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Abstract

This thesis explores the relationship between carotid artery atherosclerosis and cog-
nitive function across different ethnic groups and age cohorts, using a combination of

systematic reviews, meta-analyses, and cohort studies.

Introduction Carotid artery atherosclerosis is a significant risk factor for cognitive de-
cline, yet the extent and nature of this relationship remain unclear. This research aims

to elucidate these connections, considering diverse ethnicities and age groups.

Hypothesis The hypothesis is that carotid artery atherosclerosis is associated with
cognitive decline and that these associations vary across ethnic groups and age co-

horts.

Methodology A systematic Review and Meta-Analysis was conducted using elec-
tronic databases to identify studies linking carotid atherosclerosis with cognitive func-
tion assessed by the Mini-Mental State Examination (MMSE). Data extraction and sta-

tistical analyses were performed to assess the strength of these associations.

The SABRE study involved participants from the Southall and Brent Revisited study,
examining carotid atherosclerosis using ultrasound and assessing cognitive function
and brain health through standardized tests. Blood and urine samples were analysed
for cardiovascular risk factors. Generalized linear models were used to evaluate as-

sociations.

Data from the MRC National Survey of Health and Development (NSHD) was used to

assess carotid intima-media thickness and plaque via ultrasound in relation to



cognitive function at multiple life stages. Regression models analysed the relation-

ships, adjusting for confounders.

Results The systematic Review and Meta-Analysis found inconsistent evidence re-
garding the association between carotid artery atherosclerosis and cognitive function,

highlighting the need for more longitudinal studies.

The SABRE Study revealed significant ethnic differences in carotid plaque prevalence,
with African-Caribbean individuals showing lower rates than Europeans and South
Asians. Initial associations between carotid plague and cognitive performance weak-
ened after adjusting for confounders, though neuroimaging indicated increased white

matter lesion volume with carotid plaque.

NSHD Cohort: Longitudinal data did not show strong associations between carotid
atherosclerosis and cognitive decline, suggesting the influence of other factors over

time.

Conclusion The thesis underscores the complex relationship between carotid artery
atherosclerosis and cognitive function. While some associations were observed, they
were generally weak and confounded by other factors. The findings emphasize the
need for ongoing research, incorporating comprehensive assessments and consider-
ing social and psychological factors, to develop targeted interventions and public
health policies for managing cardiovascular and cognitive diseases. A multidisciplinary
approach is essential to address the challenges of cognitive decline in aging popula-

tions.



Impact Statement

This thesis investigates the relationship between carotid artery atherosclerosis and
cognitive function using ultrasound technology, revealing insights that have implica-

tions for academic research and practical applications.
Academic Contributions

This research contributes to the understanding of the interactions between cardiovas-
cular health and cognitive function. By examining diverse ethnic groups and age co-
horts, the findings provide a detailed perspective on how carotid atherosclerosis im-
pacts cognitive performance, informing future research directions in vascular contri-

butions to cognitive decline.
Practical Implications

The findings can influence public health strategies and clinical practices. The observed
associations between carotid atherosclerosis and cognitive function can help
healthcare providers identify individuals at higher risk for cognitive impairment due to

vascular factors.
Preventive and Treatment Strategies

The research supports several strategies for preventing and managing cognitive de-

cline:

Enhanced Screening: Regular ultrasound screening for carotid atherosclerosis in high-

risk populations can aid in early identification of individuals at risk of cognitive decline.

Targeted Therapies: The findings emphasize the importance of managing cardiovas-
cular health to preserve cognitive function, guiding the development of therapies that

address both cardiovascular and cognitive health.
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In conclusion, while the association between vascular pathologies and neurodegener-
ative disorders like Alzheimer’s disease remains weak, this research emphasizes the
broader impact of vascular health on cognitive function. The findings advocate for a
multidisciplinary approach in both research and practical interventions to enhance

cognitive health outcomes.
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Chapter 1: Background
Cardiovascular disease

Cardiovascular disease (CVD) is a term used to describe a collection of disorders
affecting the heart and blood vessels. The many subtypes of cardiovascular disease
are addressed in more detail below. Cardiovascular disease (CVD) is a serious public
health concern that causes considerable morbidity and death globally.(WHO, 2021)
CVD includes coronary artery disease, stroke, heart failure, peripheral artery disease,
carotid artery disease (which will be covered in more detail in a different section) and
venous thromboembolic disease.(Nabel, 2003) It is increasingly recognised that CVD
also contributes to cognitive decline and dementia beyond vascular dementia.(Pa-

ciaroni and Bogousslavsky, 2013)

In 2017 CVD was responsible for an estimated 17.9 million deaths worldwide (32% of
all fatalities globally), making it the one of the leading causes of death (Li et al., 2021b).
Furthermore, CVD is a leading cause of disability and has a considerable influence on
quality of life. The burden of CVD is not evenly distributed across populations, and is
influenced by a range of factors, including age, gender, ethnicity, socioeconomic sta-
tus, and geography. CVD is more common in older individuals, with risk increasing
significantly after the age of 45 for men and 55 for women. Men are generally at higher
risk of CVD than women, although this difference narrows after the menopause. CVD
is a substantial public health burden that demands immediate attention from
healthcare providers, politicians, and individuals. Effective CVD prevention and man-

agement techniques, such as lifestyle modifications and early identification and
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treatment, can help minimize the burden of CVD on people and society while also

improving global health and well-being (Deaton et al., 2011).

There are also significant differences in CVD burden by ethnicity, with certain ethnic
groups at higher risk of CVD than others.(Williams et al., 2010) For example, South
Asian and African-Caribbean individuals in the UK have been found to have a higher
risk of some CVD conditions than the general population.(Tillin et al., 2013c) Socioec-
onomic factors also play a role in CVD burden, with individuals from lower socioeco-
nomic backgrounds at higher risk of CVD.(Schultz et al., 2018, Rosengren et al., 2019)
This may be due to a range of factors, including differences in lifestyle behav-
iours,(Tousoulis et al., 2020) access to healthcare, racism,(Javed et al., 2022b) and

differential exposure to environmental factors.(Munzel et al., 2021)

Geography is also associated with CVD burden, with higher rates of CVD in some
countries, in general, this corresponds with national income status but other factors

may also contribute.(Levenson et al., 2002)

Risk factors for CVD include both modifiable and non-modifiable risk factors (Dahlof,
2010, Leritz et al., 2011, Yusuf et al., 2020) as discussed in more detail below. CVD
prevention and treatment requires focusing on modifiable risk factors through lifestyle
modifications and medication. Lifestyle changes such as eating healthier foods, fre-
guent physical activity, and giving up smoking can all help lower the risk of CVD.
Statins, antihypertensives, and antiplatelet medications may also be utilised to control
CVD, but as other studies suggests, a population approach to prevention should be
the main focus of policy, as it can have a greater impact on reducing the overall inci-

dence of disease, and should be supported by a strategy involving identifying risk
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factors and implementing effective interventions to address them in high risk individu-

als(Rose, 2001).

Atherosclerosis

Atherosclerosis is a chronic inflammatory condition that contributes significantly to
morbidity and death globally and has widespread detrimental effects on cardiovascular
health.(Stoll and Bendszus, 2006, Keaney Jr, 2000). Atherosclerotic lesions begin to
develop in childhood, if not before, and are influenced by risk factors such as hyper-
tension, diabetes and hyperlipidaemia.(Hong, 2010) Their development represents a
dynamic process where the earliest manifestations, fatty streaks, evolve into raised
fibrosis plaques which are the forerunners of stable and unstable or vulnerable
plaques,(Milei et al., 2008) Plaques can undergo erosion(Luo et al., 2021), or rup-

ture(Bentzon et al., 2014)

During the process of atherogenesis, low-density lipoprotein (LDL) cholesterol, in par-
ticular, builds up in the artery's intimal layer, which causes fatty streaks to de-
velop.(Garcia and Khang-Loon, 1996) This accumulation is widely believed to occur
due to endothelial dysfunction, possibly related to flow patterns at bifurcations where
atherogenesis commonly occurs.(Gimbrone and Garcia-Cardefia, 2016) These fatty
streaks have the potential to turn into fibrous plaques, which are more serious lesions
that may be recognised by a thickening of collagen and smooth muscle cells in the
intima. Stenosis, or vascular narrowing, can occur as a result of plagues that advance
and intrude into the artery's lumen. While stenosis, which restricts blood flow, contin-
ues to be a key source of tissue ischaemia, plaque rupture is presently thought to be
the primary mechanism responsible for much acute CVD, such as myocardial infarc-

tion or stroke.
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Risk factors contribute to the development and progression of atherosclerotic throm-
bosis by a variety of mechanisms - by enhancing the inflammatory/immune response,
decreasing endothelial function, boosting oxidative stress, increasing the biomechan-
ical pressures on plaques, or encouraging thrombosis.(Ross, 1993, Ross, 1986, Falk,

2006, Munro and Cotran, 1988, Schwartz et al., 1991)

RISK FACTORS FOR ATHEROSCLEROSIS

CVD is a complex, multifactorial disease, and its aetiology and pathogenesis are in-
fluenced by many risk factors, some (such as age, sex, genetic endowment, family
history of CVD and ethnicity) are non-modifiable and have been alluded to above,
others are (potentially) modifiable. Traditional modifiable risk factors for CVD include
hypertension, hyperlipidaemia, diabetes mellitus, smoking, obesity, unhealthy diet,
and physical inactivity. In recent years, non-traditional or novel risk factors have also
been identified, including inflammatory markers, psychosocial factors, air pollution,
and sleep apnoea. Controlling or managing modifiable CVD risk factors can help to
reduce the risk of developing CVD and related complications such as stroke, heart

attack, and peripheral artery disease.

Modifiable Risk Factors Associated with Cardiovascular Disease (CVD)

While certain risk factors are outside the realm of an individual's control, a significant

number of them can be altered through modifications in one's lifestyle.

Tobacco smoking, widely recognized as a modifiable risk factor, has been found to

substantially elevate the likelihood of developing cardiovascular disease
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(CVD).(Erhardt, 2009) Smoking has been found to contribute to the development of
atherosclerosis, diminish the delivery of oxygen to the heart, and facilitate the for-
mation of blood clots. Ceasing smoking has the potential to significantly decrease the

risk of cardiovascular disease (CVD).(on Smoking et al., 2010, Bazzano et al., 2003)

Hypertension, also known as high blood pressure, constitutes a significant modifiable
risk factor for cardiovascular disease (CVD).(Fuchs and Whelton, 2020) An increased
blood pressure level is a risk factor for the development of cardiovascular complica-
tions, including stroke and coronary artery disease. Research has demonstrated that
the utilization of suitable therapeutic interventions is associated with a decrease in the
probability of stroke occurrence and a mitigation of the risk of developing heart dis-
ease.(Assmann et al., 1999) Hypertension can also be managed through the imple-
mentation of lifestyle modifications, which include weight reduction, regular physical
activity, and diet. In general these lifestyle modifications are used alongside appropri-

ate pharmacological interventions.(Gupta and Guptha, 2010).

Diabetes mellitus, a medical condition characterized by elevated levels of glucose in
the bloodstream,(Alam et al., 2014) is also known to be a contributing factor to the risk
of cardiovascular disease (CVD).(Nesto, 2004) Maintenance of ideal blood glucose
levels usually entails medication, including sometimes insulin therapy as deemed nec-
essary, in conjunction with lifestyle modifications. Individuals can contribute to main-
taining stable blood sugar levels by adopting a balanced diet that is abundant in whole
grains, fruits, vegetables, lean proteins, and healthy fats. Regular physical activity is
an essential component that enhances insulin sensitivity and overall well-being.(Bala-

kumar et al., 2016)
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Dyslipidaemia is a medical condition characterized by abnormal blood lipid levels, spe-
cifically an increase in low-density lipoprotein (LDL) cholesterol, colloquially referred
to as "bad" cholesterol, and a decrease in high-density lipoprotein (HDL) cholesterol,

colloquially referred to as "good" cholesterol.(Gilbert, 2004)

Atherogenic dyslipidaemia is distinguished by alterations in the concentrations of cho-
lesterol and other lipids in the blood, which have been linked to an increased vulnera-
bility to cardiovascular disease (CVD). It is a pathological state frequently associated
with obesity and type 2 diabetes mellitus. The relationship between the levels of low-
density lipoprotein cholesterol (LDL-C) and the occurrence of cardiovascular disease
(CVD) is well established and HDL-C has been discussed above.(Musunuru, 2010) In
addition to cholesterol, triglycerides in VLDL have been found to play a role in the
promotion of inflammation and atherogenesis (Lorenzatti and Toth, 2020). Lipids and
lipoproteins play pivotal roles in the development of atherosclerosis and are key tar-

gets for therapeutic interventions.(Linton et al., 2019)

Recently, there has also been an increasing acknowledgment of non-conventional risk
factors that may exert an influence on the onset of cardiovascular disease (CVD),
alongside the widely recognized traditional risk factors and inherent genetic vulnera-
bilities. Non-conventional factors can encompass for example, sleep apnoea, which is
characterized by the repetitive occurrence of either partial or complete blockage of the
upper respiratory tract while an individual is asleep led to (hypoxia).(Lattimore et al.,
2003, Monahan and Redline, 2011) and the inflammatory impact of air pollution, spe-
cifically fine particulate matter, on the cardiovascular system.(Basith et al., 2022) Many
of these novel underlying factors are associated with worldwide phenomena such as

urbanization, demographic shifts towards older populations, and socioeconomic
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transformations. Moreover, various factors such as socioeconomic disadvantage, psy-
chological distress, are also known to contribute to CVD. The influence of socioeco-
nomic status (SES) on cardiovascular health may be mediated through various indirect
pathways,(Albert et al., 2006) including, but not limited to, lifestyle choices, stress lev-
els, environmental exposures, limited access to healthcare services, and overall state
of well-being.(Clark et al., 2009) Also education, which is often considered as an indi-
cator of SES, is widely recognized as a social determinant that influences the likeli-

hood of developing cardiovascular disease (CVD).(Havranek et al., 2015).

In conclusion, it is evident that both non-modifiable and modifiable risk factors play a
significant role in the initiation and advancement of cardiovascular disease. In order to
assess an individual's overall risk of cardiovascular disease (CVD) and implement ap-
propriate preventive measures, it is crucial to have a thorough understanding of these
factors. Understanding disease progression, implementing effective strategies, and
raising awareness at all levels are imperative in addressing this dual burden. The pro-
motion of awareness and education through public health campaigns on a global scale
has the potential to facilitate the adoption of healthier lifestyles and enhance disease

management.
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Subtypes of cardiovascular disease

Most, but not all cases of CVD are due to atherosclerotic disease. Most common types

of atherosclerotic CVD include:

CORONARY ARTERY DISEASE (CAD)

Coronary artery disease, also termed ischemic heart disease, is a disorder in which
the arteries that deliver blood to the heart muscle become narrowed or blocked due to
accumulation of atheroma. This can result in decreased blood supply to the heart,
resulting in symptoms including chest discomfort (angina pectoris), shortness of
breath, and exhaustion. If the atherosclerotic plaque ruptures, occlusion of the artery
or downstream embolization can result, leading to myocardial ischaemia, infarction

and unexpected cardiac death.(Okrainec et al., 2004)

The formation of atheromatous plaque, a combination of cholesterol, fat, and other
substances in the walls of the coronary arteries causes CAD. Atherosclerosis devel-
ops over an extended period beginning early in life, and can be accelerated by risk
factors such as smoking, high blood pressure, high cholesterol, diabetes, obesity, and
a sedentary lifestyle.(Strong et al., 1997) An electrocardiogram (ECG), stress tests,
coronary angiography, and imaging tests such as computed tomography (CT), intra-
vascular ultrasonography, or magnetic resonance imaging (MRI) can all be used to
diagnose CAD. Treatment for (CAD) varies according to severity and can include life-
style changes (such as healthy eating, regular physical activity, and smoking cessa-
tion), medication (such as statins, blood pressure-lowering drugs, and aspirin), and
invasive procedures such as angioplasty or bypass surgery.(Hertzer et al., 1984) Pre-

venting CAD involves managing risk factors, such as maintaining a healthy weight,
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exercising regularly, eating a healthy diet (Willett et al.,, 2006), not smoking
(Goldenberg et al., 2003), and managing other health conditions such as high blood

pressure and diabetes (Hajar, 2017).

Peripheral artery disease

Poor blood circulation to the legs and feet as a result of peripheral artery disease
(PAD) can cause a variety of symptoms and problems. One of the most typical PAD
symptoms is claudication, a cramping or agonizing discomfort in the legs. (Criqui and
Aboyans, 2015) Usually, resting relieves the discomfort, but it returns as the action is
resumed. (Gornik and Beckman, 2005) In severe cases of PAD, pain may occur at
rest and interfere with sleep. Other symptoms of PAD include numbness, weakness,
or a feeling of coldness in the legs and feet. Diagnosis of PAD involves a physical
exam, medical history, and various imaging tests, such as ankle-brachial index (ABI),
Doppler ultrasound, and angiography.(Xu et al., 2010, Potier et al., 2011) Treatment
of PAD aims to reduce symptoms, prevent complications, and improve quality of life.
Lifestyle changes, such as quitting smoking, eating a healthy diet, and regular exer-
cise, can help improve symptoms and prevent further progression of the dis-
ease(Hankey et al., 2006). Early diagnosis and treatment of PAD are important to

prevent complications and improve quality of life(Olin and Sealove, 2010).
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Cerebrovascular disease and stroke

A range of disorders collectively known as "cerebrovascular disease" affect the brain
circulation.(Pantoni, 2010) The term covers a variety of conditions including: cerebral
aneurysms, arteriovenous malformations, haemorrhagic stroke, ischemic stroke, small
vessel disease and cerebral venous thrombosis. (Chandra et al., 2017, Yaqub et al.,

1991)

Arterial stenosis or occlusion is a common factor that leads to ischemic cerebrovas-
cular disease and carotid stenosis is a major risk factor for ischemic stroke.(Woo et
al., 2017) Typically, atherosclerosis with or without thrombosis can restrict blood flow
to a region of the brain and may result in infarction - an ischemic stroke. In most re-
gions of the world, this is the most frequent form of stroke, accounting for around 85%
of all instances of stroke in UK.(NHS, 13 September 2022) Smoking, hypertension,
diabetes, excessive cholesterol, atrial fibrillation, and other heart conditions are risk

factors for ischemic stroke.(Tsao et al., 2023, Lackland et al., 2014, Feske, 2021)

Haemorrhagic stroke is less frequent and occurs when a blood vessel in the brain
ruptures, causing bleeding and damage to brain tissue.(Williams et al., 2023, Sacco
et al., 2013) Intracerebral haemorrhage and subarachnoid haemorrhage are the two

primary forms of haemorrhagic stroke.(Unnithan and Mehta, 2020).

Atherosclerotic cardiovascular disease (ASCVD) manifests in various forms, including
CAD, carotid artery disease, and PAD, each contributing to the overall burden of car-
diovascular morbidity and mortality. The COMPASS study, a large-scale investigation,
highlighted the interconnected nature of these conditions. The study demonstrated
that individuals with one form of ASCVD, such as CAD, are at a higher risk of devel-

oping other forms, like carotid artery disease and PAD. This overlap suggests common
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underlying mechanisms, including systemic atherosclerosis and shared risk factors
such as hypertension, hyperlipidaemia, diabetes, and smoking. The COMPASS study
found significant incidences of CAD, carotid disease, and PAD within the cohort, un-
derscoring the importance of comprehensive cardiovascular risk management. Pa-
tients with cardiovascular disease, involving multiple vascular territories, exhibited
higher rates of adverse cardiovascular events compared to those with single-territory
disease. These findings emphasize the need for integrated diagnostic and therapeutic
approaches to address the full spectrum of ASCVD manifestations. By recognizing the
interrelated nature of these conditions, healthcare providers can better identify high-
risk individuals and implement strategies to prevent the progression and complications
of systemic atherosclerosis(Anand Sonia et al., 2019, Kaplovitch et al., 2021, Sharma

et al., 2019).

A range of disorders collectively known as "cerebrovascular disease" affect the brain's
circulation. This term covers conditions including cerebral aneurysms, arteriovenous
malformations, haemorrhagic stroke, ischemic stroke, small vessel disease, and cer-
ebral venous thrombosis. Arterial stenosis or occlusion often leads to ischemic cere-
brovascular disease, with carotid stenosis being a major risk factor for ischemic stroke.
Typically, atherosclerosis with or without thrombosis can restrict blood flow to a brain
region, potentially resulting in an ischemic stroke. In the UK, ischemic stroke accounts
for around 85% of all stroke cases. Risk factors for ischemic stroke include smoking,

hypertension, diabetes, high cholesterol, atrial fibrillation, and other heart conditions.
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CEREBROVASCULAR DISEASE AND MECHANISMS OF COGNITIVE IMPAIRMENT

Multiple cerebral vascular conditions can cause cognitive impairment. Cerebrovascu-
lar disease is the major cause of vascular dementia, but may also contribute to non-
vascular dementias, such as Alzheimer’s disease. (Love and Miners, 2016) Vascular
dementia develops when the arteries in the brain are damaged, termed small vessel
disease (SVD). SVD can adversely affect the brain through several mechanisms in-
cluding a reduction in brain perfusion, compromised integrity of the blood-brain barrier,
or adverse effects on neurovascular coupling. (Knopman, 2007) These processes may
result in cognitive deficiencies, including memory loss, trouble understanding and

communicating with others, and poor decision making.(Kalaria, 2012)

IMAGING FOR CEREBROVASCULAR DISEASE

Ultrasound is a valuable tool for screening individuals at risk for carotid artery disease,
or with cerebrovascular disease including those with stroke.(Saxena et al., 2019a)
Transcranial Doppler ultrasound can also detect the presence of microemboli, which
are small fragments of plaque or thrombus that break off and can travel to the brain,
leading to ischemic strokes.(Fernandes et al., 2016) Carotid ultrasound can help iden-
tify those at risk for stroke, guide treatment decisions, and monitor the effectiveness

of interventions.(Sarkar et al., 2007)

In addition to ultrasound, magnetic resonance angiography (MRA), CT angiography
(CTA) (Lin and Liebeskind, 2016), and positron emission tomography (PET)(Heiss,
2014) imaging are other diagnostic tests that can be used to assess cerebral haemo-

dynamics and cerebrovascular disease.
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Carotid artery disease

This PhD mainly focuses on carotid artery disease (CA), consequently this section

discusses it in more detail.

The carotid arteries are found on either side of the neck and carry blood to the brain.
Typically carotid artery disease is the result of atherosclerosis, so risk factors for CA
overlap with those for atherosclerosis generally, and include age, sex, smoking, high
blood pressure, high cholesterol, diabetes, obesity, and a family history of the dis-

ease.(Song et al., 2020a)

Asymptomatic carotid artery plaque is frequently found incidentally, during routine
screening or imaging procedures. Despite usually being asymptomatic, carotid artery
plague is linked to a higher risk of stroke and other cardiovascular events. CA disease
is a progressive condition and the risk of stroke rises as the amount of plaque accu-
mulates.(Flaherty et al., 2012) Therefore, a critical component of prevention is recog-

nising and treating asymptomatic carotid artery plaque.(Carr et al., 1996)

The diagnosis of CA typically involves a physical exam, medical history, and various
imaging tests, such as ultrasound, angiography, and magnetic resonance imaging
(MRI). These tests can help determine the extent of the plaque build-up and assess

the risk of stroke.

Anatomy of head and neck arteries

The head, neck, face and brain receive blood supply from the right and left carotid
arteries. The right common carotid artery (RCCA) arises from the brachiocephalic
(also known as the innominate) artery which is a branch of the aorta. The left common

carotid artery (LCCA) arises directly from the aorta. Both carotid arteries branch into
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internal carotid arteries (ICA) and external carotid arteries (ECA) as the right and left
common carotid arteries ascend through the neck. The ECA delivers blood to the face,
neck, and scalp, while the ICA supplies blood to the brain.(Sethi et al., 2019) The
carotid artery anatomy exhibits several clinically significant variations. The common
carotid artery can originate from different locations. Typically, the left common carotid
artery arises from the aortic arch, while the right originates from the brachiocephalic
trunk; however, variations in their origins can occur. The common carotid artery usu-
ally bifurcates into the internal and external carotid arteries at the level of the fourth
cervical vertebra (C4), but this can vary between C3 and C5. Some individuals may
exhibit tortuosity, kinking, or coiling of the carotid arteries, which can be benign or

associated with pathology such as atherosclerosis.

Variations in the branches of the internal and external carotid arteries can occur, such
as the superior thyroid artery arising from the internal carotid artery. In rare cases,
parts of the carotid artery system may be underdeveloped (hypoplasia) or absent
(agenesis), often compensated by collateral circulation. Duplication of the carotid ar-
tery, where two parallel arteries run in place of a single one, is a rare anatomical vari-
ant. Additionally, fenestration involves a single artery splitting into two distinct luminal

channels that later rejoin, which can be observed in the internal carotid artery.

These variations affect the position of the bifurcation, the number of branches, the
vessel's width, and its length, which may have significant clinical ramifications. These
include a higher chance of developing carotid artery disease, difficulty in carrying out
surgery, and challenges in imaging studies. Recognizing these variations is crucial for
surgeons and radiologists to avoid complications during diagnostic and therapeutic

procedures. Some examples of these variations are shown in (FIGURE 1.
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1),(Cappabianca et al., 2016, Tan et al., 2010, Farina et al., 2019, Cobzeanu et al.,

2023)

In addition to the carotid arteries, the vertebral arteries supply the posterior part of the
brain. The vertebral arteries combine to create the basilar artery, which supplies the
brainstem and cerebellum (Figurel.3). Error! Reference source not found.(Gofur
and Singh, 2021) Another key component of the brain circulation is a circle of linked
arteries, called the circle of Willis. The main blood vessels that supply the circle of
Willis are the internal carotid arteries and the basilar artery. Blood is supplied to the
anterior part of the circle of Willis (the anterior cerebral artery (ACA) and the middle
cerebral artery (MCA)) by the internal carotid arteries, and the posterior part is supplied
by the basilar artery.(Liu et al., 2016a) The circle of Willis helps ensure enough blood
supply to all areas of the brain and acts as a backup mechanism for blood flow to the
brain in the event that any of the feeding arteries become blocked or stenosed(Fig-
urel.4).(Hendrikse et al., 2005) A blockage in the carotid artery can cause a consid-
erable reduction in brain perfusion if the collateral circulation in the brain is insuffi-

cient.(Lal et al., 2011)
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Imaging carotid disease using ultrasound.

Current guidelines do not recommend the routine use of carotid ultrasonography
(USS) for risk stratification due to several key factors. First, there is considerable het-
erogeneity in the methods used for carotid ultrasonography, including differences in
equipment, operator expertise, and protocols. This variability can lead to inconsistent
and unreliable results. Second, there is a lack of robust outcome data supporting its

routine use. While carotid intima-media thickness (CIMT) and plaque detection can
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predict cardiovascular events, the evidence is mixed and often inconsistent due to
differences in measurement techniques and definitions. Furthermore, routine carotid
ultrasonography may not provide significant additional information beyond traditional
risk factors and other non-invasive tests like the Framingham Risk Score. The cost
and resource utilization for routine screening are also high, making it a less cost-ef-
fective option given the uncertain incremental benefit. Additionally, the accuracy of
carotid ultrasonography is highly dependent on the operator's skill, further complicat-
ing standardization and interpretation of results. As a result, current guidelines from
organizations like the American Heart Association and the U.S. Preventive Services
Task Force do not support routine carotid ultrasonography for cardiovascular risk strat-
ification in asymptomatic individuals, recommending its use primarily for those with
specific clinical indications(Arnett et al., 2019, Cobzeanu et al., 2023, Krawisz et al.,

2021).

