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ABSTRACT

Peripheral artery disease (PAD) is associated with increased overall and
cardiovascular (CV) mortality. A significant proportion of patients with PAD also
have atherosclerotic changes in other vascular territories, such as the coronary and
cerebral arteries. Peripheral pressure measurements—ankle-brachial index (ABI),
toe-brachial index (TBI) and toe pressure—are widely used to assess limb circulation
and can provide valuable insights into overall CV risk. The normal ABI range is
defined as 0.9-1.4. However, prior research suggests that mortality increases even
among individuals with ABI values near the lower limit of normal (0.9—1.0), and that
an elevated ABI (>1.4) is likewise associated with higher mortality.

Intracranial aneurysms (IAs) occur in approximately 3% of the adult population.
They are typically asymptomatic until rupture, which carries a high risk of death and
long-term disability. PAD and IA share several risk factors and pathogenic
similarities, but the role of atherosclerosis in IA formation remains unclear.

The aim of this dissertation was to examine the relationship of normal and high
ABI values with overall and CV mortality, and to investigate the association of ABI
and TBI with the prevalence of [As. The study cohort consisted of 2,751 patients
who underwent lower limb pressure measurements at the vascular laboratory of
Turku University Hospital between 2011 and 2013. Data were collected
retrospectively after the follow-up period.

The results showed that a low-normal ABI (0.9-1.0) was associated with
increased overall and CV mortality compared with ABI values between 1.0 and 1.29,
even when both lower limbs had values within the range of 0.8—1.4. In the high ABI
group (>1.3), ankle artery incompressibility was most strongly associated with
increased mortality and CV morbidity. Another key finding was the strong
association between low ABI and TBI values and the prevalence of [As: a low ABI
(<0.9) was associated with a ninefold higher prevalence of IAs, and a low TBI (<0.5)
with a fourfold increase, in comparison with normal ABI and TBI values.

KEYWORDS: Peripheral artery disease, ankle-brachial index, toe-brachial index,
cardiovascular mortality, intracranial aneurysm
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TIVISTELMA

Alaraajojen tukkiva valtimotauti on yhteydessé kohonneeseen kokonais- ja kardio-
vaskulaarikuolleisuuteen. Merkittavilld osalla potilaista todetaan samanaikaisesti
valtimokovettumatautimuutoksia my0s muissa valtimorakenteissa, kuten sepelvalti-
moissa tai aivovaltimoissa. Nilkka-olkavarsipainesuhdetta (ABI), varvas-olkavarsi-
painesuhdetta (TBI) ja varvaspaineita kéytetddn alaraajojen verenkierron arvioin-
nissa ja niiden avulla pystytdén myos méérittdd potilaan yleistd valtimotautiriskia.
ABI:n normaalialueeksi on miaritelty 0.9—1.4 alaraajojen verenkiertoa arvioitaessa.
Jo normaalin alarajalla oleva ABI (0.9-1.0) on havaittu liittyvén suurentuneeseen
kokonais- ja kardiovaskulaarikuolleisuuteen, ja myds kohonnut ABI (>1.4) on
todettu olevan yhteydessi heikentyneeseen ennusteeseen.

Aivovaltimoaneurysmia esiintyy noin kolmella prosentilla aikuisvéestost.
Aneurysma on useimmiten oireeton, mutta puhjetessaan voi aiheuttaa merkittavaa
kuolleisuutta ja pysyvai toimintakyvyn laskua. Valtimokovettumataudin ja aivoval-
timoaneurysmien vililld on yhteneviisyyksid niin riskitekijoissd kuin my0s synty-
mekanismeissa, mutta niiden vilinen yhteys on edelleen tuntematon.

Tutkimusten tavoitteena oli selvittdd normaalin ja korkean ABIL:n yhteys
kokonais- ja kardiovaskulaarikuolleisuuteen seké arvioida ABIL:n ja TBIL:n yhteytti
aivovaltimoaneurysmien esiintyvyyteen. Tutkimusaineisto késitti 2751 potilasta,
jotka kéavivit vuosien 2011-2013 aikana alaraajojen painemittauksissa Turun
yliopistollisen keskussairaalan verisuonilaboratoriossa. Tutkimusaineisto keréttiin
retrospektiivisesti seurantajakson paatyttya.

Tulokset osoittivat, ettd jo normaalin alarajalla oleva ABI (0.9—-1.0) oli yhtey-
dessé suurentuneeseen kokonais- ja kardiovaskulaarikuolleisuuteen myds silloin,
kun arvot olivat 1dhes normaalialueella molemmista alaraajoista mitattuna (0.8-1.4).
Potilailla, joiden ABI oli yli 1.3, heikoin ennuste todettiin niilld, joilla,
nilkkavaltimot olivat kokoonpuristumattomat. Liséksi matala ABI (<0.9) lisési
aivovaltimoaneurysmien esiintyvyyttd yhdeksénkertaisesti ja matala TBI (<0.5)
nelinkertaisesti normaaliarvoihin verrattuna.

AVAINSANAT: Alaraajojen tukkiva valtimotauti, nilkka-olkavarsipainesuhde,
varvas-olkavarsipainesuhde, kardiovaskulaarikuolleisuus, aivovaltimoaneurysma
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1 Introduction

Cardiovascular diseases (CVD) remain a leading cause of morbidity and mortality
worldwide, with their impact extending beyond coronary and cerebrovascular
territories.! Among these, peripheral artery disease (PAD) is a prevalent yet
frequently underdiagnosed condition, with an estimated global prevalence of 237
million individuals in 2015.2 PAD is a vascular disorder characterized by the
narrowing or occlusion of arteries, predominantly in the lower extremities, primarily
due to atherosclerotic changes. Patients with PAD face a significantly higher risk of
experiencing myocardial infarction and stroke and their long-term prognosis is
notably poorer, with a mortality rate up to six times higher over a 10-year period
compared to individuals without PAD.? Consequently, the identification of PAD and
the management of its risk factors are of paramount importance in reducing the
burden of CVDs.

A widely used, non-invasive diagnostic method for assessing PAD is the ankle-
brachial index (ABI), which is a simple ratio of the systolic blood pressure at the
ankle to the systolic blood pressure at the brachial artery. A low ABI is indicative of
arterial stenosis or occlusion in the lower extremities. Despite its utility, the ABI may
be less accurate in individuals with non-compressible arteries, which can occur in
populations with diabetes or chronic kidney disease (CKD).* In such cases, the toe-
brachial index (TBI) and toe pressure (TP) offer an alternative diagnostic measure,
particularly useful for detecting PAD in individuals with incompressible ankle
arteries.’

The clinical relevance of pressure measurements extends beyond their
diagnostic capacity for PAD. Both the ABI and TBI have been shown to correlate
with mortality and morbidity across various populations.®” As such, these indices
serve as valuable prognostic tests for clinicians, providing insight into the overall
cardiovascular (CV) health of patients and allowing for the identification of
individuals at heightened risk.

An intracranial aneurysm (IA) is an abnormal bulging in the wall of a cerebral
artery. Upon rupture, it can lead to a catastrophic event, a subarachnoid hemorrhage
(SAH), with high morbidity and mortality rates. Although the exact mechanisms
remain unclear, shared risk factors, such as hypertension and smoking, may

11
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contribute to the co-occurrence of PAD and 1As.® The hypothesis that the ABI and
TBI, which reflect systemic atherosclerosis, could be associated with IA
development is a novel area of investigation.

12



2 Review of the Literature

2.1 Peripheral artery disease

211 Epidemiology

PAD is a common manifestation of systemic atherosclerosis, characterized by the
narrowing or occlusion of peripheral arteries, primarily in the lower extremities.
PAD affects over 200 million individuals worldwide, with the prevalence steadily
increasing over recent decades. Epidemiological data indicate that the global
prevalence of PAD rose by 17% between 2010 and 2015. The incidence and
prevalence of PAD are strongly correlated with advancing age, and as life
expectancy continues to rise, shifting global demographics towards an older
population, the prevalence of PAD is expected to increase in the future. This trend
underscores the growing public health burden of PAD, particularly in aging
populations.” Patients with PAD experience significantly higher healthcare costs
compared to those without the condition, primarily due to increased hospitalizations,
the need for surgical interventions, management of comorbidities, and long-term
care for complications such as chronic limb-threatening ischemia (CLTI) and
amputation.'™"! PAD is relatively uncommon in individuals under the age of 50.
However, its prevalence increases progressively with age, with approximately 20%
of individuals aged 80 years having PAD.?

Epidemiological data indicate substantial geographic variations in PAD
prevalence, influenced by both environmental and genetic factors, as well as
differences in healthcare access and socioeconomic status. Notwithstanding, high-
income countries (HICs) exhibit a higher absolute prevalence of PAD, but the
majority of global cases (72.91%) are concentrated in low- and middle-income
countries (LMICs). Between 2010 and 2015, the relative increase in PAD prevalence
was substantially greater in LMICs compared to HICs (22.6% vs. 4.5%), a trend
driven by rapid urbanization, rising prevalence of risk factors such as diabetes and
hypertension, and obesity. The limited healthcare infrastructure in LMICs
exacerbates the disease burden in these populations.>*'?

In HICs, PAD prevalence is observed to be higher among women until the age
of 75 years, after which it becomes more prevalent among men. Conversely, in

13



Essi Kangas

LMICs, the prevalence is slightly higher among younger women but becomes more
common among men in older age groups. Although the age-related increase in PAD
prevalence is evident in both sexes, the rate of increase is more pronounced in
HICs.*’ However, epidemiological studies estimating the prevalence of PAD
typically use an ABI threshold of <0.9 for diagnosis. In studies that specifically
consider symptomatic individuals, the proportion of men is higher than that of
women. This discrepancy suggests either a greater disease severity in men or the
presence of atypical symptoms in women. "

®m Women, HIC Women, LMIC m Men, HIC Men, LMIC

5

30-34 35-39 40-44 45-49 50-54 55-59 60-64 65-69 70-74 75-79 80-84 85-89 29

Prevalence (%)

o

Age groups

Figure 1. Prevalence of peripheral artery disease in 2015 by age group, sex, and country income
level. The data present prevalence percentages for men and women from high-income
countries (HICs) and low- and middle-income countries (LMICs), based on a meta-
analysis by Song et al. (2019).

