern BMT (post-2000) revealed that, while CEA and CAS significantly
reduced ischemic stroke rates compared to all BMT approaches, they did not exhibit
superior outcomes compared to modern BMT [71]. This observation challenges the
conventional paradigm and suggests that, under modern therapeutic regimens, medi-
cal therapy may rival surgical options in certain cases.

Despite these advancements, the debate persists, underscoring the need for fur-
ther high-quality, large-scale RCTs. Such studies are essential to elucidate the relative
benefits and risks of BMT, CAS, and CEA under contemporary treatment protocols
thereby providing more robust evidence for clinical decision-making.

7.2 Intrastent restenosis in carotid artery stenosis

In the surgical management of carotid artery stenosis, both CEA and CAS present
unique advantages and challenges. Notably, CAS has been associated with a higher
incidence of intrastent restenosis (ISR) compared to CEA [72]. ISR, defined asa
recurrent narrowing exceeding 50% within or adjacent to the stent, poses a critical
risk of recurrent cerebrovascular events and undermines the long-term efficacy of
the intervention. The pathophysiology of ISR is multifactorial, encompassing lipid
abnormalities, diabetes mellitus, smoking history, stent design, and residual narrow-
ing post-procedure. These factors collectively contribute to neointimal hyperplasia
and vascular remodeling, which are central to ISR development.

Effective management of these modifiable risk factors is imperative to mitigate the
likelihood of ISR. Treatment options for patients experiencing ISR include repeat CEA,
CAS, stent retrieval, or carotid bypass surgery [73]. Pharmacological interventions, such
as long-term antiplatelet therapy and statin use, play a critical role in reducing ISR risk by
inhibiting platelet aggregation and reducing vascular inflammation [74].

Emerging therapeutic strategies are being explored to address ISR. Among these,
the use of drug-eluting balloons (DEBs) has shown promise. DEBs, which incorporate
medications such as paclitaxel or sirolimus to inhibit excessive cell proliferation, have
demonstrated favorable results in reducing ISR rates. However, while initial studies
suggest efficacy, the long-term clinical benefits of DEBs require further validation
through extensive clinical follow-up [75]. Additionally, advancements in gene-editing
technologies, such as CRISPR-Cas9, offer potential avenues for targeting lipid metab-
olism and slowing the progression of atherosclerosis. These technologies are currently
in the experimental stage but hold promise for future therapeutic applications [76].

Looking forward, research should focus on elucidating the molecular mechanisms
underlying ISR, with the ultimate goal of developing more effective preventive
and therapeutic strategies. This includes investigations into the role of endothelial
function, inflammatory mediators, and genetic predisposition in ISR development.
Furthermore, the exploration of novel stent technologies, such as bioabsorbable
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stents and drug-eluting stents with advanced polymer platforms, may offer innova-
tive solutions to the ISR challenge.

In conclusion, the treatment paradigm for asymptomatic carotid artery steno-
sis is continually evolving, driven by advancements in both surgical and medical
therapies. While CEA and CAS remain viable options, the emergence of modern
BMT challenges conventional treatment protocols. As the field progresses, a deeper
understanding of ISR and the development of innovative therapies will be essential
in optimizing treatment outcomes and enhancing the quality of life for patients with
carotid artery stenosis. Continued collaboration among clinicians, researchers, and
industry partners is imperative to address the remaining uncertainties and refine
treatment strategies for ACS patients.

8. Conclusion
8.1 Carotid artery stenosis and its impact on public health

Carotid artery atherosclerotic stenosis represents a significant vascular condi-
tion, being one of the leading causes of ischemic stroke, a disease that imposes
substantial public health challenges globally. This narrowing of the carotid artery,
primarily due to atherosclerotic plaque buildup, poses a critical risk of stroke
when plaques rupture, obstructing cerebral blood flow. The management of this
condition is pivotal in reducing the incidence of ischemic stroke and improving
patient outcomes.

8.2 Comprehensive diagnostic and risk assessment

Effective management of carotid artery stenosis begins with a thorough diagnostic
evaluation. This involves a combination of clinical examination, imaging studies
such as carotid ultrasound and angiography, and cardiovascular risk profiling. These
assessments are crucial in determining the extent of stenosis and the patient’s overall
risk profile, guiding appropriate treatment decisions.

8.3 Treatment strategies: Individualized approaches

The treatment approach for carotid artery stenosis is inherently individual-
ized, tailored to the patient’s specific clinical presentation and comorbid condi-
tions. For asymptomatic patients, particularly those at lower risk, medical therapy
emerges as a cornerstone. This regimen typically includes statins to lower LDL
cholesterol, antiplatelet agents to prevent thrombus formation, and compre-
hensive risk factor modification, such as lifestyle changes and blood pressure
management.

In contrast, for high-risk symptomatic patients, surgical interventions such as
carotid endarterectomy (CEA) or carotid artery stenting (CAS) may be more appro-
priate. The choice between these procedures depends on factors such as vascular
anatomy, patient-specific risks, and the surgeon’s expertise. Both CEA and CAS have
their respective advantages and challenges, with CEA often preferred for its durability
and CAS for its minimally invasive nature.
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8.4 Emerging therapies and future directions

The field of vascular medicine is continually evolving, with emerging therapies
offering promising avenues for improved patient outcomes. Among these, drug-
eluting balloons (DEBs) and advanced stent technologies are gaining attention for
their potential to reduce intrastent restenosis. These devices release medications
like paclitaxel or sirolimus, inhibiting excessive cell proliferation within the stent.
However, while preliminary studies demonstrate efficacy, further research is essential
to establish their long-term benefits and safety across diverse patient populations.

Additionally, advancements in imaging modalities and a deeper understanding of
the molecular mechanisms underlying atherosclerosis are paving the way for more
precise and effective treatment strategies. These developments, coupled with ongo-
ing research, hold the potential to refine therapeutic approaches and address current
limitations.

8.5 Multidisciplinary approach and lifestyle modifications

The management of carotid artery stenosis demands a multidisciplinary approach
that integrates medical, surgical, and lifestyle interventions. Lifestyle modifications,
including dietary changes, regular physical activity, smoking cessation, and stress
management, play a crucial role in risk reduction and disease management. Patient
education is equally vital, empowering individuals to actively engage in their care and
adhere to prescribed therapies.

In summary, the effective management of carotid artery stenosis requires a
tailored, patient-centered approach that combines medical therapy, surgical options,
and lifestyle interventions. By prioritizing comprehensive diagnostic evaluation and
individualized treatment plans, clinicians can optimize patient outcomes, reduce the
risk of stroke recurrence, and enhance quality of life. As the field advances, continued
collaboration among researchers, clinicians, and healthcare providers is essential to
address the complex challenges posed by carotid artery stenosis. Through ongoing
innovation and research, the goal remains to further refine treatment strategies and
ultimately reduce the global burden of ischemic stroke.
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