2D vascular ultrasonography is a useful technique for assessing the characteristics of
blood artery walls, plaque volume and early atherosclerosis, as it is simple to perform,
and non-invasive.(de Korte et al., 2011) However, 2D ultrasonography has drawbacks;
it can provide a limited number of imaging angles, and the operator's skill can affect
the quality of the image and data acquired. When data is only taken from a particular
area of the plaque and extrapolated to reflect the overall structure, this may affect how
well the plaque is identified.(Calogero et al., 2018) There is considerable disagree-
ment about whether routine carotid ultrasonography testing is advisable for the detec-
tion of asymptomatic carotid artery atherosclerosis. (Giannoukas et al., 2016) Never-
theless, carotid ultrasonography-based visual evaluation or dynamic alterations may
offer an important clinical context and assist in the identification of plaques, acting as

a sign of a high risk of myocardial infarction, stroke and mortality. (Li et al., 2021a)
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Carotid Artery Intima-Media Thickness (CIMT)

Measurement of carotid intima-media thickness (CIMT) is a commonly used technique
for assessing cardiovascular risk and early atherosclerosis.(Pignoli et al., 1986) Due
to its size, superficial location, convenience of access, and limited mobility, the com-
mon carotid artery (CCA) is commonly used, although measurements of intima media
thickness can also be made in the bulb or internal carotid artery.(Stein et al., 2008a)
CIMT is assessed using B-mode ultrasonography.(Stein et al., 2008a, Urbina et al.,
2009, Cismaru et al., 2021) However, the medical community is uncertain whether to
measure CIMT routinely in high risk patients.(Vlachopoulos et al., 2015, Greenland et
al., 2010) CIMT is defined as the distance between the leading edges of the first bright
line (lumen-intima interface) and the second bright line (media-adventitia interface) on
the far wall of the carotid artery (FIGURE 1. 4). (Perwaiz Khan et al., 2013, Sol et al.,

2001)

CIMT can be measured at the near wall and/or the far wall of the CCA, with respect to
the ultrasound probe.(Bots et al., 1997a) Measurements from the far wall show better
reproducibility (Wikstrand, 2007, Peters et al., 2012) and most guidelines (e.g. (Stein
et al., 2008c)) advocate making measurements using the far wall; however there is
some evidence that using a combination of far and near wall is advanta-
geous.(Seekircher et al., 2023) The ongoing discussion surrounding the choice be-
tween near-wall and far-wall CIMT measurement arises from the inherent balance be-

tween precision and practicality.(Peters and Bots, 2013)

Accurately measuring CIMT in the curved carotid bulb and the deep internal carotid
artery (ICA) poses greater challenges due to the requirement for transducer angulation

and limited visualization,(Montauban van Swijndregt et al., 1999) particularly in older
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or obese people. (Bots et al.,, 1997a) reported that there was a positive correlation
observed between elevated body mass index (BMI) and an increased likelihood of
incomplete carotid intima-media thickness (CIMT) measurements in the bulb and ICA.
This is attributed to the difficulties encountered in capturing clear images in individuals

with higher BMI values and fatter necks.

Elevated CIMT is linked to CVD and acts as an independent predictor of stroke and
CHD.(Nambi et al., 2010) Even low-risk individuals may benefit from screening for
subclinical atherosclerosis, especially if they have a family history of early CVD.(Cob-
ble and Bale, 2010, Steinl and Kaufmann, 2015) but current guidelines do not recom-
mend its routine use for cardiovascular risk stratification as it was considered offer no
benefit in risk assessment for a first ASCVD event based on little evidence for reclas-
sification, discrimination, calibration, and cost-effectiveness, and concerns about

standardization and measurement issues.(Goff et al., 2014)

The extent of carotid atherosclerosis assessed using CIMT is directly related to the
number of cardiovascular risk factors a patient possesses.(Ren et al., 2015) Many
studies have shown that an elevated CIMT value was linked to an elevated risk of
CVD, stroke, and coronary heart disease(Kokubo et al., 2018, van den Oord et al.,
2013, Carpenter et al., 2016). The estimated normal range for IMT value increase with
age (0.71 mm for people between the ages of 20 and 40; 0.74 mm for those between
the ages of 40 and 60; and 0.82 mm for people beyond 60).(Saxena et al., 2017) A
meta-analysis of 9341 participants concluded that in individuals with absence of
plaque in their carotid arteries, higher carotid intima-media thickness (CIMT) was
linked to subsequent development of carotid plaque.(Tschiderer et al., 2020) The re-

lationship between CIMT and Alzheimer's disease (AD), vascular dementia
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(vVaD)(Hofman et al., 1997) and cognitive function decline(Rao, 2001) is considered in

detail as part of a systematic review in a later chapter.

In conclusion, the results of various meta-analyses, including one by (Willeit et al.,
2020).have highlighted that CIMT reliably predicts risk of cardiovascular disease
(CVD) and that the degree to which interventions slow down the progression of CIMT
correlated with the reduction in CVD risk. This underscores the importance of CIMT
as a measure to evaluate the effectiveness of interventions in reducing the risk of
CVD. Inconsistencies in some research findings have been attributed to differences in
measuring segments, varying IMT criteria, and presence of carotid plaque adjacent to
the site of CIMT measurement. The inconsistencies in some research findings on
CIMT (Carotid Intima-Media Thickness) can be attributed to differences in measure-
ment techniques, varying IMT criteria, and the presence of carotid plaque adjacent to
the site of CIMT measurement. Different studies often employ various segments of the
carotid artery for measurement, and there is no universal standard for the specific
segment to be measured. This variability can lead to differences in reported IMT val-
ues and impact the comparability of results across studies. For example, some studies
measure CIMT in the common carotid artery (CCA) 1-2 cm proximal to the bifurcation,
while others might include measurements in the carotid bulb or the internal carotid
artery (ICA). The inclusion or exclusion of these segments can result in different IMT
values because the arterial wall characteristics and the likelihood of plaque presence
can vary significantly between these regions. Moreover, the presence of carotid
plague near the CIMT measurement site can influence the thickness measurements
and potentially confound the results. Plaques can create artifacts and make it chal-
lenging to obtain accurate and consistent measurements. Standardizing measurement

procedures and clearly defining criteria for CIMT and plaque presence are essential
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steps toward improving the reliability and utility of CIMT as a marker for cardiovascular

disease risk.

However, more investigation is required to define more standardised measurement
procedures and identify the best applications for carotid IMT in various patient de-

mographics and therapeutic contexts.

FIGURE 1. 4 ultrasound image of the carotid artery with tracing lines at the in-
tima-lumen interface (red line) and the media-adventitia interface (green line).

The pink coloured line represents the outer lumen diameter adapted from(Fer-
nandez-Alvarez et al., 2022)

Carotid artery plaques and stenosis

The definition of carotid plaques on ultrasound varies slightly across different world-
wide consensus recommendations. According to the Mannheim consensus, plaques
are focal structures encroaching into the arterial lumen by at least 0.5 mm or 50% of

the surrounding IMT value, or a focal structure with a thickness higher than 1.5
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mm.(Touboul et al., 2012a) Plaques are defined by the American Society of Echocar-
diography as a focal wall thickening that is at least 50% greater than that of the sur-
rounding vessel wall or as a focal region with CIMT greater than 1.5 mm that protrudes
into the lumen, and that is distinct from the adjacent boundary (Figure 1.6)(Stein et al.,
2008a) The impact of these subtle differences in definition appears not to have been

evaluated.

Most plaques do not give rise to a haemodynamically significant degree of stenosis
(corresponding to approximately 50-60% diameter or 70-80% area stenosis (Deweese
et al., 1970, Tindall et al., 1962, Alexandrov, 2007)), but when they do, this is an im-
portant clinical consideration since a surgical carotid endarterectomy treatment can
considerably lower the risk of further strokes in individuals who have had strokes or
transient ischemic episodes (TIAs).(Flaherty et al., 2012) Carotid endarterectomy re-
duces the degree of stenosis and helps to restore blood flow, improving the overall
prognosis and minimising the risk of stroke in the future.(Rothwell et al., 2003) It is
thought that part of the benefit of endarterectomy may also involve a reduction of ele-
vated wall shear stress (WSS) on the plaque surface. High WSS is associated with
comparatively large pressure gradients across a narrow stenosis, which may be a
contributing factor in plaque instability and WSS increases as stenosis severity in-
creases. Moreover, inadequate cerebral collateralization may result in greater pres-
sure decreases across a related stenosis, raising WSS levels above the level required
for plaque rupture.(Li et al., 2008) Elevated heart rate or blood pressure, vasospasm,
and internal bleeding are other potential causes of plaque rupture; nevertheless, it is
difficult to determine the particular cause of carotid plaque rupture in a given individ-

ual.(Golledge et al., 2000, Muller et al., 1989, Penha et al., 1988).
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Multiple studies have linked carotid artery stenosis to cognitive impairment, including
memory loss. It is suspected that decreased blood flow to the brain caused by a severe
carotid artery stenosis can result in brain hypoperfusion, transient ischemic episodes,
white-matter damage, or ischemic stroke.(van Oijen et al., 2007, Rao, 2001, Auperin

et al., 1996a).

The link between carotid artery stenosis and cognitive impairment highlights the sig-
nificance of cerebral perfusion in maintaining cognitive function. Reduced cerebral
perfusion, due to high-grade stenosis or occlusion of the internal carotid arteries, can
lead to chronic ischemia and cognitive impairment even in the absence of overt is-
chemic lesions(Buratti et al., 2014, Johnston et al., 2004).The brain is endowed with
vasoregulatory mechanisms that ensure adequate blood supply to meet its high en-
ergy demands. Neural activity, using most of the brain’s energy, dynamically regulates
cerebral blood flow (CBF) through a coordinated action of neurons, astrocytes, and
vascular cells. Various molecular signals including ions, nitric oxide (NO), adenosine,
neurotransmitters, and neuropeptides mediate these changes. Endothelial cells, which
line cerebral blood vessels, regulate vascular tone by releasing vasoactive factors in
response to chemical signals or mechanical forces like shear stress. These mecha-
nisms ensure that the brain receives sufficient blood flow to support the metabolic
needs of its active cellular constituents (Ando and Yamamoto, 2009, Johnston et al.,
2004). Small vessel disease is a major contributor to vascular cognitive impairment
(VCI), particularly affecting the hemispheric white matter. Microvascular alterations
lead to various neuropathological lesions such as white matter lesions (leukoaraiosis)
and lacunes. These changes are strongly associated with cardiovascular risk factors
like hypertension, diabetes, hyperlipidaemia, and smoking. Pathological changes in

small vessels include atherosclerosis, arteriolosclerosis, and lipohyalinosis, leading to
47



white matter damage characterized by vacuolation, demyelination, and axonal loss
(Gorelick et al., 2011a, Jellinger, 2013).Collectively, these factors underscore the com-
plex interplay between vascular health and cognitive function. Addressing these mul-
tifaceted vascular issues is crucial for developing strategies to prevent and manage

cognitive impairment associated with vascular diseases.

Blood flow and perfusion can also be decreased by thrombus development, which
may be promoted by narrowing of the arterial lumen, plague erosion or irregularities
in the plaque. Thrombi can also give rise to emboli leading to brain infarction and em-
bolic strokes. The link between hypoperfusion and embolization includes reduced per-
fusion, which restricts blood flow and nutrition delivery, and decreased blood flow,

which makes it challenging to remove emboli.(Caplan and Hennerici, 1998)

Inflammation and elevated levels of inflammatory markers are linked to carotid artery
stenosis vulnerability and have the potential to be biomarkers for carotid stenosis risk
(Auperin et al., 1996a). The advantages of surgery for some subgroups of patients
with symptomatic internal carotid artery (ICA) stenosis were shown by the North Amer-
ican Symptomatic Carotid Endarterectomy Trial (NASCET) and the European Carotid
Surgery Trial (ECST).(Group, 1998, Barnett et al., 1998) These parameters (NASCET)
and (ECST)are used to characterise the degree of carotid stenosis, with NASCET
standards essentially equating to ECST criteria for 75% stenosis. The NASCET and
ECST studies had a big impact on clinical practice and still influence how carotid artery
disease is managed today (Figurel.7). However, recent work in the UK emphasised
the need of uniform reporting in carotid ultrasonography examinations. Various grad-
ing standards are currently in use, which causes reporting to be inconsistent.(Oates

et al., 2009).
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FIGURE 1. 5 ultrasound image showing the presence of plague with acoustic
shadowing.
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Difference between NASCET and ECST in measurement

of internal carotid artery stenosis

External Internal NASCET ECST
carotid carotid 30 65
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50 75
60 80
70 85
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NASCET T ECST = to recent direct comparisons

FIGURE 1. 6 ECST and NASCET methods for measuring stenosis. Adapted
from (Donnan et al., 1998)

Morphological characteristics of atherosclerotic plaque using ultrasound

For the purpose of determining vulnerability, morphological features of the carotid
plaque can be evaluated. Typically, the histo-morphological characteristics of vulner-
able plaques include a large lipid core, a thin fibrous cap, and increased neovascular-
ity.(Alsheikh-Ali et al., 2010) These characteristics increase the possibility of problems,
including rupture and thrombosis and add to the plaque's instability.(Jashari et al.,

2013)

Commonly utilised ultrasound criteria to assess plaque composition and vulnerability
include echogenicity, greyscale heterogeneity, and surface morphology, including
smoothness or ulceration.(Nezu and Hosomi, 2020) The term "echogenicity" refers to
how effectively a tissue transmits or reflects ultrasound waves in comparison to nearby
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tissues. A structure can be categorised as hyperechoic white (echo-rich), hypoechoic
(grey) or anechoic dark (echolucent) (Figure1.8&1.9).(lhnatsenka and Boezaart, 2010)
The darker appearance of echolucent plaques on ultrasonography is associated with
a greater level of lipid and haemorrhage.(El-Barghouty et al., 1996) In contrast, the
brighter-appearing hyperechoic plagues have more calcification and fibrous tissue
which can also cause acoustic shadowing in the image making the examination more

difficult.

The presence of lipids, necrotic components, and neovascularization inside the core
of the atherosclerotic plaque has an impact on its echogenicity. Additionally, the echo-
genicity of the plague may be affected by the presence of mineralized or fibrous com-
ponents. A thin or ruptured fibrous cap is also associated with haemorrhage and a
larger percentage of lipid-rich or necrotic core (Figurel.10). (Hellings et al., 2010, Ota
et al., 2009) However, ultrasonography is not very effective in differentiating between

plague types. (Bock and Lusby, 1992, Grgnholdt, 1999)

Measures of plaque composition are related to other vascular diseases: according to
(Zureik et al., 2003) carotid plaques that appear hyperechoic on ultrasonography are
linked to aortic stiffness and the presence of haemorrhage inside the plaque can aid
in the prediction of a woman's development of cardiovascular disease.(Toorn et al.,

2022).
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Type 1: echolucent Type 2: predominantly Type 3: predominantly
echolucent echogenic

Type 4: echogenic Type 5: calcified

FIGURE 1. 7 Carotid plaque classified according to their echogenicity and ap-
pearance in ultrasound images. Adapted from (Sirico et al., 2009).
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Endothelial cell

Necrotic
debris core

& Macrophage foam cell : Dendritic cell @ T cell

<= Smooth muscle cell Extracellular matrix Q ApoB-LP

FIGURE 1. 8 Progression of an Atherosclerotic Lesion Adapted from
https://sprintmedical.in/blog/cardiovascular-disease

In summary, ultrasonography has become a useful tool in the management of carotid

atherosclerotic disease due to its non-invasiveness, and affordability. Although
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alternative imaging techniques like contrast-enhanced magnetic resonance angi-
ography and CT angiography have valuable applications, ultrasonography is still
widely used for both initial and subsequent imaging of the carotid bifurcation.(Saxena
et al., 2019b) Ultrasonography will probably continue to play a significant role in stroke
prevention plans and the general treatment of patients with carotid atherosclerosis as
the therapy of carotid disease develops.(Keller et al., 1976, von Reutern et al., 2012,

Kristensen et al., 2018)

Later life cognition and the impact of carotid atherosclerosis

Cardiovascular disease (CVD) is believed to be an important risk factor for cognitive
impairment and dementia,(Beeri et al., 2009) especially in older individuals.(Stanek et
al., 2011) This topic is dealt with in more detail in Chapter 2 but a brief outline is pre-

sented here.

Proactively preventing atherosclerosis in those who are at risk may be able to slow
the progression of cognitive decline.(Lin et al., 2020) CIMT, as a measure of athero-
sclerosis, has been shown to be inversely correlated with cognitive perfor-

mance.(Wendell et al., 2009a, Komulainen et al., 2007a, Gardener et al., 2017).

The impact of atherosclerosis on cognitive function is believed to involve a range of
mechanisms. Atherosclerosis is thought to exert a direct impact on cognition through
reduced cerebral perfusion or ischaemia as discussed above.(de la Torre, 2016) As-
sociations between atherosclerosis and cognitive decline can also be attributed to
shared risk factors; such as hypertension, dyslipidaemia, and diabetes (Leszek et al.,

2021). It has been proposed that a considerable proportion, perhaps as much as 40%,
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of instances of dementia may be averted through a strategic focus on modifiable risk
factors, with a primary emphasis on those related to cardiovascular health.(Nordest-

gaard et al., 2022)

Assessment of cognitive function and brain health

Cognitive function refers to internal mental processes which help people to think, make

decisions and solve problems.(Roy, 2013)

The assessment of cognitive function involves a diverse array of tools and methodol-
ogies that are employed to appraise an individual's cognitive capacities. Cognitive
screening tests such as the Mini-Mental State Examination (MMSE) and Montreal
Cognitive Assessment (MoCA) provide assessments of overall cognitive functioning,
rendering them well-suited for preliminary or population-level evaluations.(Pinto et al.,

2019)

Neuropsychological assessments, exemplified by the Wechsler Adult Intelligence
Scale (WAIS) (Wechsler, 1955) and the Trail Making Test (TMT)(Llinas-Regla et al.,
2017), offer extensive appraisals of distinct cognitive domains, thereby facilitating the

process of diagnosing and formulating treatment strategies.

Advanced brain imaging techniques, such as magnetic resonance imaging (MRI) and
positron emission tomography (PET), offer valuable insights into the intricate structure
and dynamic function of the brain. By harnessing the power of these cutting-edge
technologies, researchers and clinicians are able to delve deeper into the complexities
of cognitive processes and gain a more comprehensive understanding of the underly-
ing mechanisms that govern them.(Xue et al., 2010) Moreover, these sophisticated

imaging modalities play a pivotal role in the early detection and diagnosis of various
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brain abnormalities, facilitating timely interventions and improved patient outcomes.
Further details regarding these methods are included in the introduction to relevant

chapters.

Thesis Hypothesis:

The present study aims to investigate the association between carotid artery athero-
sclerosis and cognitive decline in two diverse cohorts: the Southall and Brent Revisited
(SABRE) study and the National Survey of Health and Development (1946 Birth Co-
hort). We hypothesize that individuals with a higher burden of carotid artery athero-
sclerosis will exhibit poorer cognition (or a more pronounced cognitive decline over
time) and poorer imaging markers of brain health, and this association will be inde-

pendent of various demographic, lifestyle, and cardiovascular risk factors.

Thesis Aims:

1. Assess the prevalence and severity of carotid artery atherosclerosis in the SABRE

and 1946 Birth Cohort populations through ultrasound-based imaging techniques.

2. Examine the cognitive function of participants in both cohorts and quantify the as-
sociations between measures of carotid artery atherosclerosis and cognitive function.
Examine the association between imaging markers of brain health and carotid artery

atherosclerosis in SABRE.
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3. Explore the role of factors such as age, gender, socioeconomic status, and cardio-
vascular risk factors that may confound the relationship between carotid artery ather-

osclerosis and cognition.

Through this research, | aim to enhance our understanding of the relationship between
carotid artery atherosclerosis and cognitive decline, potentially providing insights for
targeted interventions and public health initiatives aimed at mitigating cognitive decline

in aging populations.
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Chapter 2: Is carotid artery atherosclerosis associated with poor cognitive
function assessed using the Mini-Mental State Examination? A systematic re-

view and meta-analysis
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ABSTRACT

Objectives: To determine associations between carotid atherosclerosis assessed by
ultrasound and the mini-mental state examination (MMSE), a measure of global cog-

nitive function.
Design: Systematic review and meta-analysis.

Methods: MEDLINE and EMBASE databases were searched up to 01/05/2020 to
identify studies that assessed associations between asymptomatic carotid atheroscle-
rosis and the MMSE. Studies reporting strength of associations between carotid
plague or intima-media thickness (CIMT) and dichotomised MMSE were meta-ana-

lysed. Publication bias of included studies was assessed.

Results: A total of 31 of 378 reviewed articles met the inclusion criteria; together they
included 27,738 participants (age 35 to 95 years). Fifteen studies reported some evi-
dence of a positive association between measures of atherosclerosis and poorer cog-
nitive performance in either cross-sectional or longitudinal studies. The remaining 16
studies found no evidence of an association. Seven cross-sectional studies provided
data suitable for meta-analysis. Meta-analysis of three studies that assessed carotid
plaque (n= 3,549) found a positive association between the presence of plaque and
impaired MMSE but with a wide 95% confidence interval (Cl) that was compatible with
no association (pooled estimate for the odds ratio (OR) (CI) 2.72 (0.85, 4.59)). An
association between CIMT and impaired MMSE was reported in six studies (n=4,443)
with a pooled estimate for the OR being 1.13 (1.04, 1.22), providing weak evidence to
support a positive association. Heterogeneity across studies was moderate to small

(carotid plague with MMSE, 12=40.9%; CIMT with MMSE, 1°=4.9%). There was
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evidence of publication bias for carotid plaque studies (p=0.02), but not CIMT studies
(p=0.2).

Conclusions: There was some, limited cross-sectional evidence indicating an asso-
ciation between CIMT and poorer global cognitive function assessed with MMSE. Es-
timates of the association between plagues and poor cognition were too imprecise to
draw firm conclusions and evidence from studies of longitudinal associations between

carotid atherosclerosis and MMSE is limited.

INTRODUCTION

Improvements in life expectancy have led to a dramatic increase in the worldwide bur-
den of age-related diseases, notably atherosclerotic cardiovascular disease, and cog-

nitive decline and dementia.(Naghavi et al., 2017)

Atherosclerosis affects most large arteries, including the common carotid artery (CCA)
and its major branch the internal carotid artery.(Sobieszczyk and Beckman, 2006) Ca-
rotid artery atherosclerosis is common (Song et al., 2020b) and may be an important
cause of cerebral ischaemia and cognitive impairment. While assessment of carotid
disease can be performed using a range of imaging methods, (e.g. magnetic reso-
nance imaging (MRI), computed tomography (CT), angiography, and ultrasound,(Da-
vis et al., 2001)) ultrasound is the most commonly used,(Breteler et al., 1994, Stein et
al., 2008a, O'Leary and Bots, 2010, Touboul et al., 2012b) as it is inexpensive, non-

invasive and widely available.

A decline in cognitive function is common with advancing age,(Chaytor and Schmitter-

Edgecombe, 2003) and severe cognitive impairment and dementia are increasingly
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frequent as the proportion of older people in the population increases. Cognitive func-
tion refers to internal mental processes which help people to think, make decisions
and solve problems,(Roy, 2013) and cognitive function decline can affect patients’
health, daily routine, learning new things, speech and writing abilities, and to live in-
dependently. Mild Cognitive Impairment (MCI), dementia and Alzheimer’s are the most
common types of cognitive dysfunction.(Knopman and Petersen, 2014) A comprehen-
sive assessment of neuropsychological cognitive performance at the domain level is
time consuming and most studies use brief cognitive screening tools.(Faber, 2009)
The most widely-used tool for cognitive testing is the MMSE.(Tsoi et al., 2015, Mitchell,
2009, Patnode et al., 2020) The MMSE contains 11 tasks and covers 7 domains:
visuospatial skills, language, concentration, working memory, memory recall, and ori-
entation and is scored out of a maximum 30 points.(Meyers and Wefel, 2003) The
commonest cut-points to detect dementia with the MMSE are <23 or <24, although
higher and lower cut-points have been used in some studies.(Mitchell, 2009, Patnode
et al., 2020) While it is relatively easy to use, the MMSE has a number of limitations,
including non-linearity, a floor effect in advanced dementia, a ceiling effect in very mild
disease, and bias in people with little formal education or in non-English speaking

groups.(Tsoi et al., 2015, Mitchell, 2009, Patnode et al., 2020)

Several studies have used a combination of carotid ultrasound and MMSE to look for
associations between carotid atherosclerosis and cognitive performance, either cross-
sectionally or longitudinally; however, these studies have yielded conflicting results.
For example, the Rotterdam Study (van Oijen et al., 2007) reported that common ca-
rotid artery intima-media thickness (CIMT) was associated with increased risk of Alz-
heimer’s disease, but not vascular dementia, whereas carotid plaques were not asso-

ciated with either Alzheimer's disease or vascular dementia. In contrast, the
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Framingham Offspring Cohort study (Romero et al., 2009c) reported that CIMT was
not associated with any measure of cognition, although there was evidence of an as-
sociation between CIMT and impaired verbal memory and nonverbal memory, and
that carotid stenosis 250% was associated with impaired executive function, but not

verbal and non-verbal memory.

The aim of this study therefore was to systematically review evidence of an association
between carotid atherosclerosis assessed by ultrasound and global cognitive function
assessed using the MMSE, also to perform a meta-analysis of quantitative measures

of association between carotid atherosclerosis and global cognitive function.

METHODS

This study was conducted in accordance with the ‘Preferred Reporting Iltems for Sys-
tematic Reviews and Meta-Analyses’ (PRISMA) statement,(Moher et al., 2009) and
was registered in the international prospective register of systematic reviews (PROS-
PERO) (registration number CRD42021240077). Patients or the public were not in-

volved in the design, or conduct, or reporting, or dissemination plans of this research.

Search strategy

The search was conducted systematically (up to 01/05/2020) by two authors (Rayan
Anbar and Salahaden Sultan) independently using two online databases: MEDLINE
and EMBASE Classic + EMBASE. A combination of synonyms and related words and
text word searching was used to extract all relevant articles. A combination of indexed

(MesH) terms and keyword searches in titles and abstracts was used: (1) cognition,
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cognitive function, dementia, Alzheimer disease; (2) atherosclerosis, intima media
thickness, plaque; (3) carotid arteries; (4) All searches were limited to (English lan-
guage and humans). Specific inclusion criteria were set to target more direct vascular
pathologies, ensuring a more homogeneous data set. The results from databases
were exported to an Endnote library, and any duplicate results were identified and
removed before screening the records. Non-relevant articles were excluded by
screening titles and abstracts by three authors working independently. The remaining
publications were assessed by screening the full texts for eligibility and were retrieved

and double screened. Discrepancies were reviewed and resolved through consensus.

Inclusion criteria

Relevant studies were required to include the following: (1) Adults (defined as =18
years) (2) Carotid intima media thickness and/or carotid artery plaque measured using
ultrasound (the decision to include stenosis greater than 50% was based on its clinical
relevance and the need to capture a comprehensive range of cases, including those
that may not yet meet the >70% threshold but still present significant clinical symptoms
and risks.) and (3) Mini-mental state examination (MMSE) as a global cognitive func-

tion test.

Exclusion criteria
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The exclusion criteria were as follows: (1) Adults following stroke (if results in stroke
patients were reported separately these were excluded, or if the study only included
participants with stroke the entire study was excluded); (2) Patients who had under-
gone carotid surgical or invasive intervention (e.g. a stent); (3) Studies performed in
animals; (4) Studies that used medical imaging modalities other than ultrasound to
assess the presence of plaque and to measure carotid atherosclerosis; (5) Review
articles, conference abstracts, case reports, letters to the editor, or commentary arti-

cles.

Data extraction

To ensure the integrity and reliability of the data extraction process, we involved two
external researchers. This decision was made for several reasons. Firstly, to ensure
objectivity and reduce potential bias in data collection: The use of two external re-
searchers helps to minimize the risk of subjective bias that might arise from a single
researcher's perspective. This approach ensures that the data collection process re-
mains impartial and objective. Moreover, verify the accuracy and reliability of the ex-
tracted data through independent verification: Independent verification by two re-
searchers enhances the accuracy and reliability of the data. Each researcher can
cross-check the data extracted by the other, identifying and rectifying any discrepan-
cies, which leads to more precise and trustworthy results. Also enhance the credibility
and robustness of the study findings by incorporating multiple perspectives: Including
multiple researchers in the data extraction process introduces diverse viewpoints and
expertise, which contributes to a more comprehensive and nuanced understanding of

the data. This practice strengthens the overall credibility and robustness of the study
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findings. Data extraction from the included studies was performed by three research-
ers (Rayan Anbar, Lamia Al Saikhan and Salahaden Sultan) independently using
standardized forms; any discrepancies were resolved by consensus. The extracted
data from the eligible studies consisted of study characteristics such as author, year
of publication, sample size, characteristics of participants (age, and gender), study
region, MMSE cognitive function test score, and CIMT measurements The detailed
data extracted and analysed are presented in (Tables 2.1, 2.2, and 2.3, which can be
found in the appendix). Means and standard deviations and sample sizes of study
results for CIMT and MMSE were extracted from the included papers. If means and
standard deviations were not provided, median and range or other measures of central
tendency and dispersion were extracted. Maximum CIMT was extracted if the mean
value was not reported in the studies. If necessary, odds ratios for CIMT were con-
verted to be per Imm CIMT to provide a comparable metric of effect size across stud-
ies. If the percentage of people with plaques was reported but the total number of
participants was not reported, the total number was calculated from the percentage.
For studies in which stroke sufferers were included in the sample size, the total number
of subjects were re-calculated by removing subjects with stroke and data modified
accordingly. If different numbers of subjects underwent CIMT and MMSE assess-
ments, the lower number was recorded and used for analysis. If the total number of
females was provided, this was extracted and the percentage of females in the overall
sample size was calculated. For longitudinal studies the data was collected at baseline
or nearest value to the baseline if baseline was not available. If there were data from
the article that was deficient, the authors were contacted by email and asked to provide
additional information. The Data extraction was performed by two researchers (Rayan

Anbar, and Salahaden Sultan) independently using standardized forms (an example
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is shown in appendix 2) and any discrepancies were resolved by consensus (Lamia

Al Saikhan & Alun Hughes).