It is estimated that up to half of PAD patients are asymptomatic, while only 10—
30% exhibit the classical symptoms of intermittent claudication (IC)."*'
Furthermore, less than 10% of PAD patients represent CLTL'"'® Despite the clinical
significance of PAD, there is limited data regarding its natural progression.
According to meta-analysis, approximately 7 % of patients with asymptomatic PAD
develop symptoms over a 7-year period.'® In a large prospective single-center cohort
study involving 1,107 patients without prior revascularizations, the incidence of IC
progression to CLTI was observed to be 1.1% over 5 years.?

Patients diagnosed with PAD have a markedly reduced life expectancy. Over
half of these patients die from CV events, cancer, or diabetes-related complications
within 10 years of diagnosis.”’ Asymptomatic and IC patients have a similar risk for
CV mortality and morbidity.”> The prognosis for individuals with CLTI is
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particularly poor. These patients are at a markedly elevated risk for fatal or non-fatal
CV events, as well as an increased risk of limb loss. Within 1 year of a CLTI
diagnosis, approximately 50% of patients survive with both limbs intact, while 20-
25% will die and 25% will undergo lower-limb amputation.”*** Mortality rates
increase to 50% in 5 years.”® Notably, research has demonstrated that over half of
patients undergoing below-knee major amputation for ischemic disease exhibited no
symptoms of leg ischemia as recently as 6 months prior.?” This highlights the
unpredictable and often silent progression of PAD in certain patients.

2.1.2 Pathophysiology

The arterial wall consists of three distinct layers: the intima, media, and adventitia.
Thickening of the arterial wall leads to a reduction in the lumen diameter,
diminishing blood flow and resulting in clinical symptoms. Two distinct pathways
of calcification have been identified based on the specific location of calcification
within the arterial wall layers. Intimal arterial calcification, commonly referred to as
atherosclerosis, has historically been regarded as the most significant form of arterial
calcification in PAD. However, in recent years, the role of medial arterial
calcification (MAC) in the pathogenesis of PAD has gained increasing attention.
Previously regarded as a benign condition with limited clinical significance, MAC
is now recognized as a critical contributor to CV pathology, often described as a
“silent killer” of the vascular system. Growing interest in MAC and its impact on
arterial calcification has led to a deeper understanding of its role in disease
progression and CV risk.

2.1.21 Atherosclerosis

The pathogenesis of atherosclerosis is a complex, multifaceted process that involves
endothelial dysfunction, lipid deposition, inflammatory responses, and the activation
of cellular processes, ultimately leading to plaque formation, growth, and instability.
Atherosclerotic plaque formation exhibits a tendency to occur in specific regions of
the vascular tree, particularly at locations such as bifurcations, branch ostia, and
arterial curvatures. These regions are observed to demonstrate increased
vulnerability due to the influence of hemodynamic forces, resulting in disturbed flow
patterns characterized by low shear stress and oscillatory flow. These conditions
contribute to endothelial dysfunction and promote the development of plaque.”®*’
The process begins with endothelial cell (EC) dysfunction, primarily driven by
risk factors that disrupt normal endothelial function, leading to reduced nitric oxide
(NO) production.®® This endothelial dysfunction increases the permeability of the
vascular wall, allowing low-density lipoprotein (LDL) particles to infiltrate the
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subintimal space. Within the intima, LDL undergoes modification and becomes
oxidized, forming oxidized LDL (oxLDL), which has highly atherogenic
properties.’’*? The presence of oxLDL stimulates the upregulation of adhesion
molecules, such as vascular cell adhesion molecule-1 (VCAM-1) and intercellular
adhesion molecule-1 (ICAM-1), on the surface of EC. These adhesion molecules
enable the adherence and subsequent migration of monocytes and T-lymphocytes
into the intimal layer, marking a critical step in the early pathogenesis of
atherosclerosis.™

As monocytes infiltrate the intima, they differentiate into macrophages and begin
to engulf oxLDL, eventually transforming into lipid-laden foam cells. The
accumulation of foam cells leads to the formation of fatty streaks, which represent
the earliest visible lesions of atherosclerosis.** Over time, these foam cells undergo
apoptosis, releasing their lipid content and further promoting inflammation and
necrosis within the plaque. The resultant cellular debris contributes to the formation
and expansion of the atherosclerotic plaque, creating an inflammatory
microenvironment that perpetuates plaque progression.™

The progression of atherosclerosis also involves the migration of vascular
smooth muscle cells (VSMCs) from the tunica media into the intimal layer. Once in
the intima, VSMCs proliferate and produce extracellular matrix components,
contributing to the expansion of the intimal layer and the formation of a fibrous cap
over the lipid-rich core of the plaque. This fibrous cap provides a degree of structural
integrity to the plaque.**’

The immune response plays a pivotal role in atherogenesis, with macrophages
and T-lymphocytes releasing a variety of pro-inflammatory cytokines, such as tumor
necrosis factor-alpha (TNF-a) and interleukin-6 (IL-6). These cytokines sustain the
inflammatory cycle and recruit additional immune cells to the lesion site, further
driving the progression of the plaque.”™ In advanced stages, atherosclerotic plaques
consist of a complex composition of smooth muscle cells, inflammatory cells, lipids,
connective tissue, and necrotic debris.

The stability of atherosclerotic plaques is a critical factor in the clinical outcomes
of atherosclerosis and is influenced by various factors, including the balance between
lipid content, necrotic core size, inflammatory processes, and fibrous cap thickness.
Plaques characterized by a thin fibrous cap and a large necrotic core are more
vulnerable to rupture, which exposes the thrombogenic core material to the
bloodstream, leading to platelet activation, thrombosis, and acute clinical events.* *°
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Figure 2. Pathophysiology of atherosclerotic plaque formation into intima. Reproduced with
permission from Ajoolabady et al., 2024. ©2024 Springer Nature. Published in Cell
Death & Disease.

2.1.2.2 Medial arterial calcification

MAC, also known as Monckeberg's arteriosclerosis, is associated with age, diabetes,
and CKD.*' These conditions follow different pathways that converge on the same
endpoint, MAC, which is characterized by vascular smooth muscle cell osteogenic
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transformation, dysregulation of mineral homeostasis, and matrix vesicle (MV)
formation leading to calcification of the tunica media.

A key pathological event in MAC is the transformation of VSMCs from their
normal contractile phenotype to an osteogenic-like phenotype. While the exact
triggers for this transformation are not fully elucidated, several factors have been
implicated, including cellular senescence associated with advanced age,
hyperphosphatemia in CKD, and accumulation of advanced glycation end products
seen in diabetes.*!

Once VSMCs undergo osteogenic differentiation, mainly driven by runt-related
transcription factor 2, they begin to express proteins typically associated with bone
formation, such as collagen type I, osteocalcin, and osteopontin. Transformed
VSMCs also cause dysregulation of mineral homeostasis, largely due to the loss of
calcification inhibitors, such as matrix Gla protein (MGP), inorganic pyrophosphate,
fetuin A, and osteoprotegerin. These inhibitors, among multiple others, play
protective roles by preventing inappropriate calcification under physiological
conditions. Eventually, in MAC, their depletion or functional impairment contributes
to unregulated calcium-phosphate accumulation within the medial layer.*> Warfarin
use has been found to accelerate the progression of MAC by inhibiting the activation
of MGP.*

A hallmark of the calcification process in MAC is the production of
mineralization-competent M Vs by transformed VSMCs. These M Vs serve as critical
nucleation sites for the deposition of calcium-phosphate complexes, ultimately
leading to the formation of hydroxyapatite, the crystalline structures.***> As MAC
advances, calcifications expand and form solid plates that encircle the arterial wall,
distorting the structural integrity of the tunica media. This progression is often
accompanied by increasing intrusion into the intimal layer and the development of
subendothelial hyperplasia.* Although it is widely accepted that MAC is primarily
confined to the media and not directly linked to luminal stenosis, inward remodeling
and thickening of the medial layer may contribute to luminal narrowing.*!-47

Inflammation and increased oxidative stress are believed to play a pivotal role in
the progression of MAC, with both CKD and diabetes recognized as chronic
inflammatory conditions. Pro-inflammatory cytokines, such as TNF-q, play a central
role in the pathophysiology of MAC by accelerating the osteogenic differentiation
of VSMCs and degrading the calcification inhibitors. This process is enhanced by
oxidative stress, thereby amplifying the cycle of calcification. Additionally,
senescent VSMCs are believed to secrete inflammatory cytokines that promote
calcification.*®

MAC is often distributed diffusely throughout the vascular tree, causing indirect,
non-occlusive systemic hemodynamic changes. As a result of arterial wall stiffening,
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the Windkessel function is impaired, leading to increased pulse pressure, elevated
left ventricle afterload, and reduced coronary artery perfusion during diastole.*>
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Figure 3. Pathophysiology of MAC. Generated by Biorenter. Kangas 2025

As vessels extend further into peripheral regions and smaller arteries, loss of
vessel wall compliance has been linked to blood flow stasis and a reduced
autoregulatory response, both of which may contribute to decreased perfusion.*” At
the arteriolar level, stiffening leads to pathological peripheral vasodilation, with
peripheral shunting frequently observed. While the exact mechanism behind this
shunting remains unclear, a recent study suggests that structural changes in
capillaries occur in ischemic extremities, potentially impairing oxygen delivery as a
result.’’

2.1.2.3 Interaction between intimal and medial arterial calcification

Both atherosclerosis and MAC can occur simultaneously in the same arterial
segment.>* The role of MAC in PAD has traditionally been underestimated, as its
primary characteristic is not arterial lumen obstruction. However, MAC accelerates
the stenotic process associated with atherosclerosis. During the progression of
atherosclerosis, the arterial lumen is typically preserved through compensatory
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circumferential expansion, known as outward remodeling. However, in the presence
of MAC, this compensatory mechanism is disrupted, leading to impaired vascular
compliance and promoting inward remodeling. This inward remodeling results in a
reduced luminal diameter and increasing vascular resistance, exacerbating ischemic
symptoms and contributing to the overall progression of disease. Consequently, the
clinical manifestations of PAD are more pronounced and evolve more rapidly when
atherosclerosis and MAC are present in the same arterial segment.*”>

The presence of MAC below the knee is strongly associated with lower limb
amputations® and with poorer outcomes in revascularization procedures.*> O’Neill
et al. (2015) investigated the prevalence of MAC among patients with CLTI who
had undergone lower limb amputation. They examined the arterial segments from
femoral, popliteal, tibial, and dorsalis pedis segments. MAC was present in 72% of
the samples, while intimal atheromatous calcification was found in only 23%.
Nevertheless, intimal calcification was identified in 68% of samples without lipid
accumulation. Direct contact between non-atheromatous intimal calcification and
MAC was observed, suggesting that MAC may be a source for this non-
atheromatous intimal calcification, with a potential connection along the elastic
lamina. Additionally, it was observed that atherosclerotic intimal calcification was
not correlated with MAC, in contrast to non-atheromatous intimal calcification.*®
Histopathological studies show that MAC lesions increase in prevalence distally
from the proximal popliteal artery, while the presence of intimal atherosclerotic
lesions decreases distally.***® Thrombosis leading to luminal occlusion can be
induced by both intimal atherosclerotic obstruction and MAC. Narula et al. (2018)
investigated histological samples of lower limb arteries from CLTI patients who
underwent major amputation. The study revealed that acute or chronic thrombi were
present in 72.7% of cases with luminal stenosis exceeding 70%, suggesting that
MAC plays a critical role in thrombosis formation, independent of traditional
atherosclerotic narrowing.”’

21.3 Risk factors

Atherosclerosis and MAC share common risk factors; however, distinct CV risk
factors are associated with each calcification phenotype and the distribution of
calcification within the arterial tree.’>®
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Figure 4. Association of risk factors with the level of PAD. Reproduced with permission from
Diehm et al. 2006. ©2006 Elsevier. Published in the European Journal of Vascular and
Endovascular Surgery.

2.1.3.1 Smoking

Epidemiological data have consistently shown that smoking is a major risk factor for
the development of atherosclerotic disease and is associated with a more proximal
form of PAD.’® Current smoking is associated with a two- to fourfold increased risk
of developing PAD compared to nonsmokers. Smoking appears to be particularly
associated with the development of PAD compared to other forms of atherosclerotic
CV diseases.”' The increase in PAD prevalence is associated with pack-years of
smoking, and it appears that the effect of smoking lasts longer for PAD than for other
atherosclerotic diseases. The increased risk of PAD after smoking cessation has been
shown to persist for up to 30 years, whereas the risk of other atherosclerotic diseases
typically returns to the level of never-smokers within 20 years.®

2.1.3.2 Diabetes

Diabetes is one of the most important risk factors for PAD, and the presence of diabetes
is known not only to increase the incidence of PAD, but also to accelerate the
progression of the disease and worsen the severity of the disease and the outcomes of
revascularization.”>® Among patients with PAD, 20-30% have diabetes.** The
prevalence of PAD among patients with diabetic foot ulcers is as high as 50%.%
Consequently, the prevalence of diabetes is particularly high in patients with CLTI,
with approximately half of those who undergo revascularization having diabetes.®
Diabetes is also the strongest risk factor for progression from IC to CLTL'” Although
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the overall rate of amputations has been declining,®® the prevalence of amputations
among diabetic patients has been increasing.®” Furthermore, individuals with both
PAD and diabetes face a fivefold higher risk of lower extremity amputation compared
to non-diabetic PAD patients.”® There is a linear increase in the risk of PAD with
diabetes: every 1% increase in Hemoglobin Alc raises the risk of PAD by 26%.% In
PAD, arterial changes in diabetic patients are generally more distal than in non-
diabetics, with a higher likelihood of tibial arterial involvement.®® Diabetes is
recognized as a common risk factor for both atherosclerotic lesions and MAC.5*™
Notably, the incidence of MAC in the lower extremities among individuals with
diabetes is approximately four times higher than in healthy subjects.”

2.1.3.3 Hypertension

Hypertension is an independent risk factor for PAD,’ although its impact on PAD is
less pronounced compared to its role in other CV diseases. Nevertheless, it
significantly influences the prognosis of individuals with PAD by increasing the risk
of CV events.”” While the association between hypertension and PAD is weaker
compared to smoking and diabetes,°""”* elevated systolic blood pressure is
particularly linked to a higher risk of PAD.™’> The pathophysiological connection
between hypertension and PAD is primarily driven by increased mechanical stress
on the vascular endothelium due to elevated blood pressure, which induces
endothelial dysfunction—a key precursor to atherosclerosis.”

2134 Dyslipidemia

A standard lipid panel includes total cholesterol, low-density lipoprotein (LDL),
high-density lipoprotein (HDL), triglycerides, and the LDL-HDL ratio.
Dyslipidemia, characterized by elevated levels of LDL and low levels of HDL, is
strongly associated with the progression of atherosclerosis. Compared to coronary
artery disease (CAD), the lipid profiles associated with PAD are less extensively
studied. However, dyslipidemia seems to be a weaker risk factor for PAD than for
CAD or cerebrovascular disease (CeVD), and differences between the lipid profiles
associated with PAD and CAD have also emerged.”’

HDL levels are inversely associated with PAD prevalence,””” and high HDL
levels have been shown to offer protection against PAD.” However, the total
cholesterol/HDL ratio appears to be the strongest predictor of PAD."®”

The existing literature does not provide a substantial body of evidence that LDL
is associated with PAD. While some epidemiological studies have reported an
association between LDL and PAD,”®* other studies have produced conflicting
results.”””” However, lipid-lowering therapies and reduction in LDL levels appear
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effective in decreasing the risk of major adverse cardiovascular events (MACE) and
major adverse limb events (MALE) in PAD patients.”*'%* Additionally, there is no
clear consensus on the relationship between triglyceride levels and PAD. However,
a recent meta-analysis suggested that elevated triglyceride concentrations may be
associated with both the prevalence and severity of PAD.*

2135 Chronic kidney disease

Matsushi et al. (2017) conducted a meta-analysis to assess the risk of PAD in patients
with CKD. After adjusting for traditional CV risk factors, the hazard ratio (HR) for
PAD ranged from 1.22 to 2.06, depending on the estimated glomerular filtration rate
(eGFR). The analysis demonstrated a gradual increase in PAD risk with declining
eGFR values below 60 mL/min, whereas the risk remained stable in individuals with
eGFR values at or above this threshold.* Similar results have been observed by
Wattanakit et. al (2007). They found that in a multivariable model including classical
atherosclerotic risk factors, CKD was significantly associated with PAD, with a HR
of 1.56.% The prevalence of PAD increases gradually with the severity of CKD.86#7
CKD leads to impaired calcium-phosphate metabolism® and is associated with
accelerated calcification in both the intimal® and medial® layers. In patients with
CKD, intimal atherosclerotic plaques are heavily calcified, whereas in the absence
of CKD, plaques are more often fibroatheromatous. MAC is considered to be the
predominant form of arterial calcification in CKD.”!

2.1.3.6 Age

Many risk factors for PAD, such as hypertension, diabetes, high cholesterol, and
smoking, tend to accumulate over time. As people age, they are more likely to have
had prolonged exposure to these risk factors, increasing their likelihood of developing
PAD. According to data from the National Health and Nutrition Examination Survey
(NHANES), the prevalence of PAD rises dramatically with the accumulation of risk
factors; individuals with three or more risk factors have a tenfold increase in the odds
ratio (OR) for PAD.** A similar cumulative effect of risk factors was reported in a
meta-analysis by Joosten et al. (2012).”* Aging itself is also an independent risk factor
for PAD. With age, cellular function slows and declines, cell proliferation decreases,
apoptosis accelerates, DNA repair weakens, and both epigenetic changes and telomere
dysfunction contribute to the development of atherosclerosis.”* Similarly, cellular
senescence promotes changes associated with MAC.*!
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2137 Metabolic syndrome

Metabolic syndrome (MetS) is defined by the presence of abdominal obesity, plasma
fasting glucose, hypertriglyceridemia, reduced HDL cholesterol, and hypertension.
It is considered a prothrombotic and pro-inflammatory condition.”> Excluding
obesity, each individual component of MetS is an established independent risk factor
for PAD. Multiple studies have demonstrated a correlation between MetS and an
increased risk of CAD, ischemic stroke, and CV mortality.”**® Consequently, it is
not surprising that MetS has been found to be positively associated with a heightened
risk of developing PAD, with the likelihood rising in proportion to the number of
MetS components present.””'® Over the past few decades, obesity has become a
global pandemic, with most deaths related to high body mass index (BMI) being
attributed to CV disease.'”" Nevertheless, elevated BMI does not independently
appear to significantly increase the risk of CV disease. It is therefore likely that the
metabolic disorders associated with MetS and high BMI are the primary contributors
to the increased risk of CV disease.'"*
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Figure 5. Odds ratios of risk factors for PAD. Adapted from: Criqui et al., 2015. Reproduced with
permission from Criqui and Aboyans, 2015. ©2015 American Heart Association.
Published in Circulation Research.
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214 Polyvascular disease

The presence of PAD not only signifies localized atherosclerosis within the
peripheral vasculature but also serves as a marker of systemic atherosclerosis,
indicating a broader CVD burden. Individuals with PAD face a substantially elevated
risk of CV morbidity and mortality, and studies have consistently demonstrated that
patients with PAD have a two- to threefold increased risk of myocardial infarction,
stroke, and CV-related mortality compared to those without the disease.'” Despite a
significant decline in CV mortality over recent decades, this trend has not been
uniform among PAD patients, as they continue to experience disproportionately high
rates of MACE.?"'**!%° Secondary prevention strategies, which are well-established
for CAD, remain underutilized in PAD patients, despite clinical guidelines
recommending aggressive risk factor management.'°® Among individuals with PAD,
CV death accounts for 60% of total mortality, highlighting the systemic nature of
atherosclerosis.'"’