Statistical analysis and meta-analysis

To summarise data from various studies, a meta-analysis was planned using odds
ratios (OR) with 95% confidence intervals (Cl) as the estimates of the strength of as-
sociation between carotid atherosclerosis and MMSE. This was chosen as OR was
the most used measure of association in cross-sectional studies, which were in turn
the commonest mode of study. MMSE was categorised into normal or impaired based
on a cut-point of 24, which was the commonest threshold used in the papers identified.
If other statistical measures of dispersion were reported (e.g. standard error of the
mean, standard deviation), these were converted into 95% CI. To facilitate compari-
sons with results from cross-sectional studies which typically used OR to summarise
findings, hazard ratios or risk ratios from longitudinal studies were converted to OR
using the equation described by Grant (Grant, 2014). Meta-analysis was performed
using Stata/SE Statistical Software version 16.1 (StataCorp., College Station, TX). Q-
test and |12 statistics were used to assessed heterogeneity between studies. We used

the Egger’s test and funnel plots to look for the possibility of publication bias.

Quality Assessment
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The quality of included studies was scored using a modified seven-point criteria were
derived from Newcastle-Ottawa scale.(Wells et al., 2000) Scores covered the 1) rep-
resentativeness of the target sample, 2) non-response satisfactorily dealt with, 3) use
of a validated measurement tool, 4) relevant confounders measured, 5) appropriate
assessment of outcome, 6) appropriate statistical analysis clearly described and 7)
reporting missing data if present. Each criterion was assigned one point if met. The
guality assessment was performed by two researchers (Rayan Anbar, and Salahaden
Sultan) independently using standardized forms (an example is shown in appendix 3)

and any discrepancies were resolved by consensus.

RESULTS

The PRISMA flowchart showing the study selection process is shown in (Figure 2.1).
We identified 378 potential studies from the electronic databases after exclusion of
duplicates. Title and abstract screening resulted in 48 records that were reviewed for
eligibility in full text. Of those studies, 17 were excluded with reasons. The reasons
were: no CIMT measurement (n = 4), or no MMSE data (n = 9) or use of a modified
version of MMSE (n = 3), review articles, conference abstract, letters to the editor or

case reports (n = 1).

Characteristics of studies included in the systematic review
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The total number of participants in the 31 included studies was 26,178, with an age
range from 35 to 95 years. Twenty of the studies were cross-sectional ; eight were
longitudinal .The remaining 3 studies included a mixture of cross-sectional and longi-
tudinal data.The geographical distribution of the studies was diverse: with 5 from lItaly,
5 from Japan, 5 from USA, 3 from France, 2 from Brazil, 2 from China, 3 from UK, and

1 from each of Egypt, Netherlands, Norway, Serbia. And The details pertaining to

CIMT (the exposure variable) all the table are in the appindex.

Figure 2. 1 PRISMA flow chart of the strategy used to select articles for review.
IMT, intima-media thickness; MMSE, Mini-Mental State Examination; PRISMA,
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Figure 1. PRISMA Flow chart of the strategy used to select articles for review

Preferred Reporting Items for Systematic Reviews and Meta-Analyses.
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Sweden, and Uganda. One study failed to mention the geographical location. Only
one study (Auperin et al., 1996b) failed to report the patients’ health conditions and
risk factors, such as diabetes mellitus, hypertension, and chronic kidney disease. Two
studies included only male participants,(Muller et al., 2007, Watanabe et al., 2004)
and one study included only female participants,(Komulainen et al., 2007b) the re-
maining studies included both male and female participants.These studies cover a
wide age range, spanning from 35 to 95 years. Age is often considered one of the
most potent risk factors for cardiovascular disease. The risk of developing CVD grows
significantly as one gets older. This association is due to a multitude of physiological
changes that occur with age, including arterial stiffness, endothelial dysfunction, and
an increased risk of atherosclerosis. These age-related alterations contribute to the
accelerated progression of cardiovascular illnesses such as hypertension, coronary
artery disease, and stroke(Rodgers et al., 2019).details of the key exposure measures

are shown in Table 2.4.

29 studies reported the mean of carotid intima media thickness measurement (Table
1).(Auperin et al., 1996b, Watanabe et al., 2004, Haley et al., 2007, Komulainen et al.,
2007b, Muller et al., 2007, Singh-Manoux et al., 2008a, Carlsson et al., 2009, El-Kattan
et al., 2009, Kearney-Schwartz et al., 2009b, Silvestrini et al., 2009, Zhong et al.,
2011b, Dias et al., 2012, Stefanova et al., 2012, Viticchi et al., 2012, Zhong et al.,
2012a, Rogne et al., 2013, Xiang et al., 2013, Buratti et al., 2014, Nagai et al., 2014,
Yano et al.,, 2014, Carcaillon et al., 2015, Liu et al., 2016b, Wendell et al., 2016,
Alhusaini et al., 2018, Falsetti et al., 2018, Matsumoto et al., 2018, Muela et al., 2018,
Rouch et al., 2018, Mworozi et al., 2019b) 14 studies did not mention the presence of
carotid plaques.(Matsumoto et al., 2018, Muela et al., 2018, Falsetti et al., 2018, Liu

et al., 2016b, Wendell et al., 2016, Nagai et al., 2014, Yano et al., 2014, Rogne et al.,
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2013, Dias et al., 2012, Carlsson et al., 2009, Singh-Manoux et al., 2008a, Haley et
al., 2007, Komulainen et al., 2007b, Muller et al., 2007) Seven studies did not provide
MMSE scores.(Zhong et al., 2012a, Rogne et al., 2013, Carcaillon et al., 2015,
Kawasaki et al., 2016a, Wendell et al., 2016, Matsumoto et al., 2018, Mworozi et al.,

2019b)

Associations between atherosclerosis measures and MMSE score
Cross-sectional associations with plaques and/or CIMT

Presence of carotid plagues was associated with poorer cognitive function in 3 studies.
(Zhong et al., 2011b, Kawasaki et al., 2016a, Mworozi et al., 2019b) Auperin et al.
(Auperin et al., 1996b) reported an association between higher prevalence of carotid
plaque and lower MMSE in men, but not in women. One study (Singh-Manoux et al.,
2008a) concluded that the association between CIMT and cognitive function was ob-
served only in a low SES group. Another study (Stefanova et al., 2012) found a signif-
icant correlation between higher CIMT and plaques with poor MMSE score in people
with evidence of vascular cognitive decline, but not in a group of people with Alz-
heimer’s disease. Watanabe et al. (Watanabe et al., 2004) reported that vascular de-
mentia patients were more likely to have low MMSE score with thicker CIMT and fre-

guent presences of carotid plagues.

Ten cross-sectional studies (Haley et al., 2007, Carlsson et al., 2009, Wendell et al.,
2009b, Dias et al., 2012, Viticchi et al., 2012, Xiang et al., 2013, Nagai et al., 2014, Liu
et al., 2016b, Muela et al., 2018, El-Kattan et al., 2009) reported that CIMT was not
associated with changes in MMSE, although some of these studies reported evidence

of associations with a selected aspect of cognitive performance.
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Longitudinal associations

Zhong et al. reported an association between higher CIMT and a reduction in MMSE
score after 10 years of follow-up but not after 5-years; a similar association between
presence of carotid plaque and change in MMSE was not observed at any follow-up
interval.(Zhong et al., 2012a) Rouch et al. (Rouch et al., 2018) found that both CIMT
and carotid plagues were associated with progression to dementia in univariable anal-
yses, but neither predicted progression after multivariable adjustment. Another study
found that the plaque index, and CIMT were predictive of an increased risk of conver-
sion of mild cognitive impairment to dementia including after multivariable adjustment
using a backwards stepwise method.(Buratti et al., 2015) While Carcaillon et al.
(Carcaillon et al., 2015) reported that there was an association between presence of
carotid plaque in two sites or more and incidence of dementia, they observed no as-
sociation between CIMT measured at plague-free sites with incident dementia. Silves-
trini et al. (Silvestrini et al., 2009) found that baseline CIMT and increase in CIMT
adjusted for baseline were associated with decline in MMSE. Wendell et al. (Wendell
et al., 2016) found no association between baseline CIMT and change in MMSE but
observed that higher CIMT was associated with future changes in selected aspects of
cognitive performance. One study did not provide quantitative data about possible as-
sociations between carotid plaque or CIMT and MMSE,(Falsetti et al., 2018) while 4
other studies found no evidence that CIMT was associated with future global cognitive
impairment.(Buratti et al., 2014, Rogne et al., 2013, Komulainen et al., 2007b,

Matsumoto et al., 2018)
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Quality

One study received quality scores of 6 out of 7;(Viticchi et al., 2012) five received a
quality score of 5 out of 7;(Rouch et al., 2018, Kawasaki et al., 2016a, Carcaillon et
al., 2015, Buratti et al., 2014, Watanabe et al., 2004) twenty a quality score of 4 out of
7; (Liu et al., 2016b, Wendell et al., 2016, Alhusaini et al., 2018, Falsetti et al., 2018,
Buratti et al., 2015, Nagai et al., 2014, Xiang et al., 2013, Rogne et al., 2013, Zhong
et al., 2012a, Stefanova et al., 2012, Dias et al., 2012, Zhong et al., 2011b, Silvestrini
et al., 2009, Kearney-Schwartz et al., 2009b, El-Kattan et al., 2009, Carlsson et al.,
2009, Singh-Manoux et al., 2008a, Muller et al., 2007, Komulainen et al., 2007b, Haley
et al., 2007) four a quality score of 3 out of 7;(Mworozi et al., 2019b, Muela et al., 2018,
Yano et al., 2014, Auperin et al., 1996b) and one a quality score of 2 out of 7.
(Matsumoto et al., 2018) These data are illustrated in (Figure 2.5.) Among the 31 in-
cluded studies, 24 studies were adequately designed to represent the target sample.
9 publications used validated ultrasound measurement tools, 6 reported blinding as-
sessment of outcome and blinding of outcome measurements, 29 described the sta-

tistical analysis satisfactorily.

Publication Bias

Egger’'s test showed evidence of bias in studies assessing between carotid plaque

and MMSE (p=0.02), but not in CIMT with MMSE (p=0.2) (Figure 2.4 A&B).

Meta-analysis
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Seven of the 31 studies reported data that were suitable for inclusion in a meta-anal-
ysis.(Auperin et al., 1996b, Muller et al., 2007, Dias et al., 2012, Zhong et al., 2012a,
Xiang et al., 2013, Matsumoto et al., 2018, Mworozi et al., 2019b) All included studies
were cross-sectional, and all but one drew from population samples. Of all studies, 3
reported associations between carotid plaque and impaired MMSE,(Auperin et al.,
1996b, Xiang et al., 2013, Mworozi et al., 2019a) and 6 that reported the association
between CIMT and impaired MMSE.(Auperin et al., 1996b, Muller et al., 2007, Dias et
al., 2012, Xiang et al., 2013, Buratti et al., 2015, Matsumoto et al., 2018)There was
only one suitable longitudinal study,(Zhong et al., 2012a) so a meta-analysis was not

possible for this category of study.

Carotid plaque and MMSE meta-analysis

Meta-analysis showed an association between presence of carotid plaque and im-
paired MMSE. The overall OR for the association between carotid plague and impaired
MMSE was 2.06 (95% CI: 1.16, 2.96) for presence of plaque, and with Z-score = 4.49,

P < 0.01 (Figure 2.2).

Association between CIMT and MMSE

Meta-analysis showed an association between CIMT and impaired MMSE. The overall
OR for the association between CIMT and impaired MMSE was 1.13 (95% CI: 1.04,

1.22) per Imm CIMT, with Z-score = 24.7, P < 0.01 (Figure 2.3).
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Effect Size Weight

Study with 95% ClI (%)
;

Auperin et al., 1996 - 1.72 [1.01, 2.96] 85.4

Xiang et al., 2013 472256, 11.2] 4.35

Mworozi et al., 2019 = 3.80 [1.90, 7.54] 10.2

Overall > 2.06 [1.16, 2.96]

Testof 6 =0:z=4.49, p<0.01
Testof 6,=6:Q(2) =3.39,p=0.18
Heterogeneity: 12 = 1.30, 12 = 44.30%, H2 = 1.80

Random-effects REML model

5 10
Plaque with MMSE

Figure 2. 2 Forest plots of the association between carotid plaques and Mini-

Mental State Examination. IMT, intima-media thickness. REML, restricted maxi-

mum likelihood
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Effect Size Weight
Study with 95% ClI (%)
Auperin et al., 1996 —i:— 0.98 [0.68, 1.41] 6.05
Muller et al., 2007 e R 1.13 [0.49, 2.60] 0.72
Dias et al., 2012 - 1.13 [1.08, 1.22] 91.2
Xiang et al., 2013 i 1.96 [1.23, 3.16] 0.87
Liu et al., 2016 3 2.11 [0.94, 4.75] 0.22
Matsumoto et al., 2018 7|—-— 1.54 [0.87, 2.72] 0.94
Overall io 1.13 [1.04, 1.22]
Testof = 0: z = 24.72, p < 0.01 I
Test of 6, = 6 Q(5) = 5.26, p = 0.38 i
Heterogeneity: 12 = 0.00, 12 = 0.01%, H2=1.00 :
o 1 2 '
IMT with MMSE

Random-effects REML model

Figure 2. 3 Forest plots of the association between carotid intima-media

thickness (IMT) and Mini-Mental State Examination (MMSE). REML, restricted

maximum likelihood.

A, Carotid plaques

Standard error

Standard error

B, IMT

log(OR)

Figure 2. 4 Funnel plots for each outcome evaluating publication bias. (A)

Studies assessed the association between carotid plaque and Mini-Mental
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State Examination (MMSE) shows evidence of bias (p=0.02). (B) Studies as-
sessed the association between carotid intima-media thickness and MMSE

shows no evidence of bias (p=0.2).

Frequency

20
18
16

14

26 5 4 3 <2

Figure 2. 5 Frequency distribution of quality scores. The distribution of qual-
ity scores among the studies was as follows: one study obtained a score of 6
out of 7, five studies received a score of 5 out of 7, twenty studies were as-
signed a score of 4 out of 7, four studies garnered a score of 3 out of 7, and

one study had a score of 2 out of 7.

75



DISCUSSION

This systematic review examined and quantified the evidence regarding a possible
association between measures of atherosclerosis in the carotid arteries by ultrasound
and generalised impairment of cognitive function assessed using the MMSE. From the
limited studies available, our analysis showed there is inconsistent evidence of a
cross-sectional association between carotid artery atherosclerosis and poorer MMSE,
with the 15 out of 31 studies finding some evidence of an association. These discrep-
ancies could be due to inadequate sample size leading to a false negative conclusion
(type Il error), bias due to sample selection, or limitations of the MMSE for the detec-
tion of mild cognitive impairment.(Tsoi et al., 2015, Mitchell, 2009, Patnode et al.,

2020)

Risk factors for CVD have been frequently reported to be related to poorer cognitive
function,(Breteler, Grodstein, 2007, Skoog, 1998, Lai et al., 2020) and many factors
could link carotid atherosclerosis with cognition. As discussed in chapter 1, these in-
clude thromboembolic consequences of carotid disease, cerebral perfusion abnormal-
ities, or shared risk factors such as small vessel disease, blood pressure, dyslipidae-
mia, diabetes, genetic predisposition, or other shared risk factors over the life course.
A recent study that observed a relationship between CIMT and MMSE, memory and
executive function, also found an association between CIMT and a decrease in brain

matter volumes and cerebral hypoperfusion.(Zheng et al., 2020)

There is little information regarding factors, such as age, gender, socioeconomic state,
and pre-existing CVD, which might modify any relationship between carotid athero-
sclerosis and cognitive impairment. Effect modification by some factors, e.g. sex, is

not implausible, but frequently, studies have been underpowered to look for
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differences between subgroups (i.e. a statistical interaction).(Altman and Bland, 2003)
Studies rarely state whether such interactions were specified in advance of analysis,
so the possibility of chance findings achieving statistical significance through multiple
testing cannot be excluded.(Simmons et al., 2011) For example, one study reported
that there was a moderate association between presence of plagues and impaired
MMSE in men, but no association in women.(Auperin et al., 1996b) In contrast, many
studies failed to report evidence of sex differences in the association between carotid
atherosclerosis and cognitive impairment,(Van den Berg et al., 2017, Aartsen et al.,
2004, Novella and Olivera, 2019) although it was usually not clear whether such an
interaction was sought. Limited evidence suggests that SES, which includes income,
education, and social supports may modify the association between atherosclerosis
and cognitive performance. In the Whitehall study of UK-based civil servants,(Singh-
Manoux et al., 2008a) an association between higher CIMT and poorer cognitive func-
tion was only observed in individuals classified as low SES. Another study done in
USA, (Wendell et al., 2016) reported that the association between CIMT and measures

of cognition differed as a function of race and socioeconomic status.
Limitations

This systematic review has several limitations. Restricting the search to only literature
published in the English language only may have reduced the number of citations
identified. The primary aim of some the studies reviewed was not to assess the asso-
ciation between atherosclerosis in carotid arteries and cognitive function. It is also
worth noting that there was significant heterogeneity with regards to atherosclerosis
measurements and scanning techniques and, most of studies reviewed did not per-

form a comprehensive carotid ultrasound scan. The use of B-mode ultrasound to
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detect carotid atherosclerosis has well-recognised limitations,(Touboul et al., 2012c,
Stein et al., 2008c) as discussed in Chapter 1, and more advanced ultrasound imaging
including 3D ultrasound,(Cires-Drouet et al., 2017) or other imaging techniques, such
as MRI,(Gupta et al., 2013) or PET(Piri et al., 2020) that better quantify and charac-
terise vulnerable atherosclerosis may have advantages in future, but there is little ex-
isting data using these approaches. Similarly, use of the MMSE which has several
limitations, as discussed above, provides only a limited insight into the complex pro-
cess of cognitive decline and use of a wider range of tools would be worthwhile in

future analyses.
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3 Carotid atherosclerosis in people of European, South Asian and African

Caribbean ethnicity in the Southall and Brent Revisited study (SABRE) retro-

spective study
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Abstract

Background Atherosclerotic cardiovascular disease (ASCVD) risk differs by ethnicity.
In comparison with Europeans (EA) South Asian (SA) people in UK experience higher
risk of coronary heart disease and stroke, while African Caribbean people have a lower

risk of coronary heart disease but a higher risk of stroke.

Aim To compare carotid atherosclerosis in EA, SA and AC participants in the Southall
and Brent Revisited (SABRE) study and establish if any differences were explained

by ASCVD risk factors.

Methods Cardiovascular risk factors were measured, and carotid ultrasound was per-
formed in 985 individuals (438 EA, 325 SA, 228 AC). Carotid plaques, and intima-
media thickness (CIMT) were measured. Associations of carotid atherosclerosis with
ethnicity were investigated using generalized linear models, with and without adjust-
ment for non-modifiable (age, sex) and modifiable risk factors (education, diabetes,

hypertension, total cholesterol, HDL-C, alcohol consumption, current smoking).

Results: Prevalence of any plaque was similar in EA and SA, but lower in AC (17%,
17%, and 6% respectively; p < 0.001). In those with plaque, total plaque area, numbers
of plaques, plaque class, or greyscale median did not differ by ethnicity; adjustment
for risk factors had minimal effects. CIMT was higher in AC than the other ethnic
groups after adjustment for age and sex, adjustment for risk factors attenuated this

difference.

Conclusions: Prevalence of carotid artery atherosclerotic plaques varies by ethnicity,
independent of risk factors. Lower plaque prevalence in in AC is consistent with their
lower risk of CHD but not their higher risk of stroke. Higher CIMT in AC may be ex-

plained by risk factors. The similarity of plaque burden in SA and EA despite
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established differences in ASCVD risk casts some doubt on the utility of carotid ultra-

sound as a means of assessing risk across these ethnic groups.
Introduction

Atherosclerotic cardiovascular disease (ASCVD) is the leading cause of mortality and
morbidity worldwide.(Naghavi et al., 2017) There are marked differences in ASCVD
risk in different ethnic groups, even within the same country. For example the risk of
coronary heart disease (CHD) is ~1.7-fold higher in migrants from the Indian subcon-
tinent than in people of European origin in UK.(Tillin et al., 2013b) In contrast, people
of African-Caribbean ethnicity in the UK have markedly elevated risk of stroke, but
their risk of CHD is lower in comparison with Europeans or migrants from the Indian
subcontinent.(Tillin et al., 2013b) In all ethnic groups, established risk factors (e.g.
blood pressure (BP), total cholesterol, high-density lipoprotein cholesterol (HDL-C),
diabetes, education, alcohol consumption, and tobacco smoking) predict risk of
ASCVD,(Eriksen et al., 2015, Yusuf et al., 2020) although some the prevalence of
some risk factors, such as dysglycaemia, smoking and adiposity patterns differ by eth-
nicity.(Tillin et al., 2013a, Eastwood et al., 2015) Previous work suggests differences
in these factors only partially explain ethnic differences in ASCVD risks.(Tillin et al.,

2013b)

Detailed phenotyping of subclinical atherosclerosis may provide more insights into
ethnic differences in ASCVD risk. Ultrasonography is a reliable and non-invasive tech-
nique that is widely used to assess atherosclerosis in the carotid artery.(Murray et al.,
2018) In addition to measurement of common carotid artery intima-media thickness

(CIMT) and quantification of atherosclerotic plaques,(Touboul et al., 2007, Touboul et
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al., 2012c) this method can also provide some information on plaque composition and

vulnerability.(Gray-Weale et al., 1988, Biasi et al., 1999, Jashari et al., 2016)

Based on the existing evidence in relation to ethnic difference in ASCVD risk, we
therefore hypothesized that, in comparison with Europeans, South Asian people would
have a greater burden of carotid atherosclerosis and that African Caribbean people
would have similar or lower levels. Based on some previous work using coronary CT
angiography showing differences in plaque composition between European and South
Asian people in UK,(Villadsen et al., 2017) we also aimed to investigate whether
plaque characteristics differed by ethnicity, and explored the potential role of estab-
lished ASCVD risk factors in any differences observed between ethnic groups. Indi-
viduals studied were participants in the third follow-up visit of the South and Brent
Revisited (SABRE) study, a multi-ethnic longitudinal cohort that has been followed up

for over 30 years.

Methods

Participants and study design

The Southall and Brent Revisited (SABRE) study is a population-based longitudinal
cohort study that began recruiting in 1988 with the aim of investigating the prevalence,
incidence, and risk factors for cardiovascular disease (CVD) and diabetes in people of
European, South Asian, and African Caribbean ethnicities living in the UK. The study
included 4,276 participants aged 40-69 years with 2,235 of European ethnicity, 1,454
of South Asian ethnicity, and 587 of African Caribbean ethnicity. Participants were

recruited from primary care practices in the London boroughs of Southall and Brent.
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The SABRE study has undergone multiple waves of follow-up, with the most recent
visit (visit 3) taking place between 2014 and 2018. This visit included 991 individuals
(437 European, 326 South Asian, 228 African Caribbean) who had survived since
baseline and remained in the study and Data were collected by other members of the
research team of SABRE study. Ethical approval for the study was obtained from Ea-
ling, Hounslow and Spelthorne, Parkside, and University College London Research
Ethics Committees, and all participants provided written informed consent. Detailed
information about the SABRE study has been published previously.(Tillin et al., 2012a,
Jones et al., 2020a). My role in this study was to contribute to the project by undertak-
ing the critical task of data refinement, which involved cleaning and organizing the
information gathered by the SABRE investigators. Specifically, | focused on selecting
participants with plaques and conducted precise measurements for both plaques and
intima-media thickness (IMT) using dedicated software. Subsequently, | carried out
comprehensive statistical analyses to derive meaningful insights from the data. Addi-
tionally, | wrote the first draft of the manuscript, taking responsibility for the subsequent
writing and editing process. This involved synthesizing the research findings, method-
ologies, and results into a cohesive and well-articulated paper. Through my efforts, |
aimed to enhance the overall clarity, coherence, and quality of the document, ensuring

that it effectively communicates the significance of our research

Measurement of Carotid Atherosclerosis

This section outlines the methodology used for measuring carotid atherosclerosis in
participants. This was performed by two trained sonographers following a standard

operating procedure as described previously.(Al Saikhan et al., 2020a)
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The participant was positioned supine on the examination couch, with their head and
shoulders supported by a pillow. Visualisation of the carotid artery was performed us-
ing a Vivid | ultrasound machine equipped with a linear array transducer (12L-RS) with
a field of view of 39mm. A three lead ECG was recorded as part of the ultrasound scan
to provide an indication of cardiac cycle timings. To optimise visualisation of the carotid
artery, the participant's head was rotated ~45° away from the transducer, and the pil-
low was removed if necessary to allow for slight hyperextension of the neck. The ul-
trasound gain setting was modified to minimize noise in the lumen and facilitate arterial
wall boundary detection. An initial view of the carotid bifurcation was obtained aiming
to achieve a tuning fork appearance (Stein et al., 2008b) and, as much as possible,
and then the entirety of the carotid artery and its branches were scanned to look for
plaque. For measurement of CIMT, the sonographer aimed to ensure that clear intima-
media boundaries, especially of the far wall, were visible over a length of ~10mm of
the CCA, immediately proximal to the carotid bulb, and that the bifurcation/bulb was
also visible on the left-hand side of the screen. A cine-loop of 5 cardiac cycles was
recorded at 3 angles (approximately 90°, 120°, 150° for the right carotid artery and
210°, 240°, and 270° left carotid artery (LCA)). In addition to the cine loop one single
frame image synchronised with the peak of the R-wave (i.e. end-diastole) was also

saved for each angle.

If plague was identified, further images and cine-loops were acquired, including longi-
tudinal and transverse images of the plaque, with additional images using Power Dop-
pler and Colour Doppler to assist in delineating the plague boundary and the degree
of stenosis. The location of the plaque (Right/Left; ICA/ECA/Bulb/CCA) was noted on

the electronic care report form saved in a custom written OpenClinica Electronic Data
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Capture Platform (written by Daniel Key). Data files in DICOM (cine loops) or jpg for-

mat (single frame) were exported to a secure server after each session.

CIMT and carotid lumen diameter were measured from the best visualised image from
each of the three angles, over a 10mm segment in the common carotid artery accord-
ing to the American Society of Echocardiography Carotid Intima-Media Thickness
Task Force Consensus Statement(Stein et al., 2008c). Plague was defined according
to the Mannheim consensus,(Touboul et al., 2007, Touboul et al., 2012c) as a focal
lesion that encroached into the carotid artery lumen by =20.5 mm or 250% of the sur-
rounding CIMT value or had a thickness >1.5 mm as measured from the media-ad-
ventitia interface to the intima-lumen boundary. Carotid stenosis >50% was assessed
by visual inspection of the B-mode ultrasound scan, using Colour and Power Doppler
imaging as needed, and quantified according to NASCET criteria(1991). All quantita-
tive analyses were performed offline using validated software (figure 3.1&3.2) (AMS
I1),(Wendelhag et al., 1997) that included automated measurement of plaque area,
categorization of plague based on the Gray-Weale score,(Gray-Weale et al., 1988)
plaque size and estimation of grey-scale median (GSM).(Bjornsdottir et al., 2018,
Ostling et al., 2007) Repeatability and reproducibility of CIMT and plaque characteris-
tics have been reported previously and were good to excellent(Al Saikhan et al.,

2020D).
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AMS Generated
Lines

Figure 3. 1 Measurement of carotid intima media thickness in SABRE: The im-
age shows the far wall of the common carotid artery just proximal to the bulb.
The distance between the leading edge of the first bright line (the blood—intima
interface) of the far wall (identified as the upper green dotted line) and the
leading edge of the second bright line (media—adventitia interface — the lower
green dotted line) is considered the CIMT. The blue lines define the measure-
ment box which was routinely set to 10mm but could be modified if necessary.

The lines were identified automatically by the AMS Il software.
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the example, plaque is delineated by the (faint) orange dots with the acoustic

shadow delineated by green dashes. The field of view for analysis is outlined

by blue dashes.
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Clinical investigations

Participants were invited to a clinic appointment and were asked to refrain from alco-
hol, smoking, and caffeine for 212 h before attendance, and not to take their medica-
tion on the morning of the clinic visit. Information was recorded on age, sex, health
behaviours, medical history, and medication.(Jones et al., 2020b) Height and weight
were measured using a standardized protocol and body composition was measured
using a Tanita BC 418 body composition analyser. Seated brachial BP was measured
using an appropriately sized cuff using an automatic Omron 705IT after 5-10 minutes
rest according to European Society of Hypertension guidelines.(O'Brien et al., 2005)
The average of the second and third recordings was used as the estimate of clinic BP
as indication of hypertension. Diabetes mellitus was defined according to the 1999
WHO guidelines(World Health Organization, 1999) or physician diagnosis, or receipt
of anti-diabetes medications. Hypertension was defined as physician-diagnosed hy-
pertension, or participant-reported hypertension, or receipt of BP-lowering medication.
Smoking was classified into current or not. Alcohol consumption was categorised ac-
cording to UK guidelines into none, < 14 units per week or > 14 units per week. Blood
and urine samples were taken, and whole blood, serum, EDTA plasma and urine
stored at —80°C prior to analysis. Glycosylated haemoglobin (HbAlc) was measured
on an automated platform (c311, Roche Diagnostics, Burgess Hill UK), serum total
cholesterol, HDL-C and triglycerides were measured using enzymatic methods
(Roche/Hitachi Cobas c system). Low density lipoprotein cholesterol (LDL-C), All as-

says used the manufacturers calibration and quality control material.
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Statistical analysis

Statistical analyses were performed with Stata v.17.1 (StataCorp, College Station, TX,
USA). Continuous data for the sample were summarised as means and standard de-
viations (SD) or median (interquartile range) for skewed data, categorical data as
counts and percentages. Normality was assessed through frequency histograms, QQ
plots and Shapiro-Wilk tests. Comparisons between ethnic groups were made using
generalized linear modelling (glm). Four models were used: Model 1) unadjusted,
Model 2) age and sex; Model 3) Model 2 plus adjusted for established potential medi-
ators (education, diabetes, hypertension, total cholesterol, HDL-C, alcohol consump-
tion, current smoking); Model 4) Model 3 minus total cholesterol and HDL-C plus novel
potential mediators (LDL cholesterol, medium HDL, apoB/apoAl ratio, albumin do-
cosahexaenoic acid, histidine, tyrosine, glutamine, urinary albumin creatinine ratio,
NT-pro BNP, CRP, TnT). Choice of covariates was based on a priori knowledge.(Col-
lins and Altman, 2010, Yusuf et al., 2020) Additional sensitivity analyses were per-
formed where diabetes was replaced by HbAlc, or where systolic blood pressure or
BMI (or waist hip ratio) were added to models as potential mediators The possibility of
effect modification by sex was looked for in all models by including a sex x ethnicity
interaction term, if this was not statistically significant both sexes were pooled for anal-
ysis, otherwise it was planned that results for both sexes would be analysed sepa-

rately.