Patients with PAD often have coexisting CAD and/or CeVD, with
approximately half affected by one or both conditions.'”® The term polyvascular
disease describes the presence of CV disease involvement in two or more vascular
territories, signifying a more extensive disease phenotype.'” A landmark study
from the Reduction of Atherothrombosis for Continued Health (REACH) registry
provided pivotal insights into the prognostic significance of polyvascular disease.
It demonstrated that patients with CV disease affecting multiple vascular beds have
the highest risk of MACE.'""" Subsequent studies have reinforced this finding,
consistently showing that the risk of MACE escalates with the number of affected
vascular territories.'"'"'"> Among polyvascular disease subtypes, patients with
concurrent PAD and CAD face a higher risk of MACE compared to those with
CAD and CeVD. Additionally, when comparing these vascular diseases in
isolation, patients with PAD exhibit the highest all-cause mortality rates. This
observation suggests that PAD may be a marker of a more extensive CV disease
burden. '
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Rate Adjusted HR Favors @ Favors
Outcome (No. of Events)  (95% Cl) Decreased Risk : Increased Risk P Value
Primary end point
PAD+CVD 4.78 (234) 1.34(1.15-1.57) —_— <.001
PAD +CAD 5.74 (357) 1.65(1.43-1.91) — <.001
PAD+CAD+CVD 8.12 (261) 1.99 (1.69-2.34) - <.001
Cardiovascular death
PAD+CVD 2.18 (111) 1.34(1.06-1.67) B — .01
PAD+CAD 2.48 (162) 1.64 (1.33-2.01) —_— <.001
PAD+CAD+CVD 2.96 (102) 1.80 (1.40-2.30) o <.001
Myocardial infarction
PAD+CVD 2.06 (102) 1.36 (1.06-1.67) —_— .01
PAD+CAD 3.03 (190) 2.03 (1.65-2.49) ——— <.001
PAD+CAD+CVD 4.90 (159) 2.57 (2.06-3.21) %+ <001
Ischemic stroke
PAD+CVD 1.12 (56) 1.38(1.01-1.89) — .04
PAD+CAD 0.79 (51) 1.00 (0.72-1.40) —— <.001
PAD+CAD+CVD 1.45 (49) 1.71(1.21-2.42) —_— .01
0.5 1 ]2 13

Adjusted HR (95% Cl)

Figure 6. Cardiovascular events according to polyvascular disease. Reproduced with permission
from Gutierrez and Mulder, 2018. ©2018 American Medical Association. Published in
JAMA Network Open.

2.1.5 Pharmacological treatment of PAD

The cornerstone of pharmacological management in PAD includes lipid-lowering
and antithrombotic therapies. Despite the well-documented benefits of
pharmacological treatment, its implementation remains suboptimal among PAD
patients.'* Due to the polyvascular nature of PAD, pharmacological treatment
primarily aims to prevent CV events, with a secondary focus on improving limb
prognosis.

2.1.51 Cardiovascular risk factors

The role of lipid-lowering therapy in CV prevention, including PAD, is well
established. Although most research has focused on CAD, statins have become
integral to PAD management as well. The Heart Protection Study demonstrated that
statins reduced coronary events by 21%, coronary revascularization procedures by
30%, and ischemic stroke by 26% among PAD patients.®' Additionally, a systematic
review and meta-analysis by Kokkinidis et al. (2020) demonstrated that statin
therapy significantly reduced the risk of major amputation in patients with CLTL
Furthermore, a subgroup analysis of PAD patients from the FOURIER (Further
Cardiovascular Outcomes Research With PCSK9 Inhibition in Subjects With
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Elevated Risk) trial confirmed that PCSK9 inhibitor therapy along with statins not
only reduced MACE but also significantly decreased limb-related events.''®

Unlike coronary plaques, which are rich in lipid cores, PAD plaques often exhibit
extensive fibrosis and calcification, making LDL lowering potentially less influential
on plaque progression.'”” Statins reduce LDL deposition in the subintimal space,
decreasing inflammation and slowing plaque progression. They also exert
pleiotropic effects, including plaque stabilization, systemic anti-inflammatory
action, improved vascular tone, and reduced platelet aggregation. Additionally,
statins reinforce the fibrous cap of atherosclerotic plaques, lowering rupture risk, and
inhibit the migration and proliferation of VSMCs.'?°

Diabetes accelerates atherosclerosis and increases the risk of PAD, and glycemic
control is crucial for reducing macrovascular complications. The risk of PAD
increases progressively with diabetes: for each 1% rise in Hemoglobin Alc, the
likelihood of developing PAD increases by 26%.%° The target blood pressure for these
individuals is a systolic pressure below 130 mm Hg and a diastolic pressure under 80
mm Hg. Antihypertensive therapy should be administered to achieve these goals and
diminish the risk of MACE. Selective use of angiotensin-converting enzyme inhibitors
or angiotensin receptor blockers is recommended, given their efficacy in reducing CV
events in this cohort.’

2.1.5.2 Antithrombotic therapy

Antiplatelet agents improve prognosis in PAD by reducing thrombotic risk,
inflammation, and endothelial dysfunction. They inhibit platelet aggregation in
irregular arterial walls, where blood flow is reduced, and luminal narrowing creates
an environment conducive to thrombus formation.'””! In addition to their
antithrombotic effects, antiplatelets also modulate vascular inflammation and
endothelial function. For example, acetylsalicylic acid (ASA) inhibits prostaglandin
synthesis by blocking COX-1, while P2Y 12 inhibitors, most notably clopidogrel in
vascular surgical practice, can reduce leukocyte recruitment and improve endothelial
NO bioavailability, collectively leading to improved vasodilation and microvascular
perfusion.'?*1%

The role of antiplatelet therapy (mostly ASA) in reducing vascular events in
patients was first highlighted in the Antiplatelet Trialists’ Collaboration meta-
analysis, which demonstrated a 23% reduction in non-fatal strokes, myocardial
infarctions, and vascular deaths among patients with PAD.'** The CAPRIE trial,
which compared single antiplatelet therapies (clopidogrel vs. ASA) in PAD patients,
showed a 23.8% relative risk reduction in MACE in favor of clopidogrel, with
similar bleeding profiles.'” Additionally, a meta-analysis found no benefit of the
P2Y12 inhibitor ticagrelor over clopidogrel in reducing CV events among PAD
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patients.'”® Recent trials have further investigated the potential benefits of
rivaroxaban in high-risk PAD patients. The COMPASS trial demonstrated that the
combination of low-dose rivaroxaban and aspirin resulted in a 31% reduction in
MACE and MALE compared to aspirin alone in PAD patients.'”” Similarly, the
VOYAGER PAD trial, which focused on patients undergoing lower extremity
revascularization, found that the addition of low-dose rivaroxaban to aspirin led to a
15% reduction in MACE and MALE relative to aspirin monotherapy. Despite these
benefits in CV and limb-related outcomes, neither trial observed a significant
reduction in all-cause mortality. Although both trials reported an increased incidence
of major bleeding in the rivaroxaban arms according to the International Society on
Thrombolysis and Haemostasis (ISTH) classification, neither study observed a
significant increase in fatal bleeding or intracranial hemorrhage.'*”'*

ASA or clopidogrel are the first-line treatments for the secondary prevention of
thrombotic events in patients with symptomatic PAD and should be administered
unless contraindicated. Current evidence supports their use in reducing CV
morbidity and mortality in this population. However, there is no high-quality
evidence to support the routine use of antiplatelet therapy for primary prevention in
asymptomatic individuals with PAD.'?>1%

2.2 Non-invasive pressure measurements

TBI and ABI measurements are essential and widely utilized methods for the non-
invasive assessment of PAD. The ABI is determined by measuring systolic blood
pressure (SBP) at the brachial artery in the upper arm and at the dorsalis pedis or
posterior tibial arteries in the ankles. The ankle SBP is then divided by the brachial SBP
to calculate the ABI ratio. Similarly, the TBI is obtained by measuring SBP at the toes
and comparing it to the brachial SBP to derive the ratio. At the same time, absolute
ankle and TP values are recorded. These measurements can be performed manually or
using advanced techniques, such as photoplethysmography and laser Doppler methods,
which enhance accuracy. Both photoplethysmography and laser Doppler are applied in
the assessment of both ankle and TP, ensuring precise evaluation, particularly in
patients with vascular calcifications or compromised peripheral circulation.

A normal ABI value is typically greater than 1, indicating that the SBP is higher
at the ankle than at the arm. As the blood pressure waveform moves further from the
heart, there is an amplification effect, with SBP rising and diastolic pressure
dropping. This amplification is largely attributed to retrograde wave reflection from
the resistance of distal arterioles, which adds to the forward-moving wave."** Indeed,
taller individuals have been observed to have higher ABIs, reflecting a more
pronounced amplification effect.'’’ Under normal circumstances, the absolute
systolic TP is about 20-40 mmHg lower than the corresponding ankle pressure.'*?
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2.21 Ankle-brachial index

Over the years, the ABI has been recognized not only as a key diagnostic parameter
for PAD but also as an independent prognostic marker of overall CV status and
disease burden. A low, borderline or abnormally high ABI is associated with an
increased risk of CV events. Hence, the ABI measurement is invaluable for
identifying individuals at higher risk of CV morbidity and mortality. Furthermore,
the ABI is often combined with other risk assessment, such as the Framingham Risk
Score, to provide a more comprehensive picture of a patient's CV burden.®

2211 Low ABI

An ABI value <0.90 is a commonly employed diagnostic criterion in both clinical
and epidemiological settings, used to diagnose both symptomatic and asymptomatic
PAD. According to review articles by Dachun et al. (2010) and Herraiz-Adillo
(2020), the specificity of ABI<0.90 for detecting arterial stenosis of at least 50% was
83.3-99.0% and 92%, respectively. Nevertheless, the same studies reported that the
specificity of the ABI remained relatively low, at 15-79% and 61%,
respectively.'**!** The sensitivity was particularly low in elderly individuals and
patients with diabetes.'?*!**

The literature provides strong evidence that a low ABI is associated with adverse
outcomes, both in the general population and among high-risk CV groups. Several
meta-analyses have consistently shown associations between low ABI and increased
CV morbidity, mortality, and total mortality. A meta-analysis consisting of 43
observational cohort studies involving 94,254 participants reported that a low ABI
(<0.9) was associated with significant risk increases: RR 2.52 for all-cause mortality,
2.94 for CV mortality, 2.17 for cerebrovascular events, 2.28 for myocardial infarction,
2.81 for fatal myocardial infarction, and 2.28 for fatal stroke (all P<0.00001).'®
Another meta-analysis of 11 longitudinal studies of general populations,
encompassing 44,590 participants, provided pooled age, sex, CV risk factors and
prevalent CV disease adjusted estimates, showing that ABI<0.9 was associated with
an RR of 1.60 (95% Confidence Interval (CI) 1.32—1.95) for all-cause mortality, 1.96
(95% CI 1.46-2.64) for CV mortality, 1.45 (95% CI 1.08-1.93) for CAD, and 1.96
(95% CI 1.10-1.65) for stroke.'*® A meta-analysis of 19 pooled studies examined
mortality among patients diagnosed with PAD through ABI screening, using a
threshold of ABI<0.9 in most studies. The analysis reported an HR of 2.99 (95% CI,
2.16-4.12) for all-cause mortality and 2.35 (95% CI, 1.91-2.89) for CV mortality."*’
Similarly, another meta-analysis of 16 epidemiological studies, involving 48,294
adults from the general population, found that ABI<0.90 was associated with a 10-year
CV mortality rate of 18.7% in men and 12.6% in women. In contrast, individuals with
ABIs between 1.10 and 1.40 had significantly lower 10-year CV mortality rates, at
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4.4% for men and 4.1% for women. This increased risk remained substantial even after
adjusting for traditional CV risk factors based on the Framingham Risk Score, with an
HR of 4.2 for men and 3.5 for women.®

The risk for CV and all-cause mortality rises as ABI values decrease, with a
progressive decline in ABI over time further elevating this risk. In a follow-up study,
an ABI reduction of more than 0.15 over a 3-year period was associated with a risk
ratio (RR) of 2.4 (95% CI 1.2-4.8) for all-cause mortality and 2.8 (95% CI 1.3-6.0)
for CV mortality."*® Additionally, the degree of ABI reduction correlated with a
heightened risk of CV events and all-cause mortality.'* Another follow-up study,
using a Cox regression model adjusted for risk factors, showed a linear increase in
mortality risk across lower ABI categories: for ABI 0.7-0.89, the HR was 1.7 (95%
CI 1.2-2.4), and for ABI<0.5, the HR was 3.6 (95% CI 2.4-5.4).'%

2.21.2 Borderline ABI

An ABI value <0.9 is widely recognized as a diagnostic criterion for PAD; however,
its effectiveness in risk stratification for mortality and CV events remains
suboptimal. As a result, an ABI range of 0.9—1.0 is often classified as "borderline
ABI". Growing evidence suggests that borderline ABI is a clinically relevant marker
for predicting adverse CV outcomes, underscoring its importance in comprehensive
CV risk assessment.

One of the most critical observations in the Cardiovascular Health Study (2006)
was that individuals with a low normal ABI (0.9—1.0) had significantly increased CV
and all-cause mortality compared to those with an ABI between 1.1 and 1.2.'"
Supporting this, a meta-analysis of 16 studies confirmed that an ABI of 0.9-1.0 is
associated with an increased risk of CV and all-cause mortality.® In light of these
findings, the American Heart Association revised the classification of normal ABI
values and introduced the category of borderline ABI.'** More recently, Tanaka et
al. (2016) showed in a cohort study (N=19,994) that patients with borderline ABI
values (0.91-1.00) had increased CV and all-cause mortality compared to those with
a normal ABI (1.01-1.39). The HR for all-cause mortality was 2.27 (p=0.005) and
for CV mortality it was even higher at 3.47 (p=0.003). Patients with a borderline
ABI also had a greater burden of comorbidities.'*® Conversely, a follow-up study
published in 2019, with a mean duration of 8.7 years and including 3,786 individuals,
revealed no statistically significant differences in MACE, CV mortality, or all-cause
mortality between individuals with a borderline ABI (0.9-0.99) and those with a
normal ABI (1.0-1.39).'** The absence of an association between borderline ABI
and MACE, as well as CV events, can be attributed to the fact that the study was
conducted within a Mediterranean population, with patients who had previously
experienced CV events being excluded from the study.
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A follow-up study of a general population cohort without a prior PAD diagnosis
revealed that individuals with a borderline ABI had a twofold risk of undergoing
ischemic leg amputation compared to those with an ABI of 1.1-1.2."*° In a 5-year
follow-up study, patients with a borderline ABI demonstrated a significantly greater
risk of functional decline compared to those with a normal ABI (1.1-1.3), and their
rate of decline was comparable to individuals with an ABI between 0.7 and 0.89.'4
Additionally, individuals with a borderline ABI have a significantly higher risk of
developing PAD in the future compared to those with a normal ABI.'*

2.21.3  Abnormally high ABI

An ABI greater than 1.3 or 1.4 is regarded as abnormally high, and recent guidelines
have recommended adjusting the cut-off to 1.4. It is thought that MAC has a substantial
impact on tibial artery compressibility, requiring increased pressure to achieve arterial
occlusion and leading to falsely elevated ABI results. In some cases, the tibial arteries
are non-compressible, making it impossible to determine the ABI. The prevalence of
PAD among patients with an abnormally high ABI is remarkable, over half of these
individuals having PAD.'" Patients with an abnormally high ABI are at increased risk
for foot ulcers, lower-limb amputations, and a reduced quality of life.!**!%

Mortality rates follow a U-shaped distribution across the ABI spectrum, as noted
in multiple studies.*'*""'** CV and all-cause mortality among individuals with an
abnormally high ABI have been reported to be comparable to those with ABI<0.9.
However, findings regarding the association between high ABI values and elevated
CV mortality risk have been inconsistent, and some studies have found no significant
association. It is hypothesized that arterial stiftness resulting from MAC, which
contributes to elevated ABI values, may play a role in increasing the risk of adverse
CV outcomes.

A meta-analysis of 18 longitudinal studies, encompassing 60,467 individuals,
found a heightened pooled RR of 1.84 (95% CI 1.54-2.20) for CV and 1.45 (95%
CI 1.16-1.82) for all-cause mortality, with abnormally high ABI values (>1.3 or
>1.4) in the general population compared to normal ABI. In the same study, the RR
among CKD patients with abnormally high ABI values was 4.28 (95% CI 2.18-8.40)
for CV mortality and 1.67 (95% CI 1.03-2.71) for all-cause mortality.'>' In another
meta-analysis focusing on CKD patients, including six studies with 5,820 patients,
the pooled HRs were 4.04 (95% CI 1.82—8.95) for CV mortality and 1.94 (95% CI
1.02-3.68) for all-cause mortality among patients with ABI>1.3 compared to normal
ABI. The corresponding HRs for patients with a low ABI (<0.9) were 5.18 (95% CI
2.97-9.04) for CV mortality and 2.45 (95% CI 1.27-4.73) for all-cause mortality.'**

In the Strong Heart Study, which included an 8-year follow-up, individuals with
a high ABI (>1.4) had an adjusted RR of 1.77 (95% CI 1.48-2.13) for all-cause
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mortality compared to those with a normal ABI. For individuals with a low ABI
(<0.9), the adjusted RR for all-cause mortality was 1.69 (95% CI 1.34-2.14).
Regarding CV mortality, the adjusted RRs were 2.09 (95% CI 1.49-2.94) for high
and 2.52 (95% CI 1.74-3.64) for low ABI values."*’ Similarly, Laivuori et al. (2021)
observed reduced survival rates in an age- and sex-adjusted model among patients
with a high ABI (>1.3), reporting an HR 0of 2.2 (95% CI 1.9-2.6). In comparison, the
HR was 1.5 (95% CI 1.4-1.7) for patients with ABI<0.5 and 1.1 (95% CI: 1.0-1.2)
for those with an ABI of 0.5-0.89.'%* A recent study using data from the NHANES
cohort reported that, over a 15-year follow-up period, individuals with a high ABI
(>1.4) had mortality rates comparable to those with ABI<0.9 in multivariable
analysis. The HR for CV mortality associated with a high ABI was 2.58 (95% CI
2.11-3.14), while the HR for all-cause mortality was 2.49 (95% CI 2.22-2.79). For
comparison, in the same study, for individuals with a low ABI (<0.9), the
corresponding HRs were 2.91 (95% CI 2.17-3.89) for CV mortality and 2.60 (95%
CI 2.18-3.09) for all-cause mortality.'**