Dichotomous variables (e.g. presence of plague or presence of carotid stenosis >50%)
were modelled using glm with a binomial family and log link function. Ordered cate-
gorical variables with fewer than six categories (median plagque grade (manual and

automatic)) were analysed using ordered logistic regression and the proportional-odds
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assumption was tested using an approximate likelihood ratio test. If the proportional-
odds assumption was not met data were fit with partial proportional odds models using
generalized ordinal logistic regression (Stata SJ and community-contributed program
gologit2).(Williams, 2006) Numbers of plaques were modelled using negative binomial
models as the data were expected to be over-dispersed (i.e., the variance was antici-
pated to be greater than would be assumed by a Poisson model; this was confirmed
using the likelihood ratio test for the overdispersion parameter, alpha = 0). Risk ratios,
or marginal probabilities and 95% confidence intervals (Cl) were estimated from these
models as for common outcomes these measures do not exaggerate relationships
when the outcome is frequent and they do not suffer from non-collapsibility unlike odds
ratios.(Cummings, 2009) Multiple regression models were used for continuous
measures (total area of plaques, lowest GSM of all plagues, CIMT) and marginal
means and Cl estimated. If regression models showed evidence of heteroskedasticity,
robust standard errors were calculated using the Huber-White Sandwich estimator,
which assumes that outcomes are IID (independently and identically distributed) but
should provide better estimates of variance when the scatter of residuals is not con-
stant (heteroscedastic). Assumptions of linearity were checked by examination of re-
siduals and it was planned that nonlinear models would be constructed using fractional
polynomials,(Royston and Altman, 1994) but this proved unnecessary. The primary
analysis used listwise deletion (the default for most regression software), which is valid
under the assumption that any missingness was independent of outcomes. As a sen-
sitivity analysis, models were fitted using full information maximum likelihood (Stata
option mimv with the sem command) which is valid under the missing at random
(MAR) assumption (i.e. probability that a value is missing depends on values of varia-

bles that were measured in the study) were also examined for linear models. Inference
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was based on a combination of p-values, effect sizes and ClI, no adjustment was made

for multiple comparisons.
Results

Table 1 shows the characteristics of the sample stratified by ethnicity. Participants
were aged between 40 and 69 years and comprised 437 EA (mean age 74 years, 62%
male), 326 SA (mean age 73.2 + 6.3 years, 59.3% male) and 228 AC (mean age 71
years, 35.6% male). On average SA were slightly younger than EA and AC were
younger than both EA and SA, and there were more women in the AC sample. AC
and SA people were shorter than EA and had higher systolic BP and more diabetes
and hypertension. Compared with EA, SA had a higher prevalence of known CHD,
more years of education, lower heart rate, lower BMI, and were less likely to be current
smokers, and less likely to consume high quantities of alcohol, while AC had a lower
prevalence of CHD, higher BMI, higher diastolic BP, more diabetes and hypertension

and were less likely to consume high quantities of alcohol.

CIMT was similar by ethnicity in an unadjusted model, but plagues were more frequent
in EA and SA than AC (Table 3.1); however, there was no difference between EA and
SA (Table 3.1). Plagues were more common in men than women but there was no
evidence that sex modified the ethnic differences in plaque prevalence (Figure 3.3).
There were no marked differences in distribution of plaques by ethnicity: 57.5% of
Europeans had plaques in the left carotid artery, 47.6% in the right carotid artery and
44.1% had plaques bilaterally. 42.5% of South Asians had plaques in the left carotid
artery, 44.1% in the right carotid artery and 32.7 % had plaques bilaterally. 10% of
African Caribbean’s had plaques in left of carotid artery, 8.1% in the right carotid artery

and 23.0 % had plaques bilaterally (Figure 3.4). In comparison with EA, the risk ratios
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for having any plaque in SA after adjustment for non-modifiable, or non-modifiable
plus modifiable risk factors were 1.08 (0.79, 1.46); p = 0.65 and 0.98 (0.66, 1.41); p =
0.89 respectively. For AC the comparable risk ratios were 0.48 (0.28, 0.82); p = 0.013
and 0.53 (0.268, 1.047); p = 0.068. The marginal probabilities of having one or more
plaques in each ethnic group are shown in (Table 3.2) with and without adjustment.
The probability of having one or more plagues was similar in EA and SA but was lower
by ~50% in AC. Statistical adjustment had little effect on these estimates, although the
estimated CI of the fully adjusted model were wider, probably as a result of the reduced
sample size of the complete case analysis when non-modifiable plus modifiable risk
factors were included (n = 727). Compared with EA, the risk ratio in SA for having a
stenosis >50% was 1.56 (0.88, 2.76); p=0.12 and 1.70 (0.81, 3.52); p = 0.15. For AC
the risk ratios were 0.61 (0.23, 1.61); p = 0.32 and 0.65 (0.25, 1.70); p = 0.38. The
limited number of stenoses in the sample (n = 50) made these estimates very impre-

cise and scope for inference was limited.
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Table 3. 1 Characteristics of sample by ethnicity

Ethnicity

ANOVA
Variables EA SA AC or Chi?
N Mean/% (SD) N Mean/% (SD) N Mean/% (SD) p-values
Age, y 437 74.4 (6.10) 326 73.20* (6.3) 228 70.5* (7.91) <0.001
Male sex 274 49.3% 194 59.3% 85 37.0 %* <0.001
Systolic
blood pres- 437 138.67 (18.3) 325 143.63* (18.62) 228 142.26* (16.68) <0.001
sure, mmHg
Diastolic
blood pres- | 437 78.84 (10.8) 325 78.48 (10.6) 228 81.73*t (10.25) <0.001
sure, mmHg
Heart rate,
437 68.18 (11.33) 325 65.76* (10.24) 228 68.12t (11.35) 0.001
bpm
Height, cm | 437 167.99 (8.7) 326 162.28* (8.86) 228 164.12*t (7.79) <0.001
BMI, kgim2 | 437 28.01 (4.53) 326 26.42* (3.91) 228 29.94*t (5.30) <0.001
HbAlc,
423 38.61 (8.0) 314 43.27* (9.37) 220 39.98t (11.04) <0.001
mmol/mol
Years of ed-
377 11.9 (3.53) 223 13.5* (3.77) 153 12.01t (3.69) <0.001
ucation
Diabetes
53 13% 88 28%* 54 27%* <0.001
mellitus
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CHD 53 13% 59 19%* 13 6%+t <0.001
Stroke 8 2% 3 1% 4 2% 0.558
Hyperten-
209 49% 210 66 %* 152 69%* <0.001
sion
Alcohol con-
<0.001
sumption
None 107 24% 170 52% 99 43%
< 14 units
262 60% 150 46% 129 56%
per week
> 14 units
71 16% 7 3% 2 1%
per week
Current
16 4% 3 1%* 8 3%t 0.051
smoker
Statin use 210 48% 209 64%* 85 37%+t <0.001
Presence of
carotid 74 17% 55 17% 14 6%+t <0.001
plaque (s)
Carotid ste-
22 5% 23 7% 5 2.2%" 0.025
nosis >50%
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CIMT, mm | 407 0. 89 (0.20) 311 0.89 (0.23) 212 0.91 (0.20) 0.73

Total plaque
area per in-
74 34.4 (29.2) 55 33.6 (27.5) 14 294 (27.6) 0.84
dividual with

plaque, mm?

Number of
plaques per
74 15 (1.1) 55 15 (0.8) 14 11 (0.86) 0.35
individual

with plaque

Minimum
GSM of all 63 86.9 (35.5) 52 80.1 (28.8) 10 79.8 (12.7) 0.48

plaques

Class (man-

ual) of larg- | 55 2.84 (0.46) 46 2.87 (0.40) 7 2.86 (0.38) 0.93

est plaque

Class (auto)

of largest 63 2.32 (0.53) 52 2.19 (0.40) 10 2.3 (0.48) 0.37

plaque

Abbreviations: BMI, body mass index; CHD, coronary heart disease; CIMT, carotid artery intima-media thickness; GSM, greyscale
median; HbAlc, glycated haemoglobin; SD standard deviation. p-values were calculated using Chi? tests and logistic regression for
categorical variable and ANOVA for continuous variables, Wald tests were used for individual comparisons. * p < 0.05 compared

with Europeans, T p < 0.05 compared with South Asians.
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Figure 3. 3 Bar plot showing marginal probabilities with 95% confidence inter-
vals (adjusted for age) of having a plaque by sex and ethnicity. Abbreviations:

EA, European; SA, South Asian and AC, African Caribbean.
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Figure 3. 4 Diagram of participant flow including location of plaques as a Venn
diagram.
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Table 3. 2 Marginal probabilities of having any plagues by ethnicity with and
without adjustment for risk factors.

p-value
Prevalence of plague by ethnicity p-value
(individual comparisons)
LR test
EA SA AC EA v SA EAvs AC SAvs AC
Unadjusted
0.16 0.16 0.06
0.992 <0.001 <0.001 <0.001
(0.13, 0.20) (0.12, 0.20) (0.03, 0.09)
Model 1
0.15 0.16 0.07
0.626 0.008 0.004 0.006
(0.12, 0.18) (0.12, 0.20) (0.03,0.11)
Model 2
0.16 0.19 0.08
0.241 0.068 0.014 0.036
(0.12, 0.19) (0.14, 0.24) (0.03, 0.13)

Data are marginal probabilities (95% confidence intervals). Model 1: age, sex adjusted, Model 2: Model 1 + years of education, dia-

betes, total cholesterol, HDL, alcohol consumption, current smoking, hypertension, statin use. LR: Likelihood-ratio.
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After adjustment for age and sex, CIMT was higher in AC than EA or SA but there was
no difference in CIMT between EA and SA (Table 3.3). Further adjustment for risk

factors attenuated differences by ethnicity (Table 3.4-3.6).

A comparison of plaque area, maximum plaque height, average number of plaques,
minimum greyscale median, and the manual and automatic plaque class is shown in
(Tables 3.3-3.6). Total plaque area was similar in EA and SA but considerably lower
in AC, adjustment for age and sex, slightly attenuated the difference between EA or
SA and AC, but a substantial difference remained, and this was essentially unaltered
by further adjustment for potential mediators. Echogenicity as assessed by GSM was
similar in EA and SA and lower in AC. Maximum plaque height in those with plaque
showed no difference among three different ethnic group; however, the maximum
plaque length in AC was longer compared to EA & SA groups, despite AC having the
lowest frequency of plagues. There were no differences between ethnic groups for
plague grade either using an automated or manual method. The proportions of carotid
stenosis >50% were slightly higher in SA (7%) compared to EA (5%) and AC (2%),
although due to the low prevalence of carotid stenosis any differences could have

arisen by chance.
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Table 3. 3. Ethnic differences in CIMT and plaque characteristics with adjust-
ment for age and sex (Model 1)

p-value
Ethnicity _value
Variables (individual comparisons) P
LR test
EA SA AC EA vV SA EAvs AC SAvs AC
0.88 0.89 0.93
CIMT, mm 0.285 0.002 0.033 0.003
(0.86, 0.90) (0.87,0.92) (0.90,0.96)
Total plaque
area per indi- 40.6 35.2 44.5
0.343 0.624 0.323 0.473
vidual with (33.4, 46.6) (27.9, 42.5) (27.5, 61.4)
plaque, mm?
Number of
plaques per in- 1.76 1.64 1.62
0.416 0.604 0.945 0.667
dividualwith | (1 56 1 96) (1.41, 1.86) (1.10, 2.13)
plaque
Minimum GSM 87.44 79.57 78.58
0.187 0.414 0.929 0.350
of all plaques | (79.60,95.29) | (70.89,88.25) | (58.64,98.52)
Grey Weale
class of largest 0.507 0.820 0.580 0.741
plaque
Class 1 0 0 0
0.20 0.15 0.23
Class 2
(0.10, 0.30) (0.06, 0.25) (-0.08, 0.55)
0.78 0.82 0.75
Class 3
(0.68, 0.87) (0.73, 0.90) (0.46, 1.03)
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0.02 0.03 0.02

Class 4
(-0.01, 0.05) (-.01, 0.07) (-0.02, 0.06)
Size class of
0.121 0.849 0.296 0.247
largest plaque
0.01 0.02 0.01
Mild
(-0.01, 0.03) (-0.01, 0.05) (-0.01, 0.03)
0.66 0.77 0.63
Moderate
(0.54,0.77) (0.67, 0.87) (0.34,0.92)
0.33 0.21 0.36
Severe
(0.22, 0.45) (0.10, 0.31) (0.06, 0.67)

All data are marginal means (95% confidence intervals) or probabilities (95% confidence intervals). Abbreviations as for Table 1 & 2.
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Table 3. 4 Ethnic differences in CIMT and plaque characteristics with adjust-
ment for non-modifiable and modifiable risk factors (Model 2)

p-value

Ethnicity (individual comparisons) p-
value
Variables
LR
EA SA AC V| B | SR | test
0.88 0.89 0.92
CIMT, mm 0.700 0.091 0.188 0.220
(0.86, 0.90) (0.86, 0.92) (0.88, 0.95)
Total plaque area per individual with 413 34.2 44.5 0.285 0.742 0.332 0.402
plague, mm? (33.9, 48.7) (26.6, 43.1) (26.5, 62.4)
Number of plaques per individual with 1.85 1.56 1.57 0.111 0.332 0.996 0.196
plaque (1.63, 2.07) (1.32,1.81) (1.03, 2.10)
87.41 78.62 75.80
Minimum GSM of all plaques 0.204 0.306 0.805 0.300

(79.00,95.83) | (69.23,88.02) | (55.36,96.23)

Category of largest plaque 0.335 0.852 0.747 0.616
Class 1 0 0 0
Class 2 0.23 0.15 0.20

(0.11,0.35) | (0.04,0.25) | (-0.13,0.52)

0.75 0.82 0.78
Class 3 (0.64,0.86) | (0.72,092) | (0.49,1.06)
0.02 0.03 0.02
Class 4 (-0.01,0.05) | (-0.02,0.08) | (-0.03,0.07)
Size class of largest plaque 0.498 0.884 0.607 0.748
Mild 0.02 0.02 0.01
(-0.01,0.04) | (-0.01,0.06) | (-0.02, 0.05)
Moderate 0.68 0.74 0.65
(0.56,0.79) | (0.61,0.87) | (0.30,1.00)
0.31 0.24 0.34
Severe

(0.19,0.43) | (0.10,0.38) | (-0.04,0.71)

All data are marginal means (95% confidence intervals) or probabilities (95% confidence intervals). Abbreviations as for Table 1 & 2.
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Table 3. 5 Marginal means of carotid intima-media and plaque characteristics by
ethnicity after adjustment for potential confounders and mediators (Model 3)

Difference between ethnic group P-

Ethnicity value
Variables = SA "
EA vV SA EAvs AC SAvs AC
(n=337) (n=201) (124)
0.88 0.88 0.94
cIMT, mm 0.912 0.005 0.004
(0.86, 0.91) (0.86, 0.91) (0.91, 0.97)
5.55 5.46 3.79
Total plaque area, mm? 0.949 0.243 0.275
(3.87,7.22) (3.54,7.37) (1.49,6.08)
3.72 3.20 4.00
Maximum plaque Height, mm 0.090 0.568 0.113
(3.34,4.09) (2.78,3.61) (3.10,4.91)
12.05 12.23 14.33
Maximum plaque length, mm 0.898 0.319 0.363
(10.35,13.74) (10.33,14.12) (10.21,18.45)
S divid- 1.85 1.56 1.57
Number ofI pliﬂuels per individ 0.111 0.332 0.996
ual with plaque (1.63, 2.07) (1.32,1.81) (1.03, 2.10)
87.41 78.62 75.80
Minimum GSM of all plaques 0.204 0.306 0.805
(79.00,95.83) (69.23,88.02) (55.36,96.23)
2.93 2.97 2.76
Class (marlwal) of largest 0.692 0.366 0.265
plaque (2.80, 3.06) (2.83, 3.12) (2.40, 3.11)
2.29 2.20 2.34
Class (auto) of largest plaque 0.420 0.747 0.420
(2.15, 2.42) (2.05, 2.35) (2.02, 2.67)
5 8 3
Probability of stenosis >50% 0.140 0.390 0.055
(2.2, 6.9) (4.6, 11.0) (0.0, 6.1)
All data are frequencies or mean (95% confidence intervals). Model 3: age, sex, education, diabetes, total cholesterol, high density
lipoprotein cholesterol, alcohol consumption, current smoking, hypertension, statin use.

Table 3. 6 CIMT and plaque characteristics by ethnicity after adjustment for
novel risk factors (Model 4).
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Variables

cIMT, mm

Total plague area,
mm?

Maximum plaque
Height, mm

Maximum plaque
length, mm

Average number
of plaques per in-
dividual with
plaque

Minimum GSM of
all plaques

Class (manual) of
largest plaque

Class (auto) of
largest plaque

Probability of ste-
nosis >50%

Ethnicity P-value
EA SA AC
EAVSA | EAvsAC | SAvs AC
(n =330) (n = 195) (n=122)
0.89 0.89 0.93
0.943 0.043 0.058
(0.86, 0.91) (0.86, 0.91) (0.90, 0.96)
5.34 5.55 3.73
0.881 0.318 0.304
(4.15,7.23) (3.52,7.33) (0.32,5.1)
3.67 3.28 3.91
0.285 0.594 0.295
(3.35,4.00) (2.75,3.52) (3.15,4.96)
12.2 121 131
0.821 0.636 0.758
(10.61,13.95) (10.2,14.1) (8.56, 17.7)
1.80 1.55 1.53
0.216 0.404 0.922
(1.59, 2.01) (1.30, 1.79) (1.15, 2.31)
87.12 78.50 77.53
0.242 0.448 0.948
(78.12, 94.12) (69.12,87.87) (57.37,101.6)
2.80 2.94 2.70
0.269 0.344 0.669
(2.82, 3.07) (2.80, 3.09) (2.46, 3.24)
2.34 2.19 2.20
0.762 0.889 0.740
(2.22, 2.46) (2.05, 2.33) (1.87, 2.53)
5 6 3
0.275 0.523 0.673
(2.7, 7.0) (3.8,9.2) (0.1, 6.9)

All data are frequencies or mean (95% confidence intervals). Model 4: model 3 + NT pro BNP, CRP, IL6, troponin-T, LDL cholesterol

(directly measured) instead of total cholesterol, total cholesterol in medium HDL instead of HDL-cholesterol, ApoB/ApoAl ratio, albu-

min, histidine, tyrosine, glutamine, docosahexaenoic acid, urinary albumin creatinine ratio, eGFR.
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Discussion

We found ethnic differences in the prevalence of carotid plaque in a population-based
sample of people resident in West London, UK. People of AC ethnicity had a lower
occurrence of carotid plaque than the other ethnic groups, while the burden of plaque
in EA and SA was similar. The lack of difference between EA and SA was surprising
considering the large excess of cardiovascular disease in SA discussed above, and
our data for carotid plaque prevalence are also not consistent with previous estimates
of excess CHD risk in SA in SABRE.(Tillin et al., 2013b) In those with plaque, plague
characteristics differed little between ethnic groups, in particular there was no evi-
dence of SA having evidence of more lipid-rich or vulnerable plaques, as has been
previously suggested based on data from coronary CT angiography.(Villadsen et al.,
2017) Whether this reflects differences between the carotid and coronary circulation
or the limitations of transcutaneous ultrasound assessment of plaque vulnerability in

the carotid is unclear.

Ethnic differences in plague prevalence were unexplained by disparities in ASCVD
risk factors. It therefore remains to be explained why the AC group had a lower prev-
alence of carotid plaques than the other ethnic groups; however this observation is
consistent with previous work, including in SABRE, showing lower risk of CHD in peo-
ple of AC ethnicity in UK, - this was also unexplained by conventional ASCVD risk
factors.(McKeigue et al., 1991, McKeigue et al., 1993) CIMT also differed by ethnicity,
after adjustment for age and sex, CIMT was higher in AC compared with the other
ethnic groups. This could be viewed as consistent with their higher risk of stroke but

is inconsistent with their lower risk of CHD; this difference was attenuated after
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adjustment for non-modifiable and modifiable risk factors and is likely to be mainly

attributable to differences in ASCVD risk factors.

Better understanding and assessment of the prevalence of atherosclerosis and its re-
lationship to cardiovascular risk factors in different ethnic groups is important. Such
relationships may also provide insights into the pathogenesis of atherosclerosis in all
ethnic groups. Our failure to identify factors explaining ethnic differences in carotid
atherosclerotic plaque despite adjustment for ASCVD risk factors suggests that im-
portant determinants of ethnic differences in susceptibility to atherosclerosis remain to
be identified. One potential explanation for the similar incidence of carotid disease
between EA and SA subjects, despite the higher prevalence of cardiovascular disease
in SA, could be the differential use of statins among these populations. In our study,
statin use was reported as 68% among SA subjects, 48% among EA subjects, and
37% among AC subjects. Statins are known to lower cholesterol levels and stabilize
plaques, potentially reducing the incidence and progression of carotid disease. Given
the higher usage of statins among SA subjects compared to EA subjects, it is plausible
that statins play a significant role in mitigating the expected higher prevalence of ca-
rotid disease in the SA population. Statins not only lower low-density lipoprotein (LDL)
cholesterol but also have pleiotropic effects, such as improving endothelial function,
reducing oxidative stress, and decreasing inflammation, all of which could contribute
to a lower incidence of carotid plagque despite the higher overall cardiovascular risk in
SA individuals. Our failure to identify factors explaining ethnic differences in carotid
atherosclerotic plaque despite adjustment for ASCVD risk factors suggests that im-
portant determinants of ethnic differences in susceptibility to atherosclerosis remain to
be identified. Mechanisms related to racism, population migration,(Patel et al., 2006)

and socio-economic disadvantage could be involved.(Javed et al., 2022a) Racism
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may impact the development of carotid disease through chronic stress, socioeconomic
disadvantages, healthcare disparities, behavioural factors, and undefined biological
pathways. Chronic stress from racism activates the hypothalamic-pituitary-adrenal
(HPA) axis, leading to elevated cortisol levels, inflammation, and endothelial dysfunc-
tion, which are risk factors for atherosclerosis.(Yao et al., 2019) Socioeconomic dis-
advantages due to racism result in lower access to nutritious food, safe housing, and
recreational opportunities, increasing cardiovascular risk. Additionally, racism limits
access to quality healthcare, leading to delayed diagnoses and poorer management
of cardiovascular conditions. Implicit biases among healthcare providers can result in
miscommunication and mistrust, further exacerbating these disparities.(Panza et al.,
2019, Williams and Rucker, 2000) Moreover, systemic racism may result in individuals
from certain ethnic groups being denied access to healthcare or facing significant bar-
riers to obtaining necessary medical services. This can lead to undiagnosed and un-
treated conditions, further increasing the risk of cardiovascular diseases, including ca-
rotid plaque development,(Javed et al., 2022a, Banerjee et al., 2021) but given the
differences observed between minority ethnic groups in this study despite sharing
some of these exposures, this question merits further study. We anticipate that there
will be genetic differences between populations of different ancestry, but currently,
there is little or no evidence to suggest that genetics makes a major contribution to

ethnic differences in susceptibility to ASCVD.(Benjamin et al., 2015, Kuller, 2004)

Previous studies have examined ethnic differences in carotid atherosclerosis, alt-
hough few have included SA people. A UK community-based study found higher CIMT
and lower prevalence of plaque in AC compared with EA (Mackinnon et al., 2010) and
this difference remained after adjustment for conventional ASCVD risk factors. An-

other UK-based study observed marginally higher CIMT in EA compared with SA
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despite higher prevalence of ASCVD in SA.(Chahal et al., 2011) In the US, the Multi-
Ethnic Study of Atherosclerosis found that CIMT was higher in people of African Amer-
ican ethnicity, but the risk of new plague formation was lower in African American,
Hispanic and Chinese ethnicities compared with White Americans after adjustment for
traditional ASCVD risk factors.(Tattersall et al., 2014) The Diabetes Heart Study also
found that African American people with T2DM had higher CIMT but lower prevalence
of carotid plaque compared with those of European ancestry.(Freedman et al., 2005)
In contrast, the Northern Manhattan Stroke study found similar maximum internal ca-
rotid artery plague thickness (MICPT) in stroke-free African- and European- ethnicity
individuals but lower MICPT in people of Hispanic ethnicity.(Sacco et al., 1997) A re-
cent individual participant meta-analysis that compared the association of ASCVD risk
factors with CIMT in different ethnicities from a range of countries, reported that high
CIMT levels was highest amongst African American populations, similar in Asian,
White and Hispanic people and lowest in African populations. In keeping with our find-
ings, adjustment for risk factors only marginally attenuated these differences.(Nonte-
rah et al., 2022) Overall, despite some inconsistencies, the results of these previous

studies appear broadly in keeping with our findings.

As has been observed in some previous studies,(Mackinnon et al., 2010, Chahal et
al., 2011, Tattersall et al., 2014) CIMT corresponded poorly with known risk differen-
tials for ASCVD, especially CHD, in the ethnic groups. Plaque prevalence was con-
sistent with the known lower risk of CHD in AC, but not with the elevated risk of ASCVD
in SA or the elevated risk of stroke in AC.(Ebrahim et al., 1999, Prati et al., 2008) This
raises questions about the reliability of CIMT and plaque as a screening tool for early
detection of atherosclerosis across different ethnic groups. For CIMT it has previously

been suggested that arterial wall remodelling in response to hemodynamic stresses
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might complicate interpretation,(Bots et al., 1997b) but it is not obvious that this could
explain the ethnic discordance between ASCVD risk and plaque prevalence, given the

latter is generally considered a better predictor of ASCVD risk.(Inaba et al., 2012)

This study has limitations and strengths: it is cross-sectional so causal conclusions
cannot be made with any confidence. Participants were drawn from a randomly se-
lected population-based cohort but possible bias due to non-participation, attrition,
missing data and residual confounding by unmeasured or imprecisely measured vari-
ables cannot be excluded. As might be expected in a population-based sample, the
frequency of carotid plaque was quite low, particularly in AC, which will have limited
our ability to detect small differences in plaque prevalence or characteristics, never-
theless the precision of the estimates was sufficient to exclude disparities in plaque
prevalence in keeping with the magnitude of the elevated CVD risk in South Asians.
Our categorization of ethnicity is crude and may obscure important differences within
ethnic groups;(Bhopal, 2014) however our categories reflect the original study design
and correspond to the broad ethnic groups in used by the UK classification
scheme.(Office for National Statistics, 2015) AC participants mostly migrated between
1950 and 1960 (i.e. around the ages of 20 to 30), while most of the SA participants
arrived in the UK in the 1970’s (i.e. around 40 years old) and limited data was available
about exposures, including childhood exposures and healthcare provision, that oc-
curred prior to migration or extent of acculturation after migration. We included a com-
prehensive set of risk factors for ASCVD, but we acknowledge that including these
risk factors, which potentially act as mediators of ethnic differences, could introduce
bias.(VanderWeele and Vansteelandt, 2009) The study’s strengths are first and fore-
most its community-based methodology and that it compares people of different eth-

nicities in the same location. SA and AC patrticipants make up the majority of British
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first-generation migrants and, unlike in some countries, universal health care, free at
the point of use, is available in UK. This may lessen, though not abolish disadvantages
in health access.(Nazroo et al., 2009) All examinations were conducted according to
a strictly quality controlled methodology, as part of comprehensive phenotyping of this

older age sample.
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4 The impact of Carotid Atherosclerosis on global Cognitive function in a UK
tri-ethnic prospective cohort study (SABRE: Southall and Brent Revisited) ret-

rospective study



Abstract

Background Cognitive function has an important role in determining the quality of life
of older adults. Cardiovascular disease is common in older people and may compro-
mise cognitive performance; however, the extent to which this is related to carotid

atherosclerosis is unclear.