However, several studies have indicated that the association between high ABI
and CV mortality becomes non-significant after adjusting for CV risk factors. For
example, in a Cardiovascular Health Study, a 10-year follow-up showed that
ABI>1.4 was associated with an increased risk for all-cause mortality (HR 1.57, 95%
CI 1.07-2.31) in an adjusted model but was not significantly associated with CV
mortality. Suominen et al. (2010) reported comparable ORs for high (>1.3) and low
ABI (<0.5) in relation to all-cause mortality: 2.34 (95% CI 1.31-4.19) for high ABI
and 2.38 (95% CI 1.75-3.23) for low ABI. For patients with ABI<0.9, the OR was
1.75 (95% CI 1.34-2.28). All values were adjusted for PAD risk factors and
compared to the reference group with a normal ABI (>0.9 to <1.3). However, for
high ABI the CV mortality was no longer significant after multivariable
adjustments.'> In the population-based Multi-Ethnic Study of Atherosclerosis,
Criqui et al. (2011) demonstrated a similarly increased risk for incident CAD, stroke
or CV mortality in individuals with ABI>1.40 or <1.00. However, in the adjusted
model, the association was no longer significant for the ABI>1.40 group.'*

22.2 Toe brachial index and toe pressure

In recent years, the diagnostic importance of TBI and TP for PAD has increased,
particularly in specific patient groups such as those with MAC resulting from
diabetes and CKD.* Approximately one-fifth of PAD patients have a normal ABI
but a low TBL'>" and up to 29% of CLTI patients have a normal ABI but a low TP
<30 mmHg."® In such patients, the sensitivity of ABI is reduced due to MAC, which
causes falsely elevated readings because of incompressible arteries. Recently
published guidelines for the management of PAD emphasize the importance of TBI
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as a first-line diagnostic tool alongside ABI in patients with a normal or abnormally
high ABI but a clinical suspicion of PAD.>!'>

2.2.21 Low toe brachial index and toe pressure

According to guidelines, TBI<0.70 is considered abnormal, whereas TBI>0.7 is
considered normal.>**'**!%% The sensitivity of TBI in detecting arterial stenosis of
50% or greater is significantly superior to that of ABI, with a sensitivity of 81%,
although its specificity is slightly lower at 77%."** This aligns with findings showing
that among patients with a clinical suspicion or confirmed diagnosis of PAD, 20.5%
had a low TBI (<0.70) despite a normal ABI (>0.90).">” Furthermore, in accordance
with the Wound, Ischemia, and Foot Infection (WIfI) classification, TP<60 mmHg
is considered indicative of diminished perfusion. TP<30 mmHg, in conjunction with
clinical manifestations, is regarded as diagnostic of CLTL.'?*!%

In contrast to ABI, the diagnostic thresholds for TBI and TP in predicting CV
morbidity, mortality, and overall mortality have yet to be fully validated in large-
scale screening trials. However, several studies report that low TBI and TP are
associated with increased mortality. Hyun et al. (2014) reported an increased risk for
CV mortality among patients with a TBI (<0.62) compared to those with a normal
TBI (0.62-1.08), with HRs of 1.62-2.65 depending on the TBI group.'®’ Wickstrom
et al. (2017) found even worse estimates for CV mortality in both low TBI and TP
groups: the HR was 3.68 (95% CI 1.48-9.19) in the TBI<0.25 group compared to
TBI>0.5, and 2.84 (95% CI 1.75-4.61) in the TP<30 mmHg group compared to
TP>50 mmHg.'®* Another study by Wickstrom et al. (2019) demonstrated that
patients with bilaterally decreased TP (<30 mmHg) and TBI (TBI<0.3) had
particularly poor survival outcomes.’

In a study by Laivuori et al. (2021), among patients with a normal ABI (0.9-1.3),
low TP (<50 mmHg) was associated with a significantly increased 10-year all-cause
mortality rate of 80.4%, compared to 51.6% in patients with normal TP levels (>80
mmHg).'>* In a similar setting, Hishida et al. (2020) examined all-cause mortality
estimates for patients with a normal or high ABI (>0.9) but low TBI. Mortality was
significantly higher in the population with TBI<0.6 compared to those with TBI>0.6,
and the results remained similar with a higher TBI cut-off (TBI<0.7 vs. TBI>0.7).'%

Patients with low TBI and TP have also been observed to experience worse limb
outcomes compared to those with a normal TBI. In a cohort study of 261 patients,
Sonter et al. (2015) examined foot complications and found that patients with a low
TBI (<0.7) were 19 times more likely to have a history of foot complications
compared to those with a normal TBI (>0.7).'* TP<30 mmHg is predictive of a high
probability of major amputation and is an adverse prognostic indicator for optimal
wound healing.'¢*¢3
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2.3 Intracranial aneurysms

Intracranial aneurysm (IA) is defined as a pathological dilatation of the cerebral
arteries, with variations in size, configuration, and location. IAs often occur at
arterial bifurcations where the vessel wall is structurally predisposed to weakness
and are typically found within the circle of Willis, a key vascular structure at the base
of the brain. The most common form of 1A is a saccular aneurysm, also known as a
berry aneurysm, which is characterized by a sac-like outpouching arising from a
focal area of the vessel wall. The underlying pathophysiological mechanisms of
aneurysm formation and rupture are complex and involve a combination of genetic,
hemodynamic, and environmental factors.

Figure 8. Circle of Willis and the most common locations of ruptured 1As. Ronkkonen 2025.
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2.3.1 Epidemiology

The prevalence of IAs is approximately 3% among individuals beyond middle age,®
and 20%-30% of these individuals have multiple IAs.'**'®” JAs are often
asymptomatic and remain undiagnosed until they rupture, leading to aneurysmatic
subarachnoid hemorrhage (aSAH), which constitutes a severe medical emergency
with significant implications for both mortality and long-term morbidity.
Approximately 25% of aSAH patients die before reaching the hospital or the
emergency room, and the 1-year case fatality rate approaches 50%, illustrating the
severity of this condition.'®*!'® Among those who survive the acute phase, only two-
thirds are able to return to normal daily activities, and a mere 5% of survivors can
resume their pre-aneurysm lifestyle without any limitations or complaints.'’*!"

The increased availability and sensitivity of imaging techniques, such as
magnetic resonance imaging (MRI) and computed tomography (CT), has contributed
to an increased rate of incidental IA detection.'” Meanwhile, although the detection
of unruptured IAs is increasing, the global incidence of aSAH has been declining.
Between 1980 and 2010, the global incidence of aSAH decreased by approximately
40%, declining from 10.2 to 6.1 per 100,000 person-years.'”> However, recent
evidence suggests that the incidence of non-traumatic SAH is increasing among the
elderly population.'”® Regarding the annual risk of IA rupture, studies have reported
rates ranging from 0.5% to 1.4%, depending on various factors such as aneurysm
size and location.'””'”® However, when the rupture occurs, it typically affects
younger individuals, with a mean age of approximately 50 years, resulting in a
significant loss of quality-adjusted life years. Ruptured IAs account for
approximately 85% of cases of non-traumatic SAHs, and aSAH constitutes around
2%-5% of all strokes.'”

2.3.2 Pathophysiology of intracranial aneurysm formation

The pathophysiology of IA is characterized by the interplay of hemodynamic stress,
inflammatory processes, extracellular matrix (ECM) degradation, and cellular
apoptosis. Hemodynamic forces initiate vessel wall damage, while inflammation and
genetic factors facilitate its progression.

Wall shear stress (WSS) is generated by blood flow, which exerts a tangential
force on the endothelial lining of the vessel wall. Both increased and decreased WSS
inhibit normal endothelial function and are principal initial causes of IA
formation.'”18! At sites where blood flow is turbulent, such as bifurcations and
curvatures, WSS has the greatest impact. The Circle of Willis is the most common
site of [As, with round-shape formations, several branches, and bifurcations. A wider
bifurcation angle is also associated with the presence of 1As.'**'® Additionally, the
cerebral arteries exhibit a distinctive feature at the apex of bifurcations: a
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discontinuity in the medial layer, referred to as the medial gap.'®* These congenital
changes and hemodynamic circumstances, along with other risk factors, predispose
to aneurysm formation.

Under normal circumstances, ECs produce NO to regulate vascular tone and
inhibit inflammation. As a consequence of EC dysfunction, there is a reduction in
the production of NO synthase, which in turn leads to the release of a key
transcription factor, the pro-inflammatory cytokine nuclear factor kappa-beta (NF-
kB). NF-kB controls the expression of leukocyte adhesion molecules (ICAM-1,
VCAM-1, E- and P-selectin) and other pro-inflammatory cytokines (TNF-a, IL-1
beta, IL-6). These cytokines not only recruit and activate immune cells but also
stimulate those cells to release additional pro-inflammatory cytokines. This positive
feedback loop amplifies and sustains the inflammatory response, leading to chronic
inflammation within the aneurysmal wall.'®>-8

The presence of WSS and pro-inflammatory cytokines induces the production of
a chemokine called monocyte chemoattractant protein-1, which plays a pivotal role
in recruiting monocytes into the arterial wall, where they differentiate into
macrophages and further contribute to inflammatory processes.'*”'*® Macrophages
can differentiate into either pro-inflammatory M1 or anti-inflammatory M2
subtypes. M1 macrophages are predominant in the aneurysmal wall, where they
release pro-inflammatory cytokines and matrix metalloproteinases (MMPs),
contributing to extracellular matrix degradation and the progression of vascular
inflammation, '%*°

Pro-inflammatory cytokines and macrophages stimulate the production and
activation of MMP-2 and MMP-3 enzymes, which break down ECM components,
including collagen and elastin, crucial for maintaining vessel wall strength and
integrity. Furthermore, these occurrences also have an adverse impact on the internal
elastic lamina (IEL), leading to its destruction. The disruption of the IEL represents
a pivotal phase in the initiation of aneurysm formation.'”

Pro-inflammatory cytokines, MMP enzymes, WSS, and oxidative stress contribute
to VSMC apoptosis, weakening and thinning the arterial wall. During an inflammation
process, VSMCs undergo significant pathological transformations, shifting to
inflammatory and synthetic phenotypes and losing their contractile function.'s*!*!