Aims We investigated associations between carotid atherosclerosis and cognitive
function and neuroimaging markers of brain health in a UK multi-ethnic community-
based sample including people of European, South Asian, and African-Caribbean eth-
nicity.

Methods Carotid plaques and intima-media thickness (CIMT) were assessed using
ultrasound in 985 people (mean age 73.2y, 56% male). Associations of carotid ather-
osclerosis with cognitive function (memory, executive function, language and The
Community Screening Interview for Dementia (CSI-D) , a global measure of cognitive
state) and neuroimaging measures (total brain volume, hippocampal volume, white
matter (WM) lesion volume and coalescence score) were analysed using regression
analyses, with and without adjustment for potential confounders using two models: 1)
adjustment for age, sex, and ethnicity; 2) model 1 plus education, physical activity cat-
egory, body mass index, hypertension, diabetes, total and high density lipoprotein cho-
lesterol, atrial fibrillation, smoking, previous CVD, alcohol consumption, and presence

of chronic kidney disease.

Results People with carotid plaque or higher CIMT had lower CSI-D score, poorer
memory poorer executive function and higher WM lesion volume and coalescence.
Language was poorer in people with plaque but was not correlated with cIMT. Asso-

ciations with plaque were preserved after full adjustment (model 2) but relationships
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for CIMT were attenuated. Associations with other plaque characteristics were gener-

ally unconvincing after adjustment.

Conclusions This multi-ethnic cohort study provides evidence that presence of ca-

rotid plaque, is associated with poorer cognitive function and brain health.
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Introduction

Cognitive function has an important role in determining the quality of life of older adults
and impaired cognitive function and dementias are major public health concerns.
(Lynch, 2020) Cardiovascular disease (CVD) is common in older people and influ-
ences cognitive performance. For example, vascular dementia is the second most
commonly diagnosed type of dementia after Alzheimer's disease in the el-
derly.(Skrobot et al., 2018) Two recent systematic reviews have examined the rela-
tionship between carotid atherosclerotic and cognition. Baradaran et al. (Sabayan et
al., 2015, Romero et al., 2009b, Kearney-Schwartz et al., 2009a) found evidence of
an association between carotid artery plaque and poorer cognition based on clinical
diagnosis or cognitive testing, while as | reported in Chapter 2 (Anbar et al., 2022b)
there was an adverse association between carotid atherosclerosis and a quantitative
measure of cognitive performance, the Mini-Mental State Examination (MMSE), but
the evidence base was limited and inconsistent. Neither review was able to account
fully for confounding due to the disparate nature of the studies included. Moreover,
there is inconsistent information about the association between carotid atherosclerosis
and particular cognitive domains or neuroimaging markers of brain health, although
associations between CVD and poorer performance in tests of memory, attention, pro-
cessing speed and executive function have been reported.(Liu et al., 2021, Kawasaki

et al., 2016b, Zhong et al., 2011a)

While carotid atherosclerosis is a well-recognised risk factor for ischaemic
stroke,(Tendera et al., 2011) previous studies have also reported associations be-
tween carotid atherosclerosis (Piegza et al., 2022, Turk et al., 2008) or carotid stenosis

(Muller et al., 2011) in the absence of stroke and neuroimaging markers of brain
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health, such as atrophy or the presence of a white matter hyperintensity (WMH). The
extent to which these associations reflect the direct consequences of carotid athero-
sclerotic disease as opposed to concomitant systemic atherosclerosis, cerebral small
vessel disease, or some other process that accompanies carotid atherosclerosis re-
mains unclear.(Jefferson et al., 2007, Romero et al., 2009a) Understanding these re-
lationships may be important for understanding mechanisms and treatments, as some
studies have reported that executive function, visuospatial episodic memory, and psy-
chomotor speed improve after revascularization of carotid arteries.(Tendera et al.,
2011) Another limitation of current evidence is that most investigations of atheroscle-
rosis and cognitive function or brain health have been performed in European-origin
populations. Studies in multi-ethnic populations have been small and infrequent.(Mo-
roni et al., 2016b, Romero et al., 2009a) Ethnic differences in susceptibility to cardio-
vascular disease are well-recognised,(Schaich et al., 2022, Bothongo et al., 2022,
Redwood and Gill, 2013) and vascular risk factors for dementia may not be general-

izable to different ethnic groups.(Jefferson et al., 2007, Romero et al., 2009a).

The aim of this study therefore was to investigate cross-sectional associations be-
tween carotid atherosclerosis and cognitive function and brain health in a UK multi-
ethnic community-based sample including people of European, South Asian, and Af-

rican-Caribbean ethnicity.
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Methods

Participants and study design

Detailed information about the Southall and Brent Revisited study (SABRE) has been
published previously.(Tillin et al., 2012b, Al Saikhan et al., 2020b) SABRE was set up
in 1988 as a tri-ethnic longitudinal cohort study to examine ethnic differences in chronic
disease. It recruited predominantly European (EA), South Asian (SA) and African Car-
ibbean (AC) participants living in West and North London; details have been previously
described.(Tillin et al., 2012b) Approval for the current study was obtained from the

NRES Committee London, Fulham (ref. 14/L0O/0108).

For this study, we used data on 985 participants, who attended for clinical investiga-
tions (visit 3) which began in 2014 and ended in January 2018. All participants com-
pleted a health and lifestyle questionnaire.(Al Saikhan et al., 2020b) Information was
recorded on age, sex, health, medical history, and medication. Participants’ ethnicity
was determined by interviewers based on grandparental origin and confirmed by par-
ticipants. All participants were asked to refrain from alcohol, smoking, and caffeine for
=12 h before clinic attendance. Height and weight were measured using a standard-
ized protocol, body mass index (BMI) was calculated, and body fat percentage was
measured using a Tanita BC 418 body composition analyzer. Seated brachial blood
pressure (BP) was measured according to ESH guidelines.(O'Brien et al., 2005) The
average of the second and third recordings was used as clinic BP. Alcohol consump-
tion was categorised according to UK guidelines into none, < 14 units per week or >
14 units per week. Physical activity measured as the total weekly energy (MJ) ex-

pended in sporting activities, cycling, walking, and in other strenuous activity during
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leisure time was categorised based on ethnicity-appropriate criteria (Bryan et al.,
2006) into: low (<1.5kcal/kg/day), moderate (=1.5kcal/kg/day to <3kcal/kg/day), mod-
erate to high (=3kcal/kg/day to <6kcal/kg/day) and high (=6kcal/kg/day) Coronary ar-
terial disease was assessed using a combination of clinical history, diagnostic tests
such as ECG, stress tests, and imaging studies like echocardiography . | undertook
the critical task of data refinement, meticulously cleaning and organizing the infor-
mation gathered by my colleagues. Specifically, | focused on selecting participants
with plaques and conducted precise measurements for both plaques and intima-media
thickness (IMT). Subsequently, | carried out comprehensive statistical analyses to de-
rive meaningful insights from the data. Additionally, | wrote the first draft of the entire
manuscript, taking responsibility for the subsequent writing and editing process. This
involved synthesizing the research findings, methodologies, and results into a cohe-
sive and well-articulated paper. Through my efforts, | aimed to enhance the overall
clarity, coherence, and quality of the document, ensuring that it effectively communi-

cates the significance of our research.

Carotid Ultrasound assessment

Carotid ultrasound scans were performed by an experienced sonographer as de-
scribed in detail previously (Anbar et al., 2022a) using a protocol based on Stein et
al.(Stein et al., 2008c) Scan were performed with a GE Vivid | Ultrasound system
equipped with a 6-13 MHz broadband linear array transducer (12L-RS) along with a
3-lead ECG recording. The common carotid artery (CCA), internal carotid artery (ICA)
and external carotid artery (ECA) were imaged bilaterally, and three-angle longitudinal
views (lateral, posterior, and anterior) plus transverse views were saved as cine loops
of 3-5 cardiac cycles. In addition to 2D-images, spectral-Doppler imaging, Colour and
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Power doppler were recorded and used to assist with plaque identification and delin-
eation. Quantitative analyses were performed offline using validated software (AMS
II) that allowed automated measurement of CIMT, plague area, categorisation of
plaque based on the Grey-Weale score, plaque size and estimation of plaque grey-
scale median (PGSM). cIMT is typically measured in diastole to reduce variability
caused by the arterial wall's motion during the cardiac cycle. Measuring during dias-
tole, when the heart is at rest, provides a more stable and reproducible measurement.
from each of the 3 angles over the distal 1 cm length of each common carotid artery.
The intima-media thickness in the internal and external carotid arteries was not as-
sessed in keeping with guideline recommendations (Stein et al., 2008c). The mean
CIMT from the far walls of right and left common carotid arteries (mean-mean) was
calculated. Carotid plaque was defined as the presence of focal wall thickening at least
50% greater than that of the surrounding vessel wall or as a focal region with CIMT
>1.5mm protruding into the lumen distinct from the adjacent boundary in any location
in the extracranial carotid arteries.(Stein et al., 2008c). carotid stenosis >50% includes
stenosis up to 100%. Comparing this range with a more significant threshold like 70%
could provide deeper insights into the severity of stenosis. The choice of >50% is due
to its recognition as a standard clinical threshold, but comparisons with a higher
threshold (e.g., 70%) would offer granularity regarding the severity's impact on cogni-

tive function.

Neuropsychological assessment
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Cognitive function was assessed with a standardized neuropsychological test battery
that has been validated for cross-cultural settings as previously described.(Park et al.,
2017, Taylor et al., 2013) Clinically significant global cognitive impairment was identi-
fied using the Community Screening Instrument for Dementia (CSI-D),(Prince et al.,
2011) and assessed three cognitive domains: memory (Consortium to Establish a
Registry for Alzheimer’'s Disease (CERAD) total, immediate and delayed), executive
function (digit span backward, colour trails part A and B) and language (Animal nam-
ing, Boston naming test). To generate a composite score for the CSI-D, a standard
algorithm was applied.(Sosa et al., 2009) Raw neuropsychological test scores were
standardized into z-scores for each ethnic group and averaged to create scores for
specific cognitive domains, an exploratory principal components analysis having pre-
viously established that there was a single-factor solution for each cognitive domain
in each ethnic group (data not shown). To prevent fatigue, trained staff conducted
cognitive evaluations that lasted roughly 30 minutes early on the day of clinic attend-
ance. Depression was assessed using the ten-item Geriatric Depression Scale (GDS).
Dementia screening can be influenced by participants' education level, culture, and
religious beliefs. To attempt to account for these influences we adjusted for education
level in the statistical models. To address cultural sensitivity, we employed culturally
sensitive screening tools and ensured that language barriers are minimized by provid-
ing translations or interpreters. Religious beliefs that may affect the perception and

reporting of cognitive symptoms, were not accounted for in these analyses.

Neuroimaging sequences and analysis
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All subjects underwent MRI examination at University College Hospital using a 3T MRI
system (Philips Achieva, Eindhoven, Netherlands) with an 8 channel phased array
head coil, following a previously described protocol (Sudre et al., 2018). The imaging
protocol included a sagittal T1-weighted 3D TFE sequence with specific parameters
(TR/TE/TI 7/3.2/836ms, flip-angle 18, voxel size 1mm3). Cortical gray matter was au-
tomatically parcellated into lobes using Geodesic Information Flows (GIF), and these
outputs were utilized in the BaMoS algorithm for automatic white matter hyperintensity
(WMH) segmentation.(Sudre et al., 2018) The BaMoS algorithm employed unsuper-
vised hierarchical model selection, enabling accurate identification and delineation of
WMH. Brain tissue segmentation, involving cortical gray matter parcellation and eras-
ure of skull signal, was also performed using the GIF algorithm.(Cardoso et al., 2015)
The methodology included a multi-atlas segmentation technique, STEPS (Similarity
and Truth Estimation for Propagated Segmentations), for segmenting various brain

structures, including hippocampal volumes.

Non-periventricular lesion classification, referring to lesions not extending beyond 25%
of the ventricular border, was automatically conducted by assessing their confluency
level. Additionally, a comprehensive amalgamation score (CS) was computed, con-
sidering the ratio of lesions in each confluency category relative to the total WMH vol-
ume and removing lesions with percentage of lesion border along ventricles >25% in
1st (most periventricular) layer. This global coalescence score provides a metric for
evaluating the overall clustering and merging of WMH within the brain.(McPhillie et al.,

2021)

Statistical analyses
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Analyses were performed with Stata v.17.0 and 18.0 (StataCorp, College Station, TX,
USA). Continuous data describing the sample were summarised as means and stand-
ard deviations (SD) or median (interquartile range) for skewed data, and categorical
data as counts and percentages. Normality was assessed through frequency histo-
grams, QQ plots and Shapiro-Wilk tests. multilinear regression modelling was used to
examine the association of measures of carotid atherosclerosis and cognitive out-
comes. glm was used to examine the association between measures of carotid ather-
osclerosis and neuroimaging outcomes using a log link function and a gamma family
distribution. The rationale behind selecting this approach was the need to examine the
association between continuous (exposure) variables and a continuous outcome
where the relationship is not linear and the residuals do not follow a normal distribution
and may be heteroscedastic, i.e. violating some assumptions of ordinary linear regres-
sion. The utilization of the log link function effectively converts the linear predictor into
a logarithmic scale, thereby guaranteeing that the predicted values remain non-nega-
tive. This is particularly crucial in situations where the outcome data exhibits positive
skewness and consists solely of non-negative values. To accommodate these specific
characteristics, the gamma family distribution was employed. The utilization of robust
standard errors was employed in order to accommodate the potential presence of het-
eroscedasticity. The aforementioned methodology offers a resilient and efficacious
approach for modelling, while tackling the complexities posed by non-linearity, non-

normal data distributions and heteroscedasticity.

Results were summarised as regression coefficients (95% confidence intervals). Two
models were used: 1) minimal adjustment for age, sex, and ethnicity; 2) full con-
founder adjustment i.e., model 1 plus education, physical activity category, BMI, HTN,

diabetes, total and HDL cholesterol, atrial fibrillation, smoking, CVD (i.e. CHD, stroke,
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or heart failure), alcohol consumption category, presence of chronic kidney disease
and depression. Confounders were chosen based on prior knowledge drawn from the
literature. The same adjustment strategy was used for neuroimaging outcome, with
the addition of the total brain volume which is a strong predictor of volumetric neuroim-

aging outcomes, and its inclusion will therefore increase the precision of estimates.

The possibility of effect modification by sex was looked for in all models by including
a sex interaction term, if this was not statistically significant both sexes were pooled
for analysis, otherwise we planned that results for both sexes would be presented
separately. In all cases there was no evidence of modification by sex so only pooled
data are presented below. The possible existence of nonlinear relationships beyond
those accounted for by glm was investigated fitting fractional polynomials but there
was no convincing evidence in any model for more complex non-linear relationships,

so these were not analysed further.

Analyses were performed using complete case analysis which is valid under the as-
sumption that missingness was independent of outcomes. Statistical inference was
based on a combination of p-values, effect sizes and CI. The disproportionate sample
sizes could potentially affect the results due to differences in statistical power. To mit-
igate this, we use the following approaches: Weight the Analysis: We employ statistical
techniques to weight the samples so that each ethnic group is appropriately repre-
sented. Stratified Analysis: We conduct stratified analyses to examine the results

within each ethnic group separately.
Results

Participant characteristics are shown in Table 4.1. The average age was 73 years and

56% of participants were male. The ethnicity of participants was 44% European, 33%
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South Asian and 23% African Caribbean. 24% of participants had diabetes and 59%

had hypertension.

Table 4.1 Characteristics of participants.

Variables N Mean/% SD [IQR]
Age, y 985 73.2 6.7
Male sex 553 56%
Ethnicity
European 437 44%
South Asian 326 33%
African Caribbean 228 23%
Systolic blood pressure, mmHg 985 1411 18.1
Diastolic blood pressure, mmHg 985 79.3 10.7
Heart rate, bpm 985 67.4 11.4
Height, cm 984 165.3 9.0
Body mass index, kg/m? 985 27.9 4.7
Fat percent 957 325 8.2
Total cholesterol, mmol/l 962 4.6 1.1
High density lipoprotein cholesterol, mmol/l 962 15 0.4
Triglycerides, mmol/l 962 1.3 [0.7]
Glycated haemoglobin, mmol/mol 953 40.5 9.6
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Diabetes mellitus 242 24.4%
Coronary Heart Disease 124 13.1%
Stroke 15 1.6%
Hypertension 568 58.9%
Chronic kidney disease 161 16.8%
Urinary albumin: creatinine ratio 954 0.06 0.01
Alcohol consumption
None 373 37.6%
< 14 units per week 539 54.3%
> 14 units per week 80 8.1%
Physical activity category
Low 236 32.07%
Moderate 261 35.46%
Moderate to high 193 26.22%
High 46 6.25%
Current smoker 27 2.7%
Presence of any carotid plaques 144 14.5%
Right side 87
Left side 88
Plaque area, mm? 126 38.6 26.9
Plaque Grayscale Median 126 84.0 314
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Carotid intima-media thickness, mm

928

0.89

0.21
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Carotid atherosclerosis and cognitive function

A comparison of cognitive function by presence or absence of plaque is shown in (Fig-
ure 4.1A&B) Global cognitive function, memory and executive function were lower in

people with carotid plaques but there was little difference in language performance.

When people with and without carotid stenosis >50% were compared only executive
function was convincingly lower in those with carotid stenosis. All other cognitive
measures were lower in people with stenosis, but due to the limited number of people
with carotid stenosis, the estimates were imprecise and consequently the evidence of

a difference was unconvincing.
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Figure 4.1(A) Comparison of cognitive function by presence or absence of
plaque. People with plaques (orange) and without (blue). Abbreviations: CSID
— Community Screening Instrument for Dementia.
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Figure 4.2(B) Comparison of cognitive function by presence or absence of
plaque. People with plaques (orange) and without (blue). Abbreviations: CSID
— Community Screening Instrument for Dementia.

(Table 4.2) presents the correlation analysis between plaque characteristics and cog-
nitive functional domains. The results reveal important insights into the relationship
between these variables. Regarding global cognition, no significant correlations were
found with any of the plaque characteristics, including CIMT, plaque area, plague num-
ber, minimum GSM, class (manual), and class (auto). However, when examining spe-
cific cognitive domains, such as memory, a negative correlation was observed with
CIMT, plaque area, and plaque number, indicating that individuals with higher CIMT,
larger plaque area, and more plaques tended to exhibit poorer memory performance.

Similarly, executive function/attention showed negative correlations with CIMT, plaque
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area, and plaque number, suggesting that greater plaque burden was associated with
lower executive function and attention. In contrast, there were no significant correla-
tions between language and any of the plaque characteristics. These findings highlight
the domain-specific associations between plague characteristics and cognitive func-
tion, emphasizing the potential impact of plaque burden on memory and executive

function/attention.
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Table 4. 2 Spearman correlation coefficients (rs) between cIMT, plaque charac-
teristics and cognitive functional domains

Cognitive do- Plaque area, Minimum Class (man- Class
main cIMT, mm mm?2 #plaques+0 #plaques PGSM ual) (auto)
Is = Is = I's = _ Is = Is = —
CcSID -0.071 -0.084 10.086 fs=0.109 -0.021 :0.053 fs = 0.037
p=0.032 p = 0.009 p =0.008 p=0241 p=0.819 p = 0.590 p=0713
Executive I's = I's = f's = = = f's = =
P 0.097 -0.128 -0.127 rs =0.120 rs =0.043 -0.157 rs =-0.029
attention p=0003 | p<0.001 p<0.001 p=0.206 | p=0666 p=0.149 | P=076
rs =-0.052 rs = -0.082 rs =-0.083 rs = 0.096 rs =-0.013 rs =-0.179 rs =-0.053
Language
p=0.875 p=0.011 p=0.011 p =0.306 p=0.886 p=0.079 p=0.563
rs =-0.120 rs =-0.110 rs =-0.111 rs = 0.167 rs = 0.058 rs =-0.168 rs=-0.011
Memory
p =0.003 p <0.001 p <0.001 p =0.075 p =0.532 p =0.096 p =0.902

Abbreviations: cIMT, carotid intima media thickness; CSID, Community Screening
Instrument for Dementia; #plagues, numbers of plaques in only people with plaque;
#plagues+0, number of plaques in all participants (i.e. includes those without plaque
coded as zero); PGSM, plaque grey-scale median. Bold values were interpreted as

showing evidence of correlation.
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Figure (4.3A-4.4B-4.5C) displays the results of various regression analysis models as
forest plots. All correlations between cognitive metrics and carotid atherosclerosis
weakened and became inconclusive after adjustment (model 1 or model 2), with only

the association with presence of carotid plague remaining statistically significant.

Carotid atherosclerosis and Neuroimaging

Figure 4.2A shows a comparison of neuroimaging biomarkers by presence or absence
of plaque without adjustment for confounding factors. WMH lesion volume and CS
were lower in people with plaque, but total brain volume and hippocampal volume did
not differ. When people with and without carotid stenosis >50 % were compared (Fig-
ure 4.2B), there were no clear differences in neuroimaging biomarkers, but the limited
number of people with carotid stenosis meant that estimates were imprecise, and it

was difficult to draw firm conclusions.
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Figure 4.3A Comparison of neuroimaging biomarkers by presence or absence
of plaque. People with plagues (orange) and without (blue). WM - white matter.
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Figure 4.4B Comparison of neuroimaging biomarkers by presence or absence
of stenosis >50%. People with stenosis (orange) and without (blue). WM —
white matter.

133



CSID

model 1 model 2
cIMT ' = . . -
Plague area
Plaque height ——— e
#plaques+0 ——s Poomo
#plagues —_— i 4
Minimum PGSM L n
Carotid plaque present
Carotid stenosis >50% ' L — -
-5 0 5 -5 0 5
Beta coefficients Beta coefficients

Figure 4.5 Forest plots summarising the association between measures of ca-
rotid atherosclerosis and CSID after adjustment for age, sex ethnicity (model
1), and model 1 plus education, physical activity category, BMI, HTN, diabetes,
total and HDL cholesterol, atrial fibrillation, smoking, existing CVD (i.e. coro-
nary heart disease, stroke, or heart failure), alcohol consumption category,
presence of chronic kidney disease and depression (model 2). Abbreviations

as in Table 4.2.
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Figure 4.6 Forest plots summarising the association between measures of ca-
rotid atherosclerosis and memory after adjustment for age, sex ethnicity
(model 1), and model 1 plus education, physical activity category, BMI, HTN,
diabetes, total and HDL cholesterol, atrial fibrillation, smoking, existing CVD
(i.e. coronary heart disease, stroke, or heart failure), alcohol consumption cat-
egory, presence of chronic kidney disease and depression (model 2). Abbrevi-

ations as in Table 4.2.
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Executive function
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Figure 4.7 Forest plots summarising the association between measures of ca-
rotid atherosclerosis and executive function after adjustment for age, sex eth-
nicity (model 1), and model 1 plus education, physical activity category, BMI,
HTN, diabetes, total and HDL cholesterol, atrial fibrillation, smoking, existing
CVD (i.e. coronary heart disease, stroke, or heart failure), alcohol consumption
category, presence of chronic kidney disease and depression (model 2). Ab-

breviations as in Table 4.2.
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Table 4.3 shows correlations between measurements of brain volume and plague
characteristics such CIMT, plaque area, plaque number, minimum GSM, and class.
The results showed that these plague features and brain volume had only weak rela-
tionships. The relationships between CS and CIMT, plague area, and plague number
were weak positive associations, with the correlations with CIMT and plaque area be-
ing statistically significant. Although the relationships between sum of all lesions as
proportion of TIV when the border along ventricles is less than 25% of the overall
lesion border in the 4th (most juxtacortical) layer and CIMT and plaque area were
positive, they were not statistically significant. Strong positive correlations were seen
between Overall coalescence score when removing lesions with percentage of lesion
border along ventricles > 25% and plaque area and plague number, with the latter two
correlations being statistically significant. Overall coalescence score when removing
lesions with percentage of lesion border along ventricles > 25% showed mild positive
associations with CIMT. white matter lesion volume revealed marginally significant
positive relationships with CIMT, plaque area, and plaque number. The correlations
between CIMT and plaque area were statistically significant. Plaque area and plaque
number showed weak negative relationships with overall lesion volume, with the cor-
relation with plaque area being statistically significant. Overall, these findings imply
that there are weak correlations between brain volume measures and various plaque
characteristics, with the correlation between these specific plaque characteristics and

brain volume changing in severity.

137



Table 4. 3 Spearman correlation coefficients (rs) between cIMT / plague charac-
teristics and brain volumes and WMH measurements

Neuroimaging meas- cIMT, Plaque area, Minimum Class (man- Class
#plaques+0 | #plaques
ure mm mm? PGSM ual) (auto)
Is=-
rs = 0.097 rs =-0.144 rs = 0.100 rs = 0.193 rs = 0.013 rs = -0.054
Coalescence score 0.100
p =0.014 p =0.157 p = 0.008 p =0.520 p =0.899 p =0.503
p =0.353
rS = - rS = -
Hippocampal vol- rs = -0.060 rs = -0.004 rs =-0.149 rs =-0.182 rs =-0.177
0.068 0.038
ume p =0.553 p=0.915 p =0.146 p=0.110 p = 0.080
p = 0.065 p =0.709
rs = 0.004 rs = 0.144 rs = 0.036 rs = 0.093 rs =-0.013 rs =-0.230 rs = 0.100
Total brain volume
p = 0.899 p = 0.156 p = 0.336 p =0.362 p =0.893 p = 0.308 p=0.323
rs = 0.082 rs =-0.088 rs=0.100 rs=-0.133 rs = 0.295 rs = 0.040 rs =-0.073
WM lesion volume
p = 0.026 p =0.393 p = 0.006 p =0.197 p =0.021 p=0.614 p =0.463

Abbreviations as in Table 4.2.