Active collagen remodeling, regulated by MMPs, is essential for aneurysm
formation and expansion. In aneurysmal walls, MMP-2 and MMP-9 degrade elastin
and collagen, leading to weakened structural integrity. With diminished elastic
fibers, remodeled collagen from transformed VSMCs becomes the primary support.
However, collagen has limited distensibility and recoil, contributing to aneurysmal
dilation and instability. Excessive MMP activity disrupts the balance between
collagen synthesis and degradation, promoting ongoing vessel wall weakening and

aneurysm progression, '*!-12
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2.3.3 Risk factors
2.3.3.1 Non-modifiable

2.3.3.1.1 Gender

There is a gender disparity in the prevalence of [As. Women have a higher propensity
for developing IAs compared to men, a disparity that becomes more pronounced
with age. After the age of 50, the prevalence of [As is twice as high in women as in
men.*'”* Furthermore, IA rupture occurs more often among women than men; 65%
of aSAH patients are women,"”* who have a 1.3-1.4-fold greater risk of 1A
rupture.'’"!7>19 After menopause, a decline in estrogen levels occurs, which may
contribute to the weakening of arterial wall structures, thereby rendering women
more susceptible to IA development and rupture.'**'’

23.3.12 Age

The prevalence of 1As is significantly lower among children and young adults, and
new IA formations have been documented during follow-up, indicating that 1A
formation is an age-related phenomenon.'*®'” The prevalence of IA increases with
age, with most aneurysms diagnosed in individuals between 40 and 60 years of age.
However, in a large meta-analysis, where the age-related prevalence of 1As was
adjusted for sex and comorbidities, the increase in IA prevalence in years was no
longer significant, suggesting that the observed rise was driven by the accumulation
of other risk factors.®

2.3.3.1.3 Genetics

A familial history of [As is a well-established risk factor, with individuals who have
a first-degree relative affected by [A exhibiting a higher likelihood of developing
aneurysms themselves. Familial clustering of IAs supports the involvement of
genetic factors in disease susceptibility. The known common variations of the
genome explain 21-29% of the disease.””® However, it has been estimated that up to
40% of IAs may have a hereditary origin.””' Approximately 10% of all patients with
aSAH have at least one relative with a history of aSAH.?**?* Furthermore, familial
IAs tend to present with an increased risk of rupture and occur at a younger age
compared to sporadic cases.’**2%

In autosomal dominant polycystic kidney disease (ADPKD), pathogenic variants
in the PKD1 and PKD2 genes lead to dysfunction in polycystin-1 and polycystin-2
proteins. Polycystin-1 is particularly important as an adhesion molecule in arterial
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wall structures, and impaired polycystin production results in a loss of structural
integrity.”” Additionally, ADPKD patients often suffer from systemic hypertension,
and the prevalence of IAs in these patients is approximately 10%.%

Other monogenic disorders, inherited in a Mendelian pattern, are also associated
with increased risk of [As. These include Ehlers-Danlos syndrome type IV (vascular
subtype), Loeys-Dietz syndrome, Marfan syndrome, microcephalic osteodysplastic
primordial dwarfism type II, and neurofibromatosis type 1. These conditions are
linked to structural abnormalities in the vessel walls, leading to a significantly
elevated risk of aneurysm formation.?**?'* However, the presence of these heritable
disorders is relatively rare, and their contribution to the overall IA population is
limited.

The genetic variations associated with IAs are predominantly expressed in
endothelial and mural cells of the Circle of Willis, where they impact both structural
and functional components of the arterial wall. These variations contribute to
areduction in arterial wall integrity, increasing the susceptibility to aneurysm
formation.”''?!'> Genome-wide association studies have identified 17 specific genetic
loci on chromosomes associated with the risk of 1As.?”” The genetic variations in
these risk loci are typically single nucleotide variants or other regulatory variants,
which influence gene function or expression. In addition to common genetic risk
variants, rare, high-impact pathogenic variants have been identified, particularly in
families with a history of multiple IA cases. These variants contribute to the overall
risk of [As, particularly when combined with other risk factors such as smoking and
hypertension.?**2!3

2.3.3.2 Modifiable risk factors

Hypertension and smoking are well-established risk factors for the development,
growth, and rupture of IAs.?***° The OR for IA associated with smoking is 3.0 (95%
CI 2.04.4), and 2.9 (95% CI 1.9-4.6) for IA and hypertension. The joint effect of
smoking and hypertension significantly increases the risk, with an OR of 8.3 (95%
CI 4.5-15.2), indicating a synergistic relationship between these two factors.?*'
Among women, the impact of smoking appears even greater (OR 5.8; 95% CI 1.22—
11.70) for IA development. When hypertension is also present, the risk escalates
substantially, with an OR of 12.6 (95% CI 4.38-36.26).*** The smoking risk appears
to be dose-dependent, with heavy smokers having a higher incidence of aneurysm
formation and rupture than light or occasional smokers. Smoking cessation has been
shown to reduce this risk significantly.®!">%

In addition to smoking and hypertension, excessive alcohol consumption has
been identified as a risk factor for aSAH. This association may be due to alcohol's
impact on blood pressure and vascular health.”** Furthermore, emerging evidence
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suggests that insomnia may also increase the risk of both IA and aSAH.?'®
Conversely, regular physical activity has been shown to have a protective effect
against the risk of aSAH.**

Other common CV risk factors, such as hypercholesterolemia, diabetes, and high
BMI, have not been consistently linked to an increased risk of IA formation or
rupture. Research findings in these areas have been inconclusive, and no definitive
evidence has established these factors as significant contributors to the
pathophysiology of aneurysms,?!6-220-221:224.226:227

2.3.4 Lipid accumulation and arterial calcification in
intracranial aneurysms

The role of arterial calcification in IA remains poorly understood, and its association
with generalized atherosclerosis is unclear. Although study findings have been
inconsistent, people with atherosclerosis have been observed to have a 1.7 times
greater prevalence of UIAs compared to those without the condition.®

The accumulation of lipids in the walls of saccular [As is frequently observed
and is suggested to be a principal factor in the degeneration of the wall and risk of
rupture. A higher loss of mural cells in the aneurysm wall have been found at sites
of lipid accumulation, indicating a more severe degree of degeneration in these
areas.””®**’ The ingestion of lipids results in the transformation of VSMCs into foam
cells, thereby disrupting their normal physiological functions. Nevertheless, a causal
relationship between elevated plasma lipid levels and intra-arterial lipid
accumulation has not been proven.”” It has been suggested that endothelial
dysfunction is the cause of lipoprotein accumulation in the arterial wall.?****

In a study conducted by Gade et al. (2019), 65 histological samples of ruptured
and unruptured aneurysms were analyzed and the samples were divided into
atherosclerotic and non-atherosclerotic groups based on the findings of calcification.
Calcification was present in 78% of the samples, with non-atherosclerotic
calcifications comprising 76% of all calcifications. Non-atherosclerotic calcifications
were found throughout the entire IA wall, rather than limited to the specific layer.
However, during IA formation, the elastic laminae are destroyed, and the normal order
of arterial wall layers is disrupted, potentially facilitating the wider spread of
calcifications. Calcification was more frequently observed in unruptured [As, and none
of the ruptured IA samples exhibited atherosclerotic or macro-calcification.”’

It has been hypothesized that calcification may stabilize the aneurysm, whereas
lipid accumulation in the arterial wall is a risk factor for IA rupture. It is conceivable
that the initial atherosclerosis process contributes to arterial wall weakening;
however, once calcification has occurred, it appears to offer supportive stabilization
to the wall.?*
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2.3.5 Risk characteristics for IA growth and rupture

A significant proportion of IAs remain stable throughout an individual's lifetime.
However, some IAs exhibit a propensity for rapid expansion and subsequent
rupture.”*® Despite this, the ability to accurately predict which IAs will rupture
remains challenging, but certain IA characteristics have been identified as potential
risk factors for rupture.

Despite extensive research, a consensus on whether size can accurately define the
risk of rupture has not emerged, indicating that the phenomenon behind IA rupture is
more diverse than size alone. Some studies suggest that aneurysms larger than 7 mm
carry a high risk of rupture,”***> whereas several later studies have reported conflicting
results, with the majority of ruptured IAs measuring less than 7 mm.*%**® However, A
follow-up study demonstrated that aneurysms with a propensity for growth carried a
markedly elevated risk of rupture. Aneurysms that grew during the 2-year follow-up
period demonstrated a 12-fold increased risk of rupture.”’ It is estimated that 15%—
35% of IAs tend to grow over a 9-year follow-up period.”*

The risk of A rupture varies depending on aneurysm location. Arterial wall
thickness decreases towards distal arteries, and the rupture risk is greater in smaller
arteries where the VSMC layer is thinner. Ruptured IAs are more often located at the
apex of bifurcations compared to unruptured ones.**” It has been observed that
ruptured [As are most commonly located in the anterior circulation (90%),
specifically in the middle cerebral artery (32%), anterior (32%) or posterior
communicating arteries (14%), and the pericallosal artery (5%).**' In
contradistinction, aneurysms situated in larger arteries, such the cavernous segment
of the internal carotid artery, are characterized by a lower propensity for rupture
compared to those in other locations.” Despite the relative scarcity of IAs in the
posterior circulation, those that are present demonstrate a heightened proclivity for
growth and rupture. Additionally, these [As are characteristically smaller in size at
the time of rupture.?***

Besides location, the morphology of aneurysms plays a key role in estimating
rupture risk. Several parameters have been generated for the purpose of estimating
the risk of small aneurysms rupturing. The size ratio, which is the maximum diameter
of the IA divided by the vessel lumen, is predictive of rupture risk with a threshold
value of 2.3. Another parameter, the aspect ratio (AR), generated by dividing the
aneurysm height by the neck width, is associated with a risk of rupture risk when
AR>1.5.** Aneurysms with a high AR exhibit elongated and narrow-necked shapes,
leading to decreased blood flow conditions within the aneurysm sac and a reduction
in WSS. This results in an increased inflammatory response within the arterial wall,
increasing the risk of rupture.** Irregular aneurysm shape has been identified as an
independent risk factor for IA growth and rupture.?2%-24>246
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Endothelial injury and slower flow within the aneurysm pouch can predispose to
thrombus formation along the aneurysm wall. This sustains a chronic inflammatory
response, accelerating the degenerative process. The presence of thrombosis is thus
both a marker and a driver of the pathological processes leading to aneurysmal
instability.'®!