Figure 4.6A, 4.7B, 4.8C, and 4.9D depicts the findings from the various regression
analysis models. For total brain volume CIMT, presence of carotid plague and carotid
stenosis >50% showed evidence of association with smaller brain volume in model 1
(age, sex and ethnicity adjusted) but all associations were attenuated once full adjust-
ment for all potential confounders was performed (model 2). For hippocampal volume
there was some evidence that greater plague height was associated with smaller hip-
pocampal volume, there were no other convincing associations. For WM lesion vol-
ume presence of carotid plaque was associated with greater lesion volume in both
model 1 and 2. There was also an inverse association between number of plaques
(#plaques) and WM lesion volume but this was not seen when people with no plaques

were included and it is possible that this was a chance finding. Coalescence score
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was higher in people with plaques but otherwise there were no convincing associa-

tions.
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Total brain volume

model 1 model 2
clMT = - =
Plague area
Plague height b ——t
#plagues+0 —a— —e—
#plaques _— P S
Minimum PGSM n m
Carotid plaque present
Carotid stenosis =50% ’ —= - — i
-.02 -.01 0 01 -02 -.01 0 01
Beta coefficients Beta coefficients

Figure 4. 8(A) Total brain volume. Forest plots summarising the associations
between measures of carotid atherosclerosis and neuroimaging measures af-
ter adjustment for age, sex ethnicity (model 1) and model 1plus educa-

tion, physical activity category, BMI, HTN, diabetes, total and HDL cholesterol,
atrial fibrillation, smoking, existing CVD (i.e. coronary heart disease, stroke, or
heart failure), alcohol consumption category, presence of chronic kidney dis-
ease and depression. Abbreviations as in Table 4.2.
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Hippocampal volume

model 1 model 2
cIlMT ' - ' -
Plaque area
Plaque height —— ——
#plaques+0 —a— ——
#plagues - -— ' -—
Minimum PGSM . =
Carotid plague present
Carotid stenosis =50% - ——=—— —_—
-.05 0 05-05 0 05
Beta coefficients Beta coefficients

Figure 4. 9(B) Hippocampal volume. Forest plots summarising the associa-
tions between measures of carotid atherosclerosis and neuroimaging
measures after adjustment for age, sex ethnicity (model 1) and model 1plus
education, physical activity category, BMI, HTN, diabetes, total and HDL cho-
lesterol, atrial fibrillation, smoking, existing CVD (i.e. coronary heart disease,
stroke, or heart failure), alcohol consumption category, presence of chronic
kidney disease and depression. Abbreviations as in Table 4.2.
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WM lesion volume

model 1 model 2
cIMT ' - ‘ - .
Plague area
Plaque height - ——
#plaques+0 — —a—
#plaques s ——
Minimum PGSM . .
Carotid plague present
Carotid stenosis >50% ——t ——
-5 0 5 1 -5 0 5 1
Beta coefficients Beta coefficients

Figure 4. 10 (C) WM lesion volume Forest plots summarising the associations

between measures of carotid atherosclerosis and neuroimaging measures af-

ter adjustment for age, sex ethnicity (model 1) and model 1plus educa-

tion, physical activity category, BMI, HTN, diabetes, total and HDL cholesterol,
atrial fibrillation, smoking, existing CVD (i.e. coronary heart disease, stroke, or
heart failure), alcohol consumption category, presence of chronic kidney dis-

ease and depression. Abbreviations as in Table 4.2.
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Coalescence score

model 1 model 2
cIMT : - -
Plague area
Plague height —a— —a—
#plaques+0 - -
#plaques —a— ——
MinimumPGSM " .
Carotid plague present
Carotid stenosis =50% _ N
-5 0 5 -5 0 5
Beta coefficients Beta coefficients

Figure 4. 11 (D) Coalescence score) Forest plots summarising the associations
between measures of carotid atherosclerosis and neuroimaging measures af-
ter adjustment for age, sex ethnicity (model 1) and model 1plus educa-

tion, physical activity category, BMI, HTN, diabetes, total and HDL cholesterol,
atrial fibrillation, smoking, existing CVD (i.e. coronary heart disease, stroke, or
heart failure), alcohol consumption category, presence of chronic kidney dis-
ease and depression. Abbreviations as in Table 4.2.
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Discussion

We investigated associations between measures of carotid atherosclerosis and cog-
nitive performance and neuroimaging measures of brain health in a multi-ethnic pop-
ulation cohort. In unadjusted analyses, several measures of carotid atherosclerosis
were associated with poorer cognition, including impaired executive function and
memory, but following adjustment for potential confounders, particularly age, most as-
sociations except for associations with presence of plaque were substantially attenu-
ated or abolished. Presence of plague was associated with increased WM lesion vol-
ume and increased WM lesion coalescence, but there was no convincing evidence of
associations between cIMT and any neuroimaging measure of brain health once con-
founding had been accounted for. The more robust relationship between plagque and
various outcomes may indicate that plague is a more definitive indicator of carotid
atherosclerosis than cIMT, which in part may reflect an adaptive response to local

transmural pressure.(Ebrahim et al., 1999, Bots et al., 1997b)

Our findings can be compared with previous research examining associations be-
tween cognitive impairment and carotid atherosclerosis. A study conducted by Auperin
et al. (Auperin et al., 1996a) did not identify any statistically significant correlations
between carotid atherosclerosis and cognitive function in women; however, associa-
tions were observed between carotid plaque and mini-mental state examination
scores (MMSE) and Digit Symbol Substitution Test (DSST) scores in men. The Car-
diovascular Health Study (Johnston et al., 2004) found that presence of plaque was
associated with lower performance on MMSE and DSST, but that this relationship was
attenuated when accounting for risk factors related to vascular disease. Similarly, cor-

relations between cIMT and decreased MMSE and DSST scores were weakened
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when vascular risk factors were taken into consideration. In another study of individu-
als diagnosed with cardiovascular disease (Muller et al., 2007) higher carotid intima-
media thickness (cIMT) was observed to be associated with poorer memory, but no
correlations were observed in relation to processing or executive function; however,
this study did not fully account for potentially confounding risk factors. Whitehall I
(Singh-Manoux et al., 2008b) reported that cIMT showed no discernible correlation
with cognitive state and memory. Another study (Gardener et al., 2017) also found no
correlation between carotid plague burden and cognition. Variability in study samples,
cognitive testing methods and severity of carotid atherosclerosis probably contribute
to some differences between studies. Another potential source of inter-study differ-
ence is the extent of cognitive reserve.(Stern, 2012) The neural implementation of
cognition involves two key components: neural reserve, reflecting inter-individual dif-
ferences in cognitive processing within a healthy brain, and neural compensation, en-
compassing adaptive changes in cognitive processing to address the challenges
posed by brain pathology. Together, these components contribute to cognitive re-
serve, i.e. an individual's capacity to maintain cognitive function in the presence of
neurological damage or pathology,(Stern, 2009, Stern, 2002) which may mitigate the
effects of cerebrovascular disease and underly differential associations between the
extent of cerebrovascular disease in an individual and its functional consequences.
Cognitive reserve is likely to differ between different populations or samples, and this
may contribute to differences between studies since cognitive reserve is influenced by
many factors.(Corbo et al., 2023) These include education level and participation in
intellectual and physical activities and social engagement throughout the lifespan.

(Pettigrew and Soldan, 2019)
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We observed that carotid plaques were linked to lower total brain volume in line with
a prior study,(Ammirati et al., 2020) but this relationship was attenuated after full ad-
justment for risk factors. We also observed associations between the presence of ca-
rotid plaque and WM lesion volume that were independent of risk factors. This is con-
sistent with the findings of a systematic review and meta-analysis,(Moroni et al.,
2016a) which observed a 42% increased probability of WMH in individuals with carotid
atherosclerosis in comparison to those without. However, Moroni et al., noted that the
association between carotid atherosclerosis and brain outcomes could be attributable
to shared risk factors that were not accounted for in their analysis. Our findings sug-
gest that associations of WM lesion volume with presence of plaque cannot be fully
accounted for by measured confounders. Another study (Romero et al., 2009c) also
observed no association between common carotid CIMT and WMH, total brain volume
or hippocampal volume after adjustment for risk factors, although the intime-media
thickness of the internal carotid artery was associated with WMH and total brain vol-
ume. In the Northern Manhattan study (Della-Morte et al., 2018, Thurston et al., 2023)
an intima-media thickness measure that was a composite of the intima media thick-
ness of the common carotid artery, the bulb and the internal carotid was associated
with WMH volume even after adjusting for risk factors; however they reported that
associations for CIMT were not significant after adjustment. In our study of older peo-
ple, the internal carotid artery was infrequently visualised, and it was not feasible to
measure the intima-media thickness of the internal carotid artery reliably. It seems
plausible that differences in method of assessment of carotid artery intima-media
thickness, (composite intima-media thickness vs. CIMT) could also contribute to dif-
ferences between studies. The other factor that could contribute to between study dif-

ferences is varying degrees of cognitive reserve. as discussed above.
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Our study has strengths and limitations. Strengths include that it: 1) uses a multi-eth-
nic population-based sample that includes the two major ethnic minorities in the UK;
2) carotid atherosclerosis was measured using standardised ultrasound protocols,
which included assessment of plaque characteristics including PGSM and echo-
genicity; 3) cognition was assessed using domain-specific cognitive tests that have
been validated in ethnic minority participants; 4) detailed brain imaging and analysis
was performed; and comprehensive adjustment for possible confounders was possi-
ble due to the detailed phenotyping that was undertaken during the clinic visit. Limi-
tations include cohort attrition which may have introduced bias and reduced the rep-
resentativeness of the sample, the possible presence of residual or unmeasured
confounding despite extensive phenotyping, the use of multiple comparisons which
increases the likelihood of false discovery, and the cross-sectional design which pre-

cludes causal inference.

This cross-sectional study of a multi-ethnic cohort of individuals resident in UK, pro-
vides evidence that presence of carotid plaque, is associated with poorer cognitive
function and brain health. Associations with CIMT or plaque characteristics were un-
convincing once confounding had been accounted for. Whether subclinical athero-
sclerosis poses different risk at different ages and whether different locations, and or
intensifying risk factor management can contribute to halting further cognitive impair-

ment needs further exploration.
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5 THE IMPACT OF CAROTID ARTERY ATHEROSCLEROSIS ON COGNITIVE
FUNCTION IN THE MRC NATIONAL SURVEY OF HEALTH AND DEVELOPMENT

(NSHD: THE BRITISH 1946 BIRTH COHORT). retrospective study
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Abstract

Background Carotid artery atherosclerosis is implicated in cognitive decline. This
chapter explores the association between measures of carotid artery atherosclerosis
and subsequent cognitive function in the MRC National Survey of Health and Devel-

opment (NSHD), a British birth cohort born in1946.

Methods 1,565 participants in NSHD had carotid atherosclerosis examined using ul-
trasound as part of a comprehensive clinic-based assessment at age 60-64 and sub-
sequently, at age 69 cognitive performance was assessed again in the same individ-
uals during a home visit. Analyses were performed using Mann Whitney rank tests,
Spearman's correlation coefficients and multivariable regression analysis. Results are
presented with 95% confidence intervals, and a complete case analysis was con-

ducted for statistical inferences.

Results There was no convincing evidence of differences in cognitive performance at
69 in people with and without plaque in unadjusted analyses. Neither was there con-
vincing evidence for correlations between plaque characteristics and cognitive perfor-
mance. There was evidence of a weak correlation between higher CIMT and poorer
memory at age 60. There was also evidence of correlation between higher carotid
distensibility and better memory and visual search speed at age 60. At age 69 higher
carotid distensibility correlated with poorer visual search speed and global cognition.
After adjustment for confounders presence of plaque was associated with poorer vis-
ual search speed at age 60 but there were no other convincing associations. This
association remained after adjustment for childhood cognition. There was no evidence

of an association between carotid atherosclerosis and memory at age 69 or visual
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search speed at age 69 adjusted for confounders, childhood cognition and perfor-

mance at age 60.

Conclusions Contrary to expectations, this investigation within the MRC National Sur-
vey of Health and Development did not find strong or convincing links between carotid
artery atherosclerosis and cognitive decline. There were some associations that were
statistically significant, but these may represent chance findings given the multiple as-

sociations examined.
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Introduction

The link between cardiovascular (CV) health and cognitive decline is a crucial issue at
a time when the world's population is aging.(Samieri et al., 2018) Information acquisi-
tion, processing, storage, and utilization all depend on cognitive function, a term which
refers to a collection of mental skills and abilities. Performance of cognitive tasks de-
pends on memory, attention, linguistic abilities, problem-solving, and decision-making,
to name just a few.(Kiely, 2014) Millions of individuals worldwide suffer from forms of
cognitive impairment, putting a strain on patients, families, and healthcare sys-
tems.(Livingston et al., 2017) In addition to vascular cognitive impairment (VCI), other
forms of cognitive impairment and dementia, such as Alzheimer's disease, are related
to CV risk factors,(Gorelick et al., 2011b) probably reflecting multiple interlinked mech-
anisms linked to CV risk rather than a standalone disorder.(Desideri and Bocale, 2021)
In Chapter 3, | showed using a systematic review and meta-analysis that there was
inconsistent evidence that carotid artery atherosclerosis was linked to cognitive im-
pairment.(Anbar et al., 2022b) This conclusion is consistent with that of others
(Fresnais et al., 2021, lIhle-Hansen et al., 2021) showing that gaps persist in our un-
derstanding of the ways in which carotid artery atherosclerosis influences cognitive

function.

Much of the current evidence on links between atherosclerosis and cognitive function
is based on cross-sectional studies. Longitudinal investigations with extended follow-
up durations may be required to capture the gradual evolution of cognitive impairment
over time, as highlighted by the few longitudinal studies included in the Systematic

Review and Meta-Analysis Chapter. Addressing these research gaps is important, as
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it promises a more profound understanding of this complex link and the development

of pragmatic approaches to preserve cognitive health in aging populations.

The primary objective of this chapter was to elucidate the relationship between carotid
artery atherosclerosis and subsequent cognitive performance in a birth cohort of older
age people in UK who had also undergone cognitive assessment in youth and re-

peated assessment of some cognitive tests at age 60-64 and 68-70.

Methods
Participants

The Medical Research Council National Survey of Health and Development (NSHD)
is a National Birth Cohort that recruited 5,362 people born in the same week of 1946
in England, Scotland or Wales,(Wadsworth et al., 2006) and subsequently followed
their health and development across the entire lifespan up to the present day
(https://nshd.mrc.ac.uk/). Data have been gathered at regular intervals during the par-
ticipants' lifetimes, including information from medical examinations, interviews, ques-

tionnaires, imaging and biological samples.

A total of 1565 participants were analysed from the 23rd follow-up conducted between
2006-2010 when they were aged 60-64. Further follow-ups were conducted as the
participants aged, specifically at ages 68 and 70, to gather additional data. This longi-
tudinal approach aimed to capture changes over time. clinical evaluations, including
carotid ultrasound, were performed, and subsequently, following a post questionnaire
at age 68, participants also underwent a follow-up home visit including tests of cogni-

tive function when they were aged 68-70. Participants without ultrasound imaging
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scans or cognitive function tests were excluded from the analysis (Figure 5.1). Ethical
approval for the studies was obtained from the NRES Queen Square REC
(14/LO/1073) and Scotland A REC (14/SS/ 1009). Research was conducted in ac-
cordance with the Helsinki Declaration and written, informed consent was obtained
from the study member for each component of data collection. | undertook the critical
task of data refinement, meticulously cleaning and organizing the information gathered
by my colleagues. Specifically, | focused on selecting participants with plaques and
conducted precise measurements for both plagues and intima-media thickness (IMT).
Subsequently, | carried out comprehensive statistical analyses to derive meaningful
insights from the data. Additionally, | wrote the first draft of the entire manuscript, tak-
ing responsibility for the subsequent writing and editing process. This involved synthe-
sizing the research findings, methodologies, and results into a cohesive and well-ar-
ticulated paper. Through my efforts, | aimed to enhance the overall clarity, coherence,
and quality of the document, ensuring that it effectively communicates the significance

of our research.
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FIGURE 5. 1 FLOW DIAGRAM FOR NATIONAL SURVEY OF HEALTH AND DEVELOPMENT
DATA USED IN THIS STUDY.
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Investigations

Information on socio-demographic or socio-economic factors, medication or medical

conditions, was collected from questionnaires in 2009 & 2015.

Common Carotid Intimal Medial Thickness and Carotid Plaque

B-mode ultrasound imaging was employed for evaluation of carotid intima-media thick-
ness (CIMT), specifically focusing on the common carotid artery (CCA). in 2009 &
2015 Carotid ultrasounds were conducted by trained sonographers with expertise in
vascular imaging by team member. During ultrasonography scans, six images per in-
dividual were captured, providing comprehensive coverage of the artery wall from
three distinct angles on both the left and right sides. Certified sonographers conducted
all measurements using the GE Vivid-I ultrasound system equipped with a high-reso-
lution transducer (12MHz), adhering to a standardized imaging protocol. The CCA im-
ages were subjected to offline plague measurement of CIMT using the Carotid Ana-
lyser (lowa City, lowa), which allows semi-automatic edge detection of the echogenic
lines of the intima—media complex. A measure termed ‘carotid artery distensibility’ was
derived from the same images and arterial segments used for CIMT measurement

using the software. This was calculated as:

Dmax - Dmin %

Dmin
where Dmax and Dmin are the maximum and minimum diameters respectively over the

cardiac cycle. This measure does not correspond to the usual definition of distensibility

which is calculated per unit pressure change but corresponds to strain. We have used

155



the device’s terminology throughout, but interpretations have been made assuming
that this is a measure of strain, which is related to arterial stiffness. This can be re-
garded as related to atherosclerosis in some circumstances but is not a direct measure

of it.(Cecelja et al., 2011)

Both CIMT and distensibility measurements were conducted by two readers at the
central vascular laboratory of the Institute of Child Health, London. Within and between
reader reliability was excellent (ICC > 0.9). Shear wave elastography, a method for
measuring tissue elasticity, was not used due to its limited availability at the time of
study. Instead, traditional methods were employed to ensure consistency and compa-

rability with existing data.(Masi et al., 2014).

Cognitive function

Cognitive function was formally assessed when participants were 60-64 and 68-79
years old. Earlier assessments of intellectual ability based on the National Foundation
for Educational Research tests were also conducted when participants were aged 8
to 26 years old. This longitudinal data collection provides a comprehensive view of
cognitive changes over time using verbal and nonverbal aptitude tests created by the

National Foundation for Educational Research. The tests comprised:

1. Atage 8: nonverbal reasoning, pronunciation, vocabulary, and reading com-
prehension (sentence completion).

2. At age 11, verbal and nonverbal intelligence (series completion), addition,
multiplication, subtraction, and division skills, as well as pronunciation and

vocabulary skills comparable to those at age 8.
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3. At age 15, Group Ability Test AH4 (verbal and nonverbal intelligence),
Watts-Vernon Reading Test (sentence completion), and mathematics (arith-
metic, geometry, trigonometry, and algebra)

4. At age 26, the Watts-Vernon Reading Test (as administered at age 15, but

with an additional 10 harder questions to avoid a ceiling effect).

Scores were standardized to a mean of 0 and a standard deviation of 1 so that they
could be averaged to give an overall cognitive function score for childhood, adoles-

cence, and early adulthood.
Age 60-64

At age 60-64 the study used a variety of cognitive tests to evaluate trends in verbal
memory, letter search speed, and reaction time. To test short-term verbal memory,
participants in the Verbal Memory Test had to recollect words from a list of 15 items
three times in a minute. The Letter Search Speed Test measured letter search speed
by having participants quickly find and cross out the letters P and W in a 30 by 20
matrix within one minute. In the Simple Reaction Time Test, participants were timed
on how quickly they pressed a button in response to a signal. The result was the mean
reaction time across 20 trials. In the Choice Response Time Test, participants had to
quickly push buttons that represented the numbers 1 through 4, with 40 trials total.
The result was the mean response time for trials that were accurate. Together, these

exams gave a complete evaluation of cognitive functioning.(Masi et al., 2018)
Age 68-70

The cognitive state of individuals at age 69-70 was assessed using a validated version
of the Addenbrooke’s Cognitive Examination-Ill (ACE-IIl), a comprehensive cognitive

exam that evaluates attention/orientation, verbal fluency, memory, language, and
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visuospatial skills. In addition, verbal episodic memory, motor speed and processing

speed were assessed using same tests as at age 60-64.

Statistical analyses

The statistical analyses were carried out using Stata version 17.0 and 18.0. Continu-
ous data was summarised using means and standard deviations (SD) or medians and
interquartile ranges for skewed data. Categorical data were presented as counts and
percentages. To assess the relationships between various cognitive domains (includ-
ing global cognition, memory, executive functioning, and language (including short-
term verbal memory (memory) at ages 60 and 69, visual search speed at ages 60 and
69, and a global measure of ACE-Ill at age 69) and carotid artery characteristics, we
calculated Spearman's rank correlation coefficients (rs) along with associated p-val-

ues.

We visually represented the comparison of different cognitive outcomes based on the
presence or absence of plague using box plots. To statistically evaluate these differ-
ences, we employed Mann-Whitney U tests, which are suitable for non-normally dis-

tributed data.

In further analyses, we utilized glm models to explore the associations between cog-
nitive functioning outcomes (including global cognition, memory, executive function-
ing, and language) and various measures of carotid atherosclerosis with adjustment
for potential confounders. Exposure measures included the presence of plaques, ca-
rotid stenosis >50%, the number of plaques, total plaque area, lowest GSM of all
plaques, and CIMT. 4 models were used: model 1 involved minimal adjustments for a
limited set of potential confounding factors, namely age and gender. In model 2, we

performed adjustments including other potential confounding variables: educational
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attainment, childhood social class, smoking status, glycosylated haemoglobin (HbA1c)
levels, diabetes, alcohol consumption, body mass index (BMI), total cholesterol, tri-

glycerides, hypertension, and hypertension medication.

For Model 3 was an extension of Model 2 where we adjusted for childhood cognition.
This accounts for differences in cognition in early life and can be interpreted as mod-
elling the change in cognition from this period. Model 4 also adjusted for cognition at
age 60-64 so can be interpreted as a change model over the age period 60-64 to 68-
70, i.e. approximately a 6-8 year period. Models 3 and 4 can provide valuable insights
into the trajectory of cognitive decline in relation to atherosclerosis at age 60-64. The
selection of confounding factors was based on prior knowledge based on relevant lit-
erature. Additionally, we explored the potential effect modification by sex in all our
models by including a sex interaction term. However, in all cases, we found no sub-

stantial gender-related effects, so only pooled data is shown.

Regression results were summarized as regression coefficients accompanied by 95%
confidence intervals. We ensured that our statistical models adhered to crucial as-
sumptions, such as the normal distribution of residuals, homoskedasticity, and the ab-
sence of multicollinearity. In cases where homoskedasticity assumptions were not

met, we applied robust regression using the White-Huber Sandwich Estimator.

For our primary analysis, we conducted a complete case analysis (listwise deletion),
assuming that the missing data were independent of the outcomes. Statistical infer-
ences were based on a combination of factors, including p-values, effect sizes, and

confidence intervals.

Results
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Table 5.1 provides an overview of the characteristics of the participants. The cohort
consisted of 1565 individuals, (mean age was 63.2 years, 48% male). Slightly more
than half had hypertension, 6.4% had diabetes and 8.7% were current smokers. Fig-
ures (5.2 A-F) show a simple comparison of cognitive measures at age 68-70 by pres-

ence of plaque at age 60-64.
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TABLE 1.1 SAMPLE CHARACTERISTICS AT AGE 60-64

Variables N Mean/% SD
Age, y 1565 63.2 14.8
Male sex 753 48%
Height, m 1438 1.6 0.08
Weight, kg 409 77 14
Body mass in-
dex, kg/m? 1565 27.9 4.5
Moderate
physical activ- 1056 67.5%
ity
Total choles- 1565 9.6 17.2
terol, mmol/l
Triglycerides, 1565 6.8 297
mmol/l
HbAlc, 1565 201.5 314.2
mmol/mol
Hypertension 934 59.6%
Diabetes melli- 100 6.4%
tus
Coronary ar-
tery by- 14 1%
pass grafting
(CABG)
Any stroke or
transient is- 35 204
chaemic
attack
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Childhood cog-

L 1447 0.21 0.79
nition Z score
Educational at-
tainment
No q'uallflca- 208 19.7%
tions
Vocational only 176 11.3%
A level 494 31.5%
ACE-IlI:
visuospatial at 1151 15.6 1.8
69
ACE-III: 1157 23.9 2.6
memory at 69
ACE-IIl: atten-
tion at 69 1156 16.8 1.8
ACE-IlI: lan-
guage at 69 1147 25.3 1.0
ACE-Ill: total
score 1144 92.3 5.4
(100max) at 69
Visual letter
search speed
at 60 (Max 1543 271.1 69.7
600)
Visual letter
search speed
at 69 (Max 1364 266.3 71.3
600)
Word list
memory test at 1540 249 6.0
60 (Max 45)
Word list
memory test at 1565 18.8 11.7
69 (Max 45)
Global cogni-
tion at age 69 1144 92.3 5.4
(Max100)
Current
smoker 131 8.7%
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Presence of
one or more
carotid plagues

65

3.8%

Carotid artery
distensibility,
%

1557

6.74

17

Carotid intima-
media thick-
ness, mm

1565

0.68

0.1
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p =0.67
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ACE-Ill, age 69: visuospacial sub-test score

FIGURE 5. 2 A) COMPARISON OF ACEIIl (VISUOSPATIAL SUBSET) AT AGE 68-70 BY
PRESENCE OF PLAQUE AT AGE 60-64. PEOPLE WITHOUT PLAQUES (BLUE) AND WITH
(ORANGE).
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ACE-Ill, age 69: memory sub-test score
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FIGURE 5.2 B) COMPARISON OF ACEIIl (MEMORY SUBSET) AT AGE 68-70 BY PRES-
ENCE OF PLAQUE AT AGE 60-64. PEOPLE WITHOUT PLAQUES (BLUE) AND WITH (OR-

ANGE).

165



209

p =0.54
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ACE-Ill, age 69: attention sub-test score

FIGURE 5. 2 C) cOMPARISON OF ACEIIl (ATTENTION SUBSET) AT AGE 68-70 BY PRES-
ENCE OF PLAQUE AT AGE 60-64. PEOPLE WITHOUT PLAQUES (BLUE) AND WITH (OR-
ANGE).
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FIGURE 5. 2 E) COMPARISON OF WORD LIST MEMORY TEST AT AGE 68-70 BY PRES-

ENCE OF PLAQUE AT AGE 60-64. PEOPLE WITHOUT PLAQUES (BLUE) AND WITH (OR-
ANGE).
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FIGURE 5. 2 F) COMPARISON OF VISUAL LETTER SEARCH AT AGE 68-70 BY PRESENCE
OF PLAQUE AT AGE 60-64. PEOPLE WITHOUT PLAQUES (BLUE) AND WITH (ORANGE).
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Table 5.2 shows rank correlations between plaque characteristics, CIMT, carotid dis-
tensibility and cognitive performance measures. With the exception of memory perfor-
mance at age 60 which showed a weak negative connection (rs = -0.067, p = 0.013)
with CIMT, there were no convincing correlations with measures of carotid atheroscle-
rosis. Carotid artery distensibility, (the inverse of carotid artery stiffness) correlated
with better member and visual search speed at age 60, although the coefficients were
weak (<0.01). In contrast, carotid artery distensibility at age 60 was inversely corre-
lated with visual search speed and ACE-IIl global cognitive performance at age 69,

although again the correlations were weak.
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TABLE 5.2 SPEARMAN CORRELATION COEFFICIENTS FOR THE RELATIONSHIP BETWEEN
PLAQUE CHARACTERISTICS, CIMT AND CAROTID DISTENSIBILITY WITH COGNITIVE FUNC-

TIONAL DOMAINS

Cognitive Plaque Plaque Plaque Carotid
GSM CIMT
domain area height length distensibility
Is = Is = Is = Is = Is = Is =
-0.081 -0.022 -0.201 -0.251 - 0.067 0.080
Memory at 60
p=0.56 p=0.88 p=0.12 p=0.11 p=0.01 p =0.002
Is = Is = Is = Is = Is = Is =
-0.198 -0.148 -0.053 -0.016 -0.011 -0.066
Visual search speed, age 60
p=0.14 p=0.28 p =0.66 p=0.89 p=0.66 p=0.01
Is = Is = Is = rs = 0.001 Is = Is =
-0.057 0.312 -0.038 -0.021 0.004
Memory at 69 p>0.99
p=0.66 p=0.79 p=0.83 p=0.24 p =0.87
Is= rs= rs = rs = rs = Is =
-0.182 -0.108 -0.039 -0.597 -0.003 -0.055
Visual search speed, age 69
p=0.21 p=0.49 p=0.81 p=0.71 p=0.96 p =0.045
Is= rs= rs = rs = rs = Is =
0.124 0.178 0.093 -0.169 -0.039 -0.063
Global measure ACE-IIl age 69
p=0.48 p=0.28 p=0.59 p=0.38 p=0.16 p =0.032

Abbreviations: CIMT, common carotid artery intima media thickness, GSM, grey scale median.
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Associations between measures of carotid atherosclerosis and cognitive func-

tion with adjustment for potential confounding

The analysis of the relationship between measures of carotid atherosclerosis, global
cognition at 69, and memory at both ages 60-64 and 69 in figures (5.3 A-E) did not
reveal any convincing associations with measures of carotid atherosclerosis in either
Model 1 (minimal adjustment) or Model 2 (full adjustment). Presence of plaque which
was associated with reduced visual search speed at age 60. It should be noted how-
ever that in some cases the estimates were not very precise, and the confidence in-
tervals were compatible with moderate effect sizes. Carotid distensibility (strain) was
positively associated with memory at age 60 and inversely with visual search speed
at age 69 even after full adjustment for confounding (model 2), but no convincing as-

sociations were observed with memory at age 69 or visual search speed at age 60.

In Model 3, which incorporates adjustments for child cognition and can be viewed as
a crude measure of cognitive decline since childhood, we observed no convincing as-
sociations between cognitive measures and carotid atherosclerosis except for a neg-
ative association between presence of plaque and visual search speed at age 60. The
direction and magnitude of the association between plaque and visual search speed
at age 69 was similar but the relationship was not statistically significant. Higher carotid
distensibility was associated with greater preservation of memory at age 60, but a

greater decline in visual search speed at age 69.

In model 4 which assesses decline in cognitive performance between age 60 and 69,
and for which only memory and visual search speed data were available, there was
no convincing evidence of any associations with carotid atherosclerosis. There was a

weak negative relationship between carotid distensibility and visual search speed.
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In this analysis, we conducted a regression study to explore the relationships between
carotid intima-media thickness (CIMT) and plaque characteristics with cognitive per-
formance. The model was adjusted for age and sex (Model 1), and the results are
presented in Table 5.3. | investigated various cognitive domains, including Memory (at
ages 60 and 69), Visual Search Speed (at ages 60 and 69), and Global Measure ACE-
Il (at age 69). The plaque characteristics under examination were Plague Area,
Plaque Height, Plaque Length, Presence of Plaque, CIMT, and Carotid Distensibility.
For each cognitive domain and plaque characteristic, the regression coefficient (),
along with its 95% confidence interval in parentheses is shown. The tables follow a
similar structure for other cognitive domains, plaque characteristics, and age groups,
offering a comprehensive overview of the relationships between carotid measures and
cognitive performance in the specified model. In Table 5.4, the regression analysis
was expanded by including further revisions to Model 2. This model adjusted for edu-
cation, childhood socioeconomic class, smoking, HbAlc levels, diabetes, alcohol use,
BMI, total cholesterol, triglycerides, hypertension, and hypertension medication. Ta-
ble 5.5 extends Model 3's analysis by including childhood cognition as an extra ad-
justment and with this adjustment the model can be considered as a measure of
change in cognition since childhood. The relationships between carotid measure-
ments and cognitive function are investigated for a variety of cognitive do-

mains and plaque types. Finally, Table 5.6 displays the findings of Model 4, which in-
cludes performance at age 60 as an extra adjustment. This final model (which is limited
to memory and visual search speed as outcomes since these were the only two do-
mains that were measured at 60 and 69) can be interpreted as a model of change over

the period 60 to 69.
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FIGURE 5.3 A) FOREST PLOTS OF THE STANDARDIZED REGRESSION COEFFI-
CIENTS BETWEEN MEASURES OF CAROTID ATHEROSCLEROSIS AND MEMORY AT AGE

60.
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FIGURE 5.3 B) FOREST PLOTS OF THE STANDARDIZED REGRESSION COEFFICIENTS
BETWEEN MEASURES OF CAROTID ATHEROSCLEROSIS AND MEMORY AT AGE 69.
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FIGURE 5.3 C) FOREST PLOTS OF THE STANDARDIZED REGRESSION COEFFICIENTS
BETWEEN MEASURES OF CAROTID ATHEROSCLEROSIS AND VISUAL SEARCH SPEED AT

AGE 60.
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FIGURE 5.3 D) FOREST PLOTS OF THE STANDARDIZED REGRESSION COEFFICIENTS BE-
TWEEN MEASURES OF CAROTID ATHEROSCLEROSIS AND VISUAL SEARCH SPEED AT AGE
69.
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FIGURE 5.3 E) FOREST PLOTS OF THE STANDARDIZED REGRESSION COEFFICIENTS
BETWEEN MEASURES OF CAROTID ATHEROSCLEROSIS AND GLOBAL COGNITION (ACE-
[11) AT AGE 69.
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TABLE 5.3 REGRESSION COEFFICIENTS, B, (95% CONFIDENCE INTERVAL) AND P VALUES
FOR ASSOCIATIONS OF CAROTID INTIMA-MEDIA AND PLAQUE CHARACTERISTICS WITH COG-

NITIVE PERFORMANCE AFTER ADJUSTMENT (MODEL 1: AGE, SEX).

Cognitive Plaque Plaque Plaque Carotid
Presence of plaque CIMT
domain area height length Distensibility
B=0.0 B=01 B=-0.1 B=-0.0 B=-22 B=0.7
(-0.0,0.1)  (-0.8,1.1) (-0.4,0.2) (-1.6,1.4) (-4.5,0.1) (0.0, 0.3)
Memory, age 60

p=0.736 p=0.806 p=0.516 p =0.900 p =0.061 p =0.040

B=0.0 =08 B=0.0 =07 B=-15 B=0.0
Memory, age 69 (-0.0,0.1) (-0.2,1.7) @ (-0.2,0.2) (-0.8,2.7) (-3.8,1.0) (-0.1, 0.21)
p=0.176 p=0.132 p=0.996 p =0.326 p =0.269 p =0.756

B=-05 B=-85 B=0.16 B=-14.0 B=-105 B=-21
Visual search speed, age 60 (-1.8,0.7) @ (-21.8,3.7) (-3.8,4.1) (-1.8,0.7) (-38.8, 16.9) (-4.1, -0.0)
p=0.406 p=0.106 p=0.956 p = 0.406 p =0.453 p=0.044

B=-0.2 B=-75 =03 B=-235 B=25 B=-35

_ (-1.5,0.9)  (-21.8,6.7) (-3.1,3.7) (-43.8, -2.9) (-27.8, 32.0)
Visual search speed, age 69 (-5.8,-1.2)
p=0.667 p=0.306 p=0.840 p =0.026 p = 0.866

p =0.003

=01 =09 B=0.0 B=-0.7 B=-25 p=-0.2
Global measure ACE-lll age 69 = (-0.1,0.2) @ (-0.7,2.6) (-0.4,0.5) (-2.5,1.1) (-4.9,0.1) (-0.4, 0.0)
p=0.407 p=0.257 p=0.864 p=0.472 p =0.063 p=0.071

Abbreviations as in Table 5.2
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TABEL 5.4 REGRESSION COEFFICIENTS, B, (95% CONFIDENCE INTERVAL) AND P VALUES FOR ASSOCIATIONS OF
CAROTID INTIMA-MEDIA AND PLAQUE CHARACTERISTICS WITH COGNITIVE PERFORMANCE AFTER ADJUSTMENT
(MODEL 2: MODEL 1 + EDUCATION, CHILDHOOD SOCIAL CLASS, SMOKING, HBA1C LEVELS, DIABETES, ALCOHOL

CONSUMPTION, BMI, TOTAL CHOLESTEROL, TRIGLYCERIDES, HYPERTENSION, AND HYPERTENSION MEDICATION)

Carotid
Cognltlye do- Plague area Plague height Plague length Presence of CIMT Distensibility
main plaque
B=0.0 B=1.0 B=-0.1 B=15 B=0.7 B=0.3
Memory at 60 (-0.1,0.1) (-0.8,2.7) (-0.8, 0.4) (-0.2, 3.5) (-2.2,3.7) (0.1, 0.5)
p=0.581 p=0.234 p=0.673 p = 0.080 p=0.619 p = 0.003
B=-0.0 B=15 B=-0.3 B=0.9 B=0.0 B=0.1
Memory at 69 (-0.2,0.1) (-2.0, 5.0) (-1.0, 0.3) (-0.9, 2.9) (-3.0,3.2) (-0.0, 0.3)
p = 0.586 p=0.376 p =0.286 p=0.326 p =0.966 p =0.196
B=05 B=8.0 B=1.9 B=-245 B=115 B=-09
Visual search
speed, age 60 (-1.3, 2.4) (-15.8, 31.7) (-5.2,9.7) (-48.8, -0.11) (-28.8, 50.7) (-3.8,1.9)
p=0.55 p = 0.486 p = 0.546 p = 0.040 p =0.584 p = 0.506
B=1.9 B=33.6 B=4.2 B=-16.5
(0.8, 4.7) ( ) ) ) pes pras
; -0.8, 4.7 -6.8, 75.7 -4.8,12.8 -42.8, 9.0
V'SUZ' Sear%g (-35.8, 46.7) (-6.7,-0.6)
speed, age p = 0.140 p = 0.085 p = 0.296 p = 0.206
p =0.709 p=0.018
B=-0.2 B=10.9 B=-1.3 B=-1.0 B=-0.6 B=-0.13
Global measure
ACE-IIl age 69 (-1.4,1.0) (2.1,19.6) (-4.1,1.6) (-3.1,1.1) (-3.7, 2.4) (-0.4,0.1)
p=0.717 p =0.023 p=0.313 p =0.357 p=0.678 p=0.273

Abbreviations as in Table 5.2
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TABLE 5.5 REGRESSION COEFFICIENTS, B, (95% CONFIDENCE INTERVAL) AND P VALUES FOR ASSO-

CIATIONS OF CAROTID INTIMA-MEDIA AND PLAQUE CHARACTERISTICS WITH COGNITIVE PERFORMANCE

AFTER ADJUSTMENT (MODEL 3: MODEL 2 + CHILDHOOD COGNITION).

Cognitive

domain

Memory at 60

Memory at 69

Visual search
speed, age 60

Visual search
speed, age 69

Global measure
ACE-IIl age 69

Plaque

area

=02
(-1.4,1.8)
p=0.789
B=-0.0
(-0.2,0.2)
p =0.883
=03
(1.7, 2.4)
p=0.69
=15
(-1.4,4.7)
p = 0.256
g=-0.3
(1.7, 1.2)
p =0.622

Plaque

height

B=-05
(-1.8,0.7)
p = 0.406

B=15
(-1.9,5.7)
p=0.334

B=-65

(-20.8, 34.7)

p = 0.606

B=235
(-24.4,71.7)

p = 0.306

B=83
(-2.1,18.8)
p = 0.090

Plaque

length

B=00
(-0.4, 0.6)
p=0.738

B=-0.1
(-1.0, 0.6)
p=0.612

B=15
(-7.2,10.2)
p=0.796

=38
(-6.8,14.7)
p =0.456

B=-16
(-4.7,1.5)
p=0.226

Presence of
plaque

B=1.8
(-0.0, 3.7)
p = 0.058

B=1.1
(-0.8, 3.1)
p=0.236
B=-27.5

(-52.8,-2.7)
p =0.034
B=-185

(-45.8, 8.7)
p =0.146

B=-1.0
(-3.1,1.0)
p=0.321

Abbreviations as in Table 5.2

CIMT

B=-05
(-1.8,0.7)
p = 0.406

B=-0.1
(-3.1, 2.9)
p=0.936

B=6.5

(-33.8, 46.7)
p=0.746

B=15

(-40.1, 43.7)

p = 0.940

B=-1.0
(-4.0, 2.0)
p =0.507

Carotid
Distensibility

=02
(0.0, 0.5)
p =0.014
B=0.1
(-0.1,0.3)
p=0.336
p=-12
(-4.8,1.7)
p=0.426
p=-41
(-7.8,-1.7)
p = 0.009
B=-0.16
(-0.4,0.1)
p=0.164

TABLE 5.6. REGRESSION COEFFICIENTS, B, (95% CONFIDENCE INTERVAL) AND P VALUES FOR ASSO-

CIATIONS OF CAROTID INTIMA-MEDIA AND PLAQUE CHARACTERISTICS WITH COGNITIVE PERFORMANCE

AFTER ADJUSTMENT (MODEL 4: MODEL 3 + PERFORMANCE AT AGE 60).

Cognitive

domain

Memory at 69

Visual search
speed, age 69

Plaque

area

B=-0.1
(-0.3,0.2)
p=0.626

B=16
(-0.5,3.7)
p=0.121

Plaque

height

B=25
(-0.7,5.7)
p=0.116

B=224

(-10.2, 55.0)

p=0.156

Plaque

length

B=-03
(-1.1,0.4)
p=0.370

B=42

(-3.2, 11.5)
p=0.236
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Presence of
plaque

B=0.3
(-1.3,2.0)
p =0.696

B=-17

(-23.5, 20.1)
p =0.879

Abbreviations as in Table 5.2

CIMT

B=-0.2
(-2.8,2.4)
p=0.889

B=-5.2

(-39.0, 28.6)
p=0.763

Carotid
Distensibility

B=-0.0
(-0.2,0.2)
p =0.805

B=-29
(-5.5, -0.4)
p =0.023



Discussion

In this study, the primary objective was to investigate whether there was an association
between the presence of carotid artery atherosclerosis and subsequent cognitive func-
tion in participants in NSHD, as previously explored in this thesis in a cross-sectional
analysis in SABRE. In addition, | wanted to determine whether individuals with carotid
plagues showed evidence of a decline in cognitive function compared to their counter-
parts without such plaques. This was possible due to the availability of assessments
of cognitive ability in childhood and, in some cases, repeat measures of cognitive tests

at age 60-64 (abbreviated as age 60) and 68-70 (abbreviated as age 69).

Unlike in SABRE, comparison of people with and without plaque in unadjusted com-
parisons showed little difference in cognitive performance. This is probably largely due
to the small variation in age in NSHD (who were all born in a single week 0f1946),
since age was a major confounder in SABRE. There was little evidence of a correlation
between plaque measures and measures of cognitive performance at either age 60 or
age 69. A weak negative association between CIMT and memory at 60, although plau-
sible, should be viewed in the light of the multiple comparisons undertaken and the
possibility of false positive discovery. Further analysis including adjustment for poten-
tial confounders revealed few convincing associations. An association between pres-
ence of plaque and poorer visual search speed at age 60 is mechanistically credible

but could be a chance finding given the multiple associations examined.

These generally negative findings contrast to some extent with a prior longitudinal
study. Zhong et al. (Zhong et al., 2012b) reported an association between CIMT at

baseline and incidence of cognitive impairment over 10 years of follow-up, although
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no association with presence of plaque was observed in their study, consistent with

our observations.

While not a direct measure of carotid atherosclerosis, our study did reveal an inverse
correlation between carotid distensibility and memory function in individuals aged 60,
in line with the work of Duncombe et al.(Wadsworth et al., 2006) This finding suggests
a potential connection between reduced carotid distensibility, a crude measure of ar-
terial stiffness, and cognitive impairment in the realm of memory function. Neverthe-
less, it must be acknowledged that the carotid distensibility measure provided by the
Carotid Analyser software is not really a measure of distensibility but a measure of
strain (normalized length change), so this measure will also be influenced by the dis-
tending carotid pulse pressure. No other significant associations were observed be-
tween plaque variables and memory performance at age 69, visual search speed at
both ages 60 and 69, or the overall cognitive measure at age 69, which is consistent

with prior research by others.(Wendell et al., 2012, Wolf, 2012)

It is conceivable that additional variables, such as genetic predisposition, or cerebro-
vascular ailments, which are not assessed in this particular investigation could poten-
tially exert a more pronounced influence on the manifestation of cognitive impairment,
as suggested by Falk.(Falk, 2006) Furthermore, it is acknowledged that cognitive de-
cline is a complex phenomenon influenced by various factors, both vascular and non-
vascular that could contribute to variable findings between different cohorts.(Insull,

2009, Libby et al., 2002)

The interpretation of the findings of this study should be undertaken within the frame-
work of various limitations. The study was performed in a British birth cohort with at-

tendees tending to be biased toward healthy individuals. Nevertheless, the sample
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remains reasonably representative of people born in UK in the post-war period.(Staf-
ford et al., 2013) It is also important to acknowledge that the generalizability of the
findings to other populations or ethnic groups may be restricted, as indicated by
Mackinnon et al.(Mackinnon et al., 2004) It is also relevant that only 4% of individual
had carotid plaques and the change in cognition performance over the follow-up over
a median of 6 years of follow-up was evident (see Table 5.1), but not large. This re-
striction of range of exposure and outcome will have limited the ability to detect small
or subtle effects of carotid atherosclerosis on cognitive performance. For example,
most results for ACE-IlI, although consistent with a null effect, are also frequently com-
patible with reductions of 2 to 4 ACE-Ill points based on the 95% confidence intervals
(e.g. Table 5.5). Future investigations encompassing larger and more heterogeneous

cohorts would be valuable.

The study also has strengths. First and foremost, the study made use of data derived
from the MRC National Survey of Health and Development (NSHD), which is the oldest
national birth cohort study in the United Kingdom and made use of meticulously stand-
ardized measures and assessments, such as ultrasound imaging, cognitive tests, and

guestionnaires performed at age 60 and 69.

In conclusion this study found no compelling evidence for a strong association be-
tween carotid atherosclerosis and cognitive decline. Some suggestive findings with
respect to carotid distensibility should be explored further using more conventional

measures of carotid artery stiffness and elastic properties.
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Chapter 6 General discussion

In the last chapter in my thesis, we aim to discuss briefly the main findings and clinical

implications of the work presented in the thesis.

In chapter 2 we performed a systematic review which identified 31 studies investigat-
ing the relationship between carotid atherosclerosis and MMSE scores. we found in-
consistent evidence of a cross-sectional association between carotid artery athero-
sclerosis and poorer MMSE scores, with only 15 out of the 31 studies showing some
evidence of an association. The discrepancies in findings may be attributable to fac-
tors such as sample size, and limitations of the MMSE in detecting mild cognitive im-
pairment A significant benefit of longitudinal study over cross-sectional research is its
ability to trace changes over time within individuals and show causality. Some of the
problems they address include selection bias and whether cognitive deterioration as
evaluated by the MMSE occurs before or after carotid artery disease. Improved control
over confounding factors, including drug usage or lifestyle changes, is another benefit
of longitudinal research. Therefore, the incorporation of longitudinal data would im-
prove comprehension and the capacity to make trustworthy inferences regarding the

correlation between MMSE scores and carotid artery atherosclerosis.

Based on this analysis it appeared that evidence for an association between carotid
atherosclerosis and cognitive impairment was inconclusive, and further research was

needed to elucidate underlying mechanisms and perhaps identify specific subgroups
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that may be more vulnerable. This knowledge, in turn, may have implications for pre-
ventive strategies and targeted interventions in populations at risk for cardiovascular

and cognitive health challenges.

In chapter 3 we investigated ethnic differences in carotid atherosclerosis among Eu-
ropeans (EA), South Asians (SA), and African Caribbeans (AC) in the Southall and
Brent Revisited (SABRE) cohort. Previous studies had revealed disparities in ASCVD
risk among these ethnic groups. Specifically, while South Asians had a higher risk of
CHD, African Caribbeans exhibited a lower risk of CHD, but a higher risk of stroke
compared to Europeans. | observed that prevalence of any plaque was similar in Eu-
ropeans and South Asian participants, but lower in African Caribbean participants;
adjustments for known risk factors had minimal effects on the observed ethnic differ-
ences in carotid atherosclerosis and these ethnic differences remain largely unex-
plained. This underscores the need for further research to identify additional factors
influencing atherosclerosis in different ethnic groups. Future research directions could
focus on novel factors beyond traditional risk factors that may contribute to ethnic dif-
ferences in carotid atherosclerosis. These could include more nuanced assessment
of socio-economic factors, migration history, and exposure to racism in addition to
exploring potential genetic influences on ethnic disparities in susceptibility to ASCVD.
While carotid ultrasound is a relatively cheap and non-invasive method to assess ath-
erosclerosis, The similarity in plaque burden observed between South Asians and Eu-
ropeans, despite their distinct ASCVD risk profiles, raises significant concerns about
the utility of carotid ultrasound as a reliable screening tool for risk assessment in these
populations. This scepticism is further supported by a 2016 study published in the
International Journal of Cardiology, which demonstrated that Intima-Media Thickness

(IMT), as measured by carotid ultrasound, is not a reliable marker for coronary artery
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disease (CAD) when compared to histology.(Meershoek et al., 2016) These findings
suggest that while carotid ultrasound can provide valuable insights, its effectiveness
in accurately assessing ASCVD risk across different ethnic groups is questionable,
particularly regarding the use of IMT as a marker for atherosclerosis. Therefore, there
is a need to explore more reliable and nuanced markers that better reflect the under-
lying atherosclerotic burden and predict cardiovascular events across diverse popula-

tions.

In chapter 4 we aimed to investigate the cross-sectional associations between carotid
atherosclerosis, cognitive function, and brain health in SABRE. The findings revealed
that the presence of carotid plaque was associated with poorer cognitive function, par-
ticularly in measures of global cognitive performance, memory, and executive func-
tion/attention in unadjusted analyses. However, after comprehensive adjustment for
potential confounders, most associations, except for the association with presence of

plaque, were substantially attenuated or abolished.

In terms of neuroimaging measures, the study observed associations between the
presence of carotid plague and increased white matter lesion volume and coales-
cence. However, after full adjustment for risk factors, the relationship with total brain
volume was attenuated. This suggests that while the presence of plaque may be in-
dependently associated with some vascular neuroimaging outcomes, these associa-
tions can be confounded by other factors, such as cardiovascular risk factors. This
study contributes to the growing body of literature on the relationship between carotid
atherosclerosis, cognitive function, and brain health. The associations observed, par-

ticularly with carotid plaque, emphasize the need for further research to elucidate the
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underlying mechanisms and potential interventions to mitigate cognitive decline in

older adults.

In Chapter 5, | used the NSHD study to investigate the potential correlation between
carotid artery atherosclerosis and change in cognitive function in a cohort of older
individuals who had repeat measures of cognition including in childhood. Despite a
thorough exploration of various indicators of carotid atherosclerosis, including plague
characteristics and arterial measures, our findings did not reveal convincing or con-
sistent correlations with cognitive performance across different domains once con-

founders were accounted for.

The differences between findings in the two cohorts studied merits consideration since
the SABRE and NSHD cohorts provide contrasting demographic and epidemiological
insights into carotid plague incidence and cardiovascular risk assessment. The two

samples differ in several respects:

Age Disparity: the mean age in the SABRE cohort was slightly older (average age =
73.2 years) compared to the MRC cohort (average = 63 years at the time of carotid
ultrasound). This age difference may contribute to the lower incidence of carotid
plague in NSHD. It is also noteworthy that, as a birth cohort, NSHD had much less
variation in age than SABRE. This can be seen as a strength in that the influence of
age is minimised but a weakness in that the variation in various exposure and out-

comes may be smaller.

Carotid plague incidence: SABRE demonstrates a higher prevalence of carotid
plaque, correlating with the increased age and prolonged exposure to more adverse

risk factors for atherosclerosis.
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Even allowing for differences in the cohorts studied, our findings highlight that Carotid
Intima-Media Thickness (CIMT) has limited value in assessing risk for cognitive im-
pairment. This aligns with the broader body of research suggesting that traditional
CVD risk factors (e.g., hypertension, cholesterol levels, smoking) are more predictive
of cognitive decline and cardiovascular events. The findings underscore that these
established risk factors should remain the focus of risk assessment and management

strategies.

Future Research Directions

Functional/Histological Assessment: future research should focus on detailed assess-
ments of carotid plaque, including elastography, histology, and identifying novel high-
risk features of plaques, to provide a more comprehensive risk evaluation. For exam-
ple, replacing CIMT with arterial stiffness measurements using shear wave elas-

tography could offer more accurate insights into vascular health and risk stratification.

Inclusion of pathological data: integrating cerebrovascular and neurodegenerative pa-
thology data could enhance understanding of the link between cardiovascular health
and cognitive function. This approach would provide a more holistic view of the con-

tributory disease processes and their interactions.

Longitudinal Designs and Broader Assessments: future research using longitudinal
designs with longer follow-up, broader cognitive assessments throughout life,(Venket-
asubramanian, 2024) and larger sample sizes could provide a more comprehensive
understanding of the dynamic interplay between carotid atherosclerosis and cognitive

decline. Additionally, considering the multifaceted nature of cognitive function,
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incorporating a richer set of social and psychological factors in future investigations

may further elucidate the intricacies of this relationship.

In conclusion, the thesis provides new information about the links between carotid
artery atherosclerosis, cognitive function, and brain health. While specific associations
varied, and conclusive evidence was often elusive, the findings underscore the need
for ongoing research to unravel the complexities of this relationship. Ultimately, the
knowledge gained from these studies may guide personalized strategies for prevent-

ing and managing cardiovascular and cognitive diseases across diverse populations.
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Appendix 1

Eligibility Form: IS ASYMPTOMATIC ATHEROSCLEROSIS IN
CAROTID ARTERIES ASSOCIATED WITH COGNITIVE FUNCTION?

A SYSTEMATIC REVIEW AND META-ANALYSIS

1. Reference details
Reference citation

First author

Year of publication

Title of the paper

Assessor’s identifier 1 | | | 2 |_]
2. Study
eligibility
Inclusion of the study Yes | |\|’ ‘ No | | N Unclear r |
Eligibility criteria Reason for exclusion (if excluded) Yes No
IALL studies except : review no MMSE cognitive test |_| U

larticles, conference abstract,
letters to the editor, case

reports; pilot study,

c¢IMT measured by ultrasound No IMT Assessment D
Other imaging modality not ultrasound D D
review articles, conference abstract, letters to the editor, case D D
reports
Duplicate D D
Notes:

dditional information
INotes:

DO NOT PROCEED IF PAPER EXCLUDED FROM REVIEW

Data Extraction Form
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3. Study details

Study (cohort) | The EVA Study
name

Study design |longitudinal study

Region/country|
Nantes (western France).

Sample size

1279
Mean (range) | Mean+SD: Range (IQR):
age mean age, 65.0+/-3.0 years
Sex Male, n (%): Female, n (%): 753 women
526 men
Follow-up
duration
Clinical
variables (n,
%)
0 n./a
IHypertension
[1 Diabetes a
mellitus
4. Exposure details
Hardware: an Aloka SSD-650 with a 7.5-MHz transducer.
Ultrasound
Machine
Method and
site The ultrasound examination involved scanning the common carotid arteries, the carotid

bifurcations, and the first 2 cm of the internal carotid arteries. The IMT (distance between
the media-adventitia interface and the lumen-intima interface) was automatically measured
twice on longitudinal B-mode images of the far wall of each common carotid artery at
plaque-free sites. The common carotid IMT was defined as the mean of four
measurements. All segments of the carotid arteries were scanned longitudinally and
transversely to assess the presence of plaques, and a localized echo-structure protruding
into the lumen was considered to be a plaque if the distance between the media-adventitia
interface and the internal side of the lesion was >or=to1 mm. The total number of plaques
was recorded. For each, maximum thickness was measured perpendicular to the vessel wall,
When several plaques were present in the same carotid segment (ie, common carotid
artery or bifureation/origin of the internal carotid artery), plaque thickness measurement
was made only for that with the greatest protrusion into the lumen. On the basis of
transverse views, the degree of carotid stenosis was defined as (1-residual area/vessel area)
times 100%.

Anbar R, et al. BMJ Open 2022; 12:e055131. doi: 10.1136/bmjopen-2021-



Notes:

5. Outcomes’ details

Type has of outcomes used in this review |Outcomes reported in this study (n)

Primary outcome(s) neuropsychological battery that included seven tests assessing
. . different cognitive functions and a global test (MMSE) of 18
Global cognitive function items roughly assessing various cognitive skills with scores

ranging from O to 30.

Notes:

6. Available number of participants

Number

Baseline sample size Yes

No
follow-up Yes

No
Total number included in the | Yes ||
analysis No
All subjects accounted for Yes B

No

Notes:




7. Statistical analysis

Statistical method used

Nominal polychotomous logistic regressions [13] (BMDP statistical software) were used to analyze
the relationships between each cognitive score distribution of the eight neuropsychological tests and
carotid characteristics (presence of plaques, IMT), adjusting for age, education, depressive sympto-
matology, systolic blood pressure, body mass index, smoking, and alcohol consumption.
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Appendix 2

A Modified Newcastle-Ottawa Quality Assessment for Observational Studies.The quality
of included studies was assessed using a modified seven-point criteria derived from
Newcastle-Ottawa scale (Wells et al., 2000). Each of the following criteria (A to G) was

assigned 1 point if met.

Title and reference:
Criteria
Sample Yes No | NR| Note

A) Representativeness of the target sample
Yes = sampling designed to ensure ad-
equaterepresentativeness
No = inappropriately selected sample, or
no
description of sample selection

B) Non-response satisfactorily dealt with
Yes = comparability between respondent
andnon-respondent characteristics es-
tablished and response rate is satisfac-
tory
No = the response rate is unsatisfactory,
or the comparability between respond-
ents and non-respondents is unsatisfac-
tory, or no description of the response
rate or the characteristics of the re-
sponders and the non-

resionders.

Exposure Yes No NR | Note

C) Validated measurement tool
Yes = high-resolution ultrasound sys-
tem with linear ultrasound transduc-
ers at frequencies >7 MHz and meas-
urement protocol for cIMT and plaque
in accord” with American Society
Echocardiography/Mannheim Con-
sensus Guidelines. Data analysis per-
formed independently and blinded us-
ing validatedanalysis system
No = inadequate ultrasound sys-
tem, protocol, or analysis pro-
cess, or notdescribed

" ‘In accord’ needs to be interpreted reasonably since some studies will precede these
guidelines and others, while deviating slightly may not deviate sufficiently to be out of

accord with the guidelines.



D) Relevant confounders measured?
Yes = sex, age, smoking, hyperten-
sion/bloodpressure, diabetes, hyper-
lipidemia/blood lipids/body mass index
No = potential confounders not meas-
ured ornot reported

Outcome Yes | No | NR Note

E) Assessment of outcome
Yes = independent blinded assessment
of cognitive status using a validated in-
strumentNo = unvalidated instrument,
or not
described

F) Statistical analysis
Yes = statistical analysis clearly de-
scribedand appropriate: estimate of
the central tendency of the outcome
with a measure ofprecision is provided
(e.g. mean/median (95% confidence
interval/standard deviation/range)).
No = the statistical analysis is inappro-
priate,missing or inadequately de-
scribed

G) Missing data
Yes = extent of missing data reported
andthe methods for addressing miss-
ing data described
No = extent of missing data not reported
and/or no description of how missing
datawere dealt with

TOTAL (maximum 7)

T Relevant confounders listed here were selected on the basis of various components
of the Framingham Cardiovascular risk score (https://framinghamheartstudy.org/fhs-

risk-functions/cardiovascular-disease-10-year-risk/).



Title and reference:
Criteria
Sample Yes | No | NR | Note

A) Representativeness of the target sample
Yes = sampling designed to ensure ad-
equaterepresentativeness
No = inappropriately selected sample, or
no
description of sample selection

B) Non-response satisfactorily dealt with
Yes = comparability between respondent
andnon-respondent characteristics es-
tablished and response rate is satisfac-
tory
No = the response rate is unsatisfactory,
or the comparability between respond-
ents and non-respondents is unsatisfac-
tory, or no description of the response
rate or the characteristics of the re-
sponders and the non-

resEonders.

Exposure Yes | No | NR | Note

C) Validated measurement tool
Yes = high-resolution ultrasound sys-
tem with linear ultrasound transduc-
ers at frequencies >7 MHz and meas-
urement protocol for cIMT and plaque
in accord* with American Society
Echocardiography/Mannheim Con-
sensus Guidelines. Data analysis per-
formed independently and blinded us-
ing validatedanalysis system.
No = inadequate ultrasound sys-
tem, protocol, or analysis pro-
cess, or notdescribed

*‘In accord’ needs to be interpreted reasonably since some studies will precede these
guidelines and others, while deviating slightly may not deviate sufficiently to be out of

accord with the guidelines.



D) Relevant confounders measureds
Yes = sex, age, smoking, hyperten-
sion/bloodpressure, diabetes, hyper-
lipidemia/blood lipids/body mass index
No = potential confounders not meas-
ured ornot reported

Outcome Yes | No | NR Note

E) Assessment of outcome
Yes = independent blinded assessment
of cognitive status using a validated in-
strumentNo = unvalidated instrument,
or not
described

F) Statistical analysis
Yes = statistical analysis clearly de-
scribedand appropriate: estimate of
the central tendency of the outcome
with a measure ofprecision is provided
(e.g. mean/median (95% confidence
interval/standard deviation/range)).
No = the statistical analysis is inappro-
priate, missing or inadequately de-
scribed

G) Missing data
Yes = extent of missing data reported
andthe methods for addressing miss-
ing data described
No = extent of missing data not reported
and/or no description of how missing
datawere dealt with

TOTAL (maximum 7)

8 relevant confounders listed here were selected on the basis of various components
of the Framingham Cardiovascular riskscore (https://framinghamheartstudy.org/fhs-

risk-functions/cardiovascular-disease-10-year-risk/).









Appendix Table 2.2 Summary data from cross-sectional studies

Sampling
CIMT meas- Major rele-

Presence
frame / Sample Age Female MMSE
Reference Location of Plague urement vant find-
Health size (years=SD) (%) (score+SD)
- (W (mm+SD) Ing
conditions

No evi-
dence of
an associ-
ation be-

tween
cIMT and
MMSE in
either sex.

Associa-

Male: Yes Male: :
tion be-
Commu- Male: 521 Male: 28.3+2
(358) 0.69+0.14

France nity-based Eemales 65+3 60 Female:
al., 1996b) Female: Female:
sample 753 27.9+2.3
Yes (217) 0.65+0.11

(Auperin et tween

presence
of carotid
plaques
and im-
paired

MMSE in
men. No
evidence

of an asso-
ciation in

women

Comparing

Patients Control: Vvab pa-

Yes (15) tients with

Control: 63 Control :

cular de- 0.68:0.11 Control ;

. C: 72411
mentia 26+3

(Watanabe VaD d VaD: Yes VaD: was lower,
Japan (vaD) an VaD: 37 VaD: 758 0
etal., 2004) age- (28) 0.94+0.2 VaD: 136 cIMT was

with vas-
controls.

MMSE

AD: 76£9 greater
matched AD: AD: 105
controls AD: 34 0.850.14 and carotid
AD: Yes plagues

1s) more fre-

quent

cIMT was

(Haley et al., :
USA Cardiology 109 69.18+7.43 43 N/A 0.88+0.13 28.55+1.59 -
not inde-
2007) patients
pendently



(Muller et

al., 2007)

(Singh-
Manoux et

al., 2008a)

and volun-

teers

Commu-
nity-based
sample,
age-strati-
fied selec-
Nether- tion and
lands further
stratified
by cardio-
vascular

disease

status

Occupa-
UK tional
sample

excluding

No CVD:

217

Subclini-
cal CVD:

125

Preva-
lent

CVD: 54

High
SES,M:

1190

No CVD:
54+10.3
Subclinical
CVD:
0 N/A
66.8+8.1
Prevalent
CVD:
67.7+8.8
High
High SES, SES: 17
M: Interme- N/A
62.32+5.61 diate
SES: 45

No CVD:

0.77+0.01

Subclini-

cal CVD:

0.89£0.01

Prevalent

CVD:

0.89£0.02

N/A

No CVD:
>28 (n=100,

63%)

SCVD: >28
(n=49,

31%)

PCVD: >28

(n=11, 7%)

High SES,

M: 0.8+0.16

High SES,
F:

0.76+0.13

No CVD:
<28 (n=117,

50%)

SCVD: <28
(n=73,

31%)

PCVD: <28
(n=43,

18%)

High SES,
M:

28.9+1.19

related to
perfor-
mance on
measures
of global
cognitive
function-
ing. In-
creased
cIMT was
signifi-
cantly as-
sociated
with poorer
perfor-
mance in
the atten-
tion-execu-
tive- psy-
chomotor
domain in-
dependent
of risk fac-

tors.

Associa-
tion of
cIMT with
MMSE
not pre-
sented.
Thicker
cIMT was
associ-
ated with
lower
scores on
memory
function-

ing.

An in-
verse as-
sociation
between
cIMT and

cognition



(Carlsson
USA
etal., 2009)
(El-Kattan
Egypt
et al., 2009)

individu-
als with

stroke

Popula-
tion-
based

sample

Vascular
surgery
patients

and age-

sex-
matched
healthy
controls /
PAD

(66.6%)

High
SES, F:

185

Interme-
diate
SES, M:

1477

Interme-
diate
SES,

F:490

Low
SES, M:

141

Low
SES, F:

413

No CI:

1358

Cl: 180

PAD wo

CVD: 10

PAD w

CvD: 10

High SES,
F:

59.8+5.49

Intermedi-
ate SES,

M: 60£71

Intermedi-
ate SES,

F: 60+5.93

Low SES,
M:

60.84£6.51

Low SES,

F: 62+5.73

No ClI:

74.8+6.6

Cl:80£7.1

C:

53.9+9.55

PAD wo
CVD:

54.8+8.96

PAD w
CVD:

56.1+9.62

Low
SES: 38
No CI:
N/A
52 N/A
Cl: 54
C: No (0)
C: 20
PAD wo
PAD wo CVD: Yes
CVD: 10 N/A 1)
PAD w PAD w
CVD: 20 CVD: Yes
®)

Intermedi-

ate SES, M:

0.79+0.16

Intermedi-

ate SES, F:

0.77£0.13

Low SES,
M:

0.82+0.18

Low SES,
F:

0.79+0.14

No CI:

0.95+0.23

Cl: 1.00 =

0.25

C:0.7+0.1

PAD wo
CVD:

0.9+0.2

PAD w
CVD:

1.07+0.13

High SES,
F:

29.16+1.04

Intermedi-

ate SES, M:

28.71£1.31

Intermedi-
ate SES, F:

28.88+1.24

Low SES,
M:

27.86+1.7

Low SES,
F:

28.18+1.55

No CI: 27.6

+1.7

Cl21.1+

2.9

C: 30+0

PAD wo
CVD:

28+1.4

PAD w
CVD:

26+1.5

was ob-
served
only in
the low

SES

group.

Evidence
that SES
modifies
the asso-
ciation
between
cIMT and

cognition.

cIMT
higher in
people
with cog-
nitive im-
pairment
defined
as MMSE
<24 or
proxy-re-
ported

dementia

Patients
with pe-
ripheral
arterial
disease
had
higher
cIMT and
lower
MMSE
com-
pared to
healthy

controls



Hyperten-
sive pa-
tients with
subjective
memory
(Kearney-

com-

Schwartz et France

plaints but
al., 2009b)
excluding
individu-
als with

MMSW

<24

Popula-
tion-
(Zhong et

USA based

al., 2011b) -,

Hyperten-
sive pa-
tients and
non-hy-
perten-

sive,

non-cog-
nitively

(Dias et al., impaired

Brazil
controls

2012)
identified
from pa-
tients re-
ferred for
investiga-

tion of
high blood

pressure.

People

198

2794

Con-

trols: 48

Hyper-
tensive
without
cognitive
impair-
ment:

108

Hyper-
tensive
with
cognitive
impair-

ment: 42

69.3+6.2

49+9.8

Controls:

44.5+7.9

Hyperten-
sive with-
out cogni-
tive impair-
ment:

55.75+8.6

Hyperten-

sive with

cognitive
impair-
ment:

63.3+9.3

N/A
53 Yes (50) 0.68+0.09
N/A Yes
54 0.65+0.15
(2665)
Controls:
0.69+1
Hyperten-
C62.5
sive without
cognitive
. impairment:
H without N/A
53.7 0.89+0.2
H with Hyperten-
60.5 sive with
cognitive
impairment:
0.99+0.2

28.3x1.4

28.7+1.3

Controls:

27.77+4.4

Hyperten-
sive without
cognitive
impairment:

28.44+1.3

Hyperten-

sive with

cognitive
impairment:

22.02+2.4

No evi-
dence of
an asso-

ciation
between
cIMT and
impaired
memory
function

implied,
although
data for
MMSE or
cognition
not pre-

sented.

Higher
Carotid
IMT and
plague
were as-
sociated
with
lower
MMSE

score

Higher
cIMT was
associ-
ated with
higher
odds ratio
of MMSE

score <24



with ca-
rotid
plaques

excluded.

Patients
with VCD

or AD /

VCD:
HYL
(36%)
(Stefanova HTN
Serbia
etal,, 2012) (29%)

DM (11%)

AD:
HYL(62%)
HTN
(88%)

DM (28%)

Popula-
tion-

N based
(Rogne et Y

sample /
al., 2013)
DM ( 1%)
CHD

(5.3%)

Neurology

patients /

HTN
(Xiang et (55%)
China
al., 2013)
DM (
35%)
CHD

(10%)

VCD:

237

AD: 197

1,577

No cog-
nitive
impair-
ment:

1659

Cogni-
tive im-
pair-
ment:

356

VCD:

67.4+8.18

AD:

68.5+£9.36

Median
(range): 57

(52-61)

No cogni-
tive impair-
ment:

68.1+7.2

Cognitive
impair-
ment:

73.2+7.8

VCD:

AD: 49

48

No cog-
nitive im-
pairment
148
Cognitive
impair-

ment: 52

N/A

N/A

N/A

N/A

N/A

VCD: Yes

(120)

AD: Yes

(155)

N/A

Yes

(1377)

Yes (299)

VCD:

1.11+0.2

AD:

1.15+0.18

Median
(range):
0.78 (0.69—

0.89)

No cogni-
tive impair-
ment:

0.76+0.14

Cognitive

Impairment:

1.57+0.15

VCD:

23.81£2.33

AD: 165.9

N/A

No cogni-
tive impair-

ment: 224

Cognitive

impairment:

<24

Higher
cIMT and
plaque
type was
corre-
lated with
poorer
MMSE in
VCD. No
evidence
of a cor-
relation
between
MMSE
and cIMT
or plaque
in AD

group.

No evi-
dence of
associa-
tion be-

tween
cIMT and

MMSE.

cIMT was
associ-
ated with
a higher
odds ratio
of cogni-
tive im-
pairment
(MMSE

<24)



Patients
at high
risk of

cardiovas-
(Nagai et Japan cular dis-

al., 2014) ease /

HTN
(75.9%)
DM (

13.9%)

Hyperten-
sive pa-
tients
(Yano et /
Japan
al., 2014)
HTN

(100%)

201

587

79.9+6.4

73+8.1

75

59.0

N/A 1.03x0.3
N/A

NCD, me-

dian(range):

0.87(0.75-

N/A 1.01)
N/A
CD, me-

dian(range):

0.96 (0.82-

1.06)

25.8+4.69

NCD, me-

dian(range):

28(27-29)

CD, me-

dian(range):

24(22-24)

Com-
pared
with
those
with both
low blood
pressure
variability
and low
IMT, pa-
tients
with high
blood
pressure
variability
and high
IMT had
lower
MMSE
score or
higher
preva-
lence of
cognitive
impair-
ment
(based
ona
MMSE
score

<24)

cIMT

higher in
patients
with cog-
nitive im-
pairment
(defined
as MMSE
score <

24)



Commu-

nity-based

. le/
(Liu et al. China sampie

HTN
2016b

) (71%)

DM (

13%)

Popula-

tion-

based co-

hort

(Alhusaini
Scotland
etal., 2018)
HTN

(47.3%)

DM

(10.1%)

Patients
(Matsumoto undergo-
Japan
etal., 2018) ing health

screening

384

518

176

84.65+2.3

72.7+0.73

NCI: 64.6

9.6

Cl:

67.7+12.3

67

46.6

NCI:

59.1

Cl. 37

N/A Median
N/A 1.45+0.30 (range): 24
(22-24)
N/A
Yes (77) 0.84+0.17 28.8+1.3
NCI
N/A
N/A :11.740.7 N/A
Cl: 2.0+1

cIMT in-
versely

related to
MMSE

score.

Data re-
lating
cIMT to
MMSE
not pre-
sented.
Carotid
stenosis
was re-
lated to
lower
fluid intel-

ligence.

No evi-
dence of
an asso-

ciation
between
cIMT and
MMSE in

a model
adjusted
for sex,
age and
years of

educa-

tion. cIMT
higher in
patients
with cog-
nitive im-

pairment.



(Muela et
Brazil
al., 2018)
M .
(Mworozi Uganda
etal,
2019b)

Patients.
Individu-
als with
cerebro-
vascular
disease

excluded /

HTN

(67%)

Commu-
nity-based
study
/HTN

(25%)

DM (5%)

Normo-
tensive:

69

Hyper-

tensive

stage 1:

83

Hyper-

tensive

stage 2:

59

210

Normoten-
sive:

52.1+13.9

Hyperten-
sive stage

1:52.1+13

Hyperten-
sive stage
2:

51.3+10.1

69.9+£7.76

Normo-
tensive:

55.1

Hyper-

tensive

stage 1:

55.8

Hyper-

tensive

stage 2:

53.6

71.4

N/A

N/A

N/A

Yes (45)

Normoten-
sive:

0.7+0.1

Hyperten-
sive stage

1:0.8+0.1

Hyperten-
sive stage

2:0.8+0.1

0.9+0.2

Normoten-
sive:

28.03+1.92

Hyperten-
sive stage
a3
27.43+2.01
Hyperten-
sive stage
2:

26.66+2.07

N/A

cIMT
showed a
weak
negative
correla-
tion with
MMSE
con-
sistent
with null.
Negative
correla-
tions of
cIMT with
other
cognitive
measures
were ob-

served.

Presence
of carotid
artery
plaque
was as-
sociated
with ab-
normal
cognitive
function
defined
as MMSE

<24.



Table 2.3 Cross-sectional plus longitudinal studies

Sam-
pling
Sam-
Loca- frame /
Reference ple
tion Health
size
condi-

tions

Age

(years=SD)

Fe-
male

(%)

Pres-
Follow-
ence of
up
Plaque
(years)
(n)

CIMT
measure-
ment

(mm+SD)

MMSE

(score+SD)

Major relevant finding




(Komulainen

etal., 2007b)

Fin-

land

Popula-
tion-
based

sample

91
63.5+3.1
(Cs)
(Cs)
47
75+3.2 (LT)
LM

100

12

N/A

1.02+0.26
(Cross-sec-

tional)

1.25+0.33
(Longitudi-

nal)

28.9+1.6
(Cross-sec-

tional)

26.4+2.01
(Longitudi-

nal)

There was no evidence of an asso-
ciation between IMT and MMSE
score cross-sectionally or after 12-
year follow-up, although confidence
intervals of estimates were very
wide. Associations between high
CIMT and poor memory were seen
both cross-sectionally and longitu-

dinally.



(Carcaillon et Popula-

al,, 2015) tion- Association between baseline ca-
based Yes rotid plaques and incident demen-

France sample 5798 73.4+4.8 60.5 7 0.71+0.12 N/A
P (3038) tia. No association between CIMT

and incident dementia



(Kawasaki et

al., 2016a)

Popula-
Median
tion-
Japan (range): 87.2
based
e (86.1-88.7)
sample

Yes
55 3 N/A N/A
(328)

Presence of higher carotid artery
plaque score was associated with
lower MMSE scores. Weak evi-
dence of an association between
plaque score and increase rate of
decline in MMSE compatible with

null.



Ref-
er-

ence

(Sil-
ves-
trini et
al.,

2009)

(Vit-
icchi
etal.,

2012)

Table 2.4 Longitudinal studies

It-

aly

aly

Sam-
pling
frame
/
Health
condi-

tions

De-
mentia
clinic
outpa-

tients

Pa-
tients
re-
ferred
to De-
mentia
clinic /
HYL
(55.6

%)
HTN
(65%)

DM
(29.1

%)

Mean
fol- Presence
Sam-
Age, year Female, low- of
ple
(meanSD) % up Plaque
size
(year (n)
s)
66 72.746.1 55 1 Yes (52)
IC: Yes
IC: 7546
IC: 96 I1C:44.8 (30)
DE: 1
DE: 21 DE: 66.7 DE: Yes
77.2+4.28

C)

CIMT
meas-
ure-

ment

(mm+S

D)

1.1+0.3

IC:

0.92+0.

15

DE:

1.04+0.

16

MMSE

(score+SD)

18.1+3

IC 27.14+1.76

DE: 27+1.56

Major
relevant

finding

Higher
baseline
CIMT
was as-
sociated
with
greater
decline
in
MMSE

scores

Patients
with ab-
normal
CIMT
(>1mm)
had
higher
odds ra-
tio of
pro-
gressing
from
mild
cogni-

tive



(Zhon
get
al.,

2012

a)

(Bu-
ratti et
al.,

2014)

Popu-

lation-
us

based

sam-

ple

Pa-
tients
It- with
aly high
vascu-

lar risk

1311

159

(NCIM

T: 68

PCIMT

1 91)

66.8

NCIMT:69.7+

3.6

PCIMT:70.2+

3.8

59

NCIMT:39

7

PCIMT:37

4

and Yes (682)

10
NCIMT:Y
es (68)
3
PCIMT:Y
es (91)

0.860.

21

NCIMT:

<1

PCIMT:

21

N/A

NCIMT BL:

26.75+1.05

NCIMT:24.86+1
.85 (3y from

BL)

impair-
ment to
AD de-

mentia

Higher
CIMT
was as-
sociated
with
higher
risk of
incident
cogni-
tive im-
pair-
ment
(MMSE
<24).
Plaque
was not
associ-
ated
with in-
cident
cogni-
tive im-
pair-
ment or
cogni-
tive test
perfor-

mance.

No evi-
dence of
an asso-

ciation
between

CIMT

and



(Bu-
ratti et
al.,

2015)

(Wen-
dell et
al.,

2016)

Pa-
tients
re-
It-
ferred
aly
to De-
mentia

clinic

Com-

mu-

us nity-
A based
sam-

ple

MCI:

300

AD:

106

1696

MCI, meadian
(range): 72

(67-76)

AD, meadian
(range): 72

(68-76)

46.949.3

PCIMT BL:

27+1.25

PCIMT FU:

25.27+1.86 (3 y

from BL)
MCI: Yes
MCI: 37 (114) MCI: 27+1
1 N/A
AD: 43 AD: Yes AD: 271
(53)
4 0.69:0.
55 N/A N/A

13

change
in
MMSE

score

CIMT
>1imm
and
plaque
associ-
ated
with in-
creased
odds ra-
tio of
develop-
ment of
Alz-
heimer
disease
over 12-
month
follow-

up

Weak
negative
associa-
tion be-

tween

CIMT

and

MMSE

in fully
adjusted
models,

con-

sistent



(Fal-
setti
etal.,

2018)

(Rouc
h et
al.,

2018)

It-

aly

N/A

Pa-
tients
from
neuro-
logical
clinic
with
mild to
mod-
erate
cogni-
tive
impair-

ment

Con-

secu-
tive
pa-

tients

310

363

76.86+7.49

75.2%7

62.9

65.6

4.5

PNVAF-

0.97+0. PNVAF- :
2 18.62+5.22

N/A
pNVAF+ PNVAF+ :
15.8+5.17

1.11+0.

16
NCTD:

NCTD:

Yes (50) NCTD: 28.3+1.6
0.850.

CTD: Yes 13 CTD: 26.6+2.6

(40)

with

null.

CIMT
weakly
associ-

ated
with pro-
gression
to prob-
ably Alz-
heimer
Disease
but re-
sults
compati-
ble with
null. Pa-
tients
with
non-val-
vular
atrial fi-
brillation
(PNVAF
+) had
lower
MMSE
and
higher

CIMT

com-
pared to

PNVAF-,

Higher
CIMT
and
plaque
associ-

ated



attend- CTD: with pro-

ing a 0.82+0. gression

memor 13 from

y clinic MCI to
demen-
tia
based
on

MMSE

score.

Abbreviations: AD: Alzheimer’s disease, CIMT: carotid intima-media thickness, CD:
cognitive dysfunction, ICA: internal carotid artery, M: men, MMSE: Mini Mental
State Examination, MCI: mild cognitive impairment, pNVAF: permanent non-valvu-

lar atrial fibrillation, VaD: vascular dementia, VCD: vascular cognitive decline.



Table 2.5 Exposure measures of the included papers.

Reference

(Auperin et

al., 1996b)

(Watanabe

et al., 2004)

(Komulainen

et al., 2007b)

(Haley et al.,

2007)

(Muller et al.,

2007)

(Singh-
Manoux et

al., 2008a)

Ultrasound
machine /

transducer

Aloka SSD-

650

7.5-MHz

transducer

PLE-705S,

Toshiba

7.5-MHz lin-
ear-array

transducer

10-MHz

transducer

Agilent 5500

7.5-MHz

transducer

Acuson As-

pen

7.5 MHz lin-
ear array

transducer

Aloka 5500

7.5-MHz

transducer

IMT Measure-

ment sites

Bilateral CCA,
including the
carotid bifur-

cation, and
the first 2 cm

of the ICA

Bilateral CCA
including the
carotid bifur-
cation and
from 10 mm
below the bi-

furcation,

Bilateral far
wall of CCA
and bifurca-

tion

Left, far wall
CCAlcm
proximal to
the carotid

bulb

Bilateral distal

CCA

Bilateral CCA

Scanning techniques

Scanned longitudinally and trans-
versely to assess the presence of

plaques

Anterolateral and posterolateral
angles of CCA with beam focused

on the far wall

N/A

N/A

N/A

Longitudinal images triggered on

the R-wave of the ECG

Intra-observer reproducibility, blinded

Inter-reader agreement regarding the pres-
ence of plaques was excellent (k coeffi-

cient=.90).

All measurements were determined by the
same examiner, who was blinded to clinical

history or risk factor profile.

sonographers were blinded to the randomi-

zation status of the study participants

N/A

the intra-class correlation coefficient (ICC)

for repeated IMT-measurement was 84%

N/A



of IMT taken as the thickest
Aspen color-

(Silvestrini et

laque-free region on the near
coded duplex Paq 9

Bilateral CCA N/A
al., 2009) and far walls in longitudinal im-
sonograph
graphy ages
. Bilateral, dis-
AU4 Bio-
tal CCA, bifur- near and far walls scanned in
(Carlsson et sound
cation, and each vessel segment (total of 12 N/A
al., 2009) 7 5MHz _ _
the proximal sites)
transducer .
portion of ICA
Arteries assessed using longitudi-
Siemens Ele-
nal views and checked for the
(El-Kattan et gra No details .
state of arterial wall and the pres- N/A
al., 2009 rovided .
) 7.5 MHz P ence of thrombi
transducer
ATL Apogee
(Kearney- 800+

Arteries assessed using longitudi-
Schwartz et

7.5-MHz lin- Bilateral CCA

N/A
nal views
al.,, 2009b) ear array
transducer
The reproducibility of IMT and plaque as-
sessment was good. In a 10% sample
. Bilateral, near
Biosound (n=280) of participant scans that were re-
and far walls
(Zhong et al., AU4 graded the mean difference in IMT was
of CCA, bifur- N/A
2011b) 7 5MHz 0.0019 mm and kappa statistics for plaque
cation and
transducer assessment ranged from 0.58 (ICA) to 0.71
ICA
(bifurcation) with 97.3% agreement within
+1 for the number of sites with plaque.
Philips HD 11 The intima-media thickness was The variability between IMT measurements
(Dias et al., XE ) measured in near and far walls less than 2%,; analysis performed by a
Bilateral CCA
2012) over a 1-cm segment of the artery physician blinded to the patient's clinical

located approximately 0.5 cm data



(Zhong et al.,

2012a)

(Viticchi et

al., 2012)

(Stefanova

etal., 2012)

(Rogne et

al., 2013)

(Xiang et al.,

2013)

7-12 MHz
linear trans-

ducer

Biosound

AU4

7.5MHz

transducer

iU22 Philips

7.5MHz

transducer

Aloka
ProSound

ALPHA 10

13 MHz lin-
ear multifre-
quency trans-

ducer

FIU (GE Vivid

7

12-MHz

transducer

Hitachi Aloka

SSD-650

7.5and 10
MHz trans-

ducer

Bilateral CCA

Bilateral, dis-
tal segment of

CCA

Far wall of
CCA, ICA dur-

ing diastole

Right, far and
near wall

CCA, bulb

Bilateral, far

wall CCA

below the carotid-artery bulb and
considered not to contain any

plaque

Near and far walls

Measurement of near and far wall
IMT on longitudinal image of
1.5cm segment of CCA that pre-
cedes the carotid bifurcation.
Measurement made with an auto-
mated system at the thickest point

where there were no plaques

During diastole measurements
were done in a supine position
with head elevated up to 45°, and
tilted to the either side for 30°, de-

pending on the side examined

Measurement of IMT was per-
formed in 10-mm segments of the
far and near wall of the common
carotid artery in the most proximal
10-mm segment of the bulb. The
CCA, the bifurcation and the inter-
nal carotid artery were examined

for plaque presence.

Measurement of far wall CIMT in
longitudinal B-mode images of the
CCA, the carotid bifurcations, and

the first 2 cm of the ICA at

plaque-free sites

The reproducibility of IMT and plaque as-
sessment was good. The mean inter-
grader difference in IMT was 0.03 mm; and
for plaque, the kappa coefficient was 0.76

and percent agreement was 90%

N/A

The inter-rater correlation reliability as-
sessed for 50 randomly selected patients
from both groups was excellent (0.932),
Physicians that performed ultrasound ex-

aminations were blinded to clinical data

N/A

N/A



(Nagai et al.,

2014)

(Yano et al.,

2014)

(Buratti et

al., 2014)

(Buratti et

al., 2015)

(Carcaillon et

al., 2015)

(Kawasaki et

al., 2016a)

(Liu et al.,

2016b)

(Wendell et

al., 2016)

SSA-660A
Xario;

Toshiba

7.5-MHz
transducer
with border

detection

7.5-MHz

transducer

iU22 Philips

iU22 Philips

7.5MHz

transducer

N/A

Hitachi EUB-

525

10-MHz lin-
ear trans-
ducer
Vivid i, GE
Medical Sys-

tems

7.5-MHz lin-
ear array

transducer

Acuson CV

70, Siemens

Bilateral, far

wall CCA

Bilaterally at
CCA, the

bulb, and ICA

Bilateral CCA

Bilateral CCA

Bilateral CCA,

bulb, and ICA

Bilateral CCA,

ICA

Bilateral CCA

Left CCA

CCA scanned bilaterally in longi-
tudinal and transverse projec-
tions. The image was focused on

the far wall of the artery

CCA, the bulb, and ICA measured
from both transverse and longitu-
dinal orientations, Region with the

thickest IMT measured.

N/A

A longitudinal image of the distal
segment of common carotid arter-
ies was taken, and the measure-
ment was obtained with an auto-
matic system at the thickest point
where there were no plaques on

the proximal and distal wall

scanned longitudinally and trans-

versally to detect plaques.

N/A

Three B-mode images were ob-
tained using anterior, lateral, and
medial angles. Maximum IMT in

the right or left CCA used.

Far wall IMT measured over a re-
gion 1.5 cm proximal to the ca-

rotid bifurcation

N/A

Coefficient of variation within 10%.

Scan performed blind to patient’s data

inter-reader correlation coefficient of 0.88

N/A

N/A

All examinations were performed by a sin-
gle physician blinded to the subject’s clini-

cal information

Scanning done by certified ultrasonog-
rapher who was unaware of the subjects’

clinical details

Intraobserver correlation between repeated
carotid IMT measurements on 10 partici-

pants was 0.96 (p <0.001).



(Rouch et

al., 2018)

(Alhusaini et

al., 2018)

(Matsumoto

et al., 2018)

(Muela et al.,

2018)

(Falsetti et

al., 2018)

(Mworozi et

al., 2019b)

standard
transducer

5.0L45

Sigma 110
Kontron de-

vice

7.5 MHz

transducer

Siemens

7.5 MHz

transducer

Xario SSA-
660A;

TOSHIBA

Sigma 44

Kontrom

7.5- MHz

transducer

iU22 Philips

Shantou In-

stitute of ul-

trasonic in-
strument

5300

5-12 MHz
frequency lin-
ear trans-

ducer

Near and far wall IMT measured

in longitudinal images. Longitudi-

Bilateral CCA
nal and transverse images exam-
ined for plaques
Far wall CIMT measured as the
Far walls of
mean of 3 caliper measurements
CCA, and
over a 1cm-long segment of the
bulb*
CCA and carotid bulb
Far wall maximum CIMT of the bi-
Bilateral, far lateral CCA, ICA measured at
wall CCA, ICA end-diastole in longitudinal im-
ages
Near and far wall CIMT was
measured at the thickest point of
Left CCA the distal CCA, not including
plaques using a computer pro-
gram
CIMT measurements made on
1.5 cm segment of CCA artery
Bilateral CCA preceding carotid bifurcation in a
longitudinal image using a semi-
automatic system
Participants scanned in both su-
pine and semi recumbent posi-
tions, with the head slightly hyper-
CCA, ICA*

extended and rotated 45 degrees
away from the side being exam-

ined

N/A

N/A

Certified sonographers who were blinded
with cognitive test results carried out the

carotid ultrasonography

an experienced observer who were blinded
with Clinical condition carried out the ca-

rotid ultrasonography

N/A

N/A



Abbreviations: (ICA) internal carotid artery, (ECA) the external carotid artery, (CCA)
common carotid artery , (CIMT) carotid intima-media thickness , (N/A) not applicable.

*not clear whether measured bilaterally.