2.3.6 Screening and risk assessment of unruptured
intracranial aneurysms

Given the devastating consequences of aSAH, prevention remains the most effective
strategy to mitigate poor outcomes, including the screening of [As and assessing
rupture risk. However, balancing follow-up and preventive treatments is difficult due
to the significant risk of iatrogenic complications associated with interventions.?*’
According to the guidelines for the management of patients with unruptured IAs,
screening is recommended for patients with more than one first-degree relative with
an IA or aSAH, or for patients with ADPKD and a family history of IA or aSAH.'™

In a Swedish observational study, patients with one first-degree relative with
aSAH had an OR of 2.15 (95% CI 1.77-2.59), whereas individuals with two first-
degree relatives showed a markedly increased OR of 51.0 (95% CI 8.56-1117), with
a lifetime risk of aSAH reaching up to 20%.**® In a long-term cohort study, among
patients with two or more first-degree relatives with IA or aSAH, IAs were detected
in 11% of patients during the initial screening. Continued screening at 5-year
intervals revealed de-novo IAs in 5%-8% of cases during follow-up.**’

According to a systematic review and meta-analysis published in 2015, the
prevalence of IAs among patients with ADPKD is approximately 10%. Among
ADPKD patients, those with a family history of aSAH or [A were found to have the
highest risk of IA compared to other risk factors, with an RR of 2.33 (95% CI 1.60—
3.38). Additionally, 23% of ADPKD patients diagnosed with IA had multiple
aneurysms.?*®

The PHASES (Population, Hypertension, Age, Size, Earlier subarachnoid
hemorrhage, Site) score was developed to estimate 5-year risk of IA rupture.”
Although it has been validated, it has been shown to underestimate rupture risk,
notably in small (<7 mm) aneurysms, and its accuracy in clinical use is poor.**'?>
The PHASES score highlights the impact of aneurysm size while ignoring other
structural components. Additionally, it does not take into account smoking or
aneurysm multiplicity, both of which are important risk factors for IA and aSAH.**

The ELAPSS (Earlier subarachnoid hemorrhage, Location of the aneurysm, Age
>60 years, Population, Size of the aneurysm, and Shape of the aneurysm) score
estimates the 3- and S-year risk of IA growth.”* IA risk factors for growth and
rupture are largely similar, and the ELAPSS score incorporates morphological
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characteristics more effectively than the PHASES score. However, it faces similar
problems: it places too much weight on size, which is the highest-weighted variable
in the scale. Validation studies of the ELAPSS score have also shown poor accuracy,
with almost half of [As classified as low to intermediate risk (<13%—-<19% 5-year
risk) still exhibiting growth or rupture.?***

The Unruptured Intracranial Aneurysm Treatment Score (UIATS) was
developed by a multidisciplinary team of cerebrovascular experts to support
decision-making regarding the management of unruptured intracranial aneurysms. It
includes three main domains—patient-related, aneurysm-related, and treatment-
related factors—comprising a total of 29 distinct variables, each assigned a weighted
score based on its clinical relevance.”’ The application of the UIATS scoring system
in clinical practice is overly complex due to the presence of numerous variables. it
has also been criticized for being heavily weighed by IA size, underestimating small
aneurysms.”® UIATS has been evaluated retrospectively in a cohort of ruptured IAs,
where it recommended treatment in 25% of cases and observation in 32%, resulting
in a sensitivity of 44%.>
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Figure 10. Adapted from Sanchez et al., 2023. ©2023 Elsevier. Published in the Journal of Clinical
Neuroscience.
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3 Aims

The aim of this thesis was to examine the association between non-invasive lower
limb pressure measurements and morbidity, mortality, and the prevalence of
intracranial aneurysms.

1. To assess the relationship between different ABI categories and CV as well as
all-cause mortality in individuals with ABI values within the normal range
(0.9-1.4).

2. To evaluate mortality and morbidity rates in patients with ABI values >1.3

and incompressible ankle arteries. Additionally, to examine the TP in patients
with incompressible ankle arteries and its association with mortality.

3. To investigate the role of low ABI and TBI as independent risk factors for the
prevalence of [As.
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4 Materials and Methods

4.1 Study cohort and data collection

Turku University Hospital, a tertiary care center in southwest Finland, serves a
population of approximately 480,000 residents. The data utilized in all four original
publications were derived from a single cohort comprising 2,751 patients who
underwent non-invasive peripheral pressure measurements at the hospital's Vascular
Laboratory between 2011 and 2013. January 1, 2020, was designated as the study’s
endpoint. In addition to the non-invasive pressure measurements, age, sex, and
underlying diseases were identified from patient records using the International
Classification of Diseases (ICD) diagnosis codes. Causes and dates of death were
obtained from the Causes of Death Registry of Statistics Finland, which records all
deaths of individuals with official permanent residence in Finland.**

2751 patients with non-
invasive pressure

measurements
868 patients 534 patients 776 patients with
i patien cerebrovascular imaging study
ABI value bilaterally ABI> 13 ?t least in one or an history of rupficed
0.80-1.4 limb

intracranial aneurysm

Study I [ Study II } Study III and IV

Figure 11. Flow chart of patient distribution across Studies I-IV.

The study cohort underwent a comprehensive review of their history of IAs
(Studies III and IV). This entailed a detailed examination of all cerebrovascular
imaging studies with the objective of identifying patients who had an IA or a history
of treated ruptured IA. Additionally, data on smoking were collected retrospectively
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at the time. Current and former smokers were categorized as smokers and patients
without a smoking history as non-smokers. Smoking data were obtained through a
review of imaging examinations and electronic patient records up to January 1, 2023.

The studies were approved by the Hospital District of South-Western Finland
Ethics Committee (IRB number T344/2017). As the studies were retrospective in
nature, patient consent was not required.

4.2 ABI, TBI, and TP measurements

A total of 2,751 patients underwent standardized non-invasive peripheral pressure
measurements over a 3-year period, from January 1, 2011, to December 31, 2013.
To establish a baseline for the study, the first recorded peripheral pressure
measurement was defined as the index date for inclusion. The study cohort consisted
of patients presenting with various lower limb symptoms not necessarily attributable
to PAD. Nonetheless, PAD patients are overrepresented in this cohort compared to
the general population, reflecting the clinical context in which these measurements
were performed.

All measurements were conducted by trained vascular nurses using the PeriFlux
6000 Laser Doppler device at the Vascular Laboratory of Turku University Hospital.
To ensure accuracy, the measurements were performed in a controlled environment,
where patients were positioned in a supine position, allowed to rest, and their toes
were preheated. The PeriFlux 6000 system includes a localized heating function,
which increases the temperature at the measurement site to 40°C, helping to improve
detection accuracy, particularly in patients with cold or ischemic feet. This controlled
warming reduces variability and ensures more reliable perfusion measurements.

Blood pressure cuffs were placed on both upper arms, ankles, and toes. The cuff
on the upper arm was inflated until the blood flow disappeared, then slowly deflated
until the Doppler signal returned, marking the brachial SBP. A similar procedure
was followed for each ankle, with the Doppler probe positioned over both the
posterior tibial and dorsalis pedis arteries. The cuff was inflated until the systolic
signal disappeared, up to a pressure of 250 mmHg, and then deflated to determine
the SBP for the ankles. If the SBP signal persisted at a level exceeding 250 mmHg,
the result was considered incompressible. The ABI for each leg was calculated by
dividing the ankle SBP by the brachial SBP.

TP was measured in a similar manner, with the cuff placed around the base of
the first toe when possible. If the first toe was absent, the measurement was taken
from the nearest subsequent toe. The cuff was inflated until blood flow was cut off
and then slowly deflated until the Doppler signal returned, indicating the TP. The
TBI was calculated by dividing the toe SBP by the brachial SBP.
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4.3 Intracranial aneurysm diagnosis (Studies IlI
and V)

The entire study cohort (2,751 individuals) was subjected to a comprehensive review
for IAs. Of these, 776 patients (28.2%) had available cerebrovascular imaging
studies, incorporating both CTA, MRA, or a history of ruptured IAs based on
electronic patient records, or imaging signs of treated ruptured IA. All imaging
studies were then evaluated by a neurosurgeon, after which each IA imaging finding
was closely evaluated by an experienced neuroradiologist to confirm the diagnosis.
In cases of discrepancy between the assessments provided by the neurosurgeon and
neuroradiologist, a consensus was reached through discussion.

Saccular aneurysms >2 mm in size and located intracranially, as determined by
imaging studies, were included in the study. Aneurysms were classified as intra- or
extracranial based on Bouthillier’s classification. The clinoid segment (C5) served
as the reference point: aneurysms located in this segment or further distally were
classified as intracranial, while those in the cavernous segment (C4) were considered
extracranial and were excluded from the study. Further on, the IAs were classified
by location as internal carotid artery (ICA), anterior cerebral artery (ACA), medial
cerebral artery (MCA), and posterior circulation. Patients with both ruptured and
unruptured [As were assigned to the ruptured group.

4.4 ABI cohorts and study endpoints in survival
studies (Studies | and II)

In the first study, 868 patients (31.6% of the initial cohort) had bilateral ABI values
between 0.8 and 1.4 and were included in the study. The patients were further
subcategorized according to ABI values as follows: ABI 0.8-0.89 (n=127), ABI
0.90-0.99 (n=159), ABI 1.00-1.09 (n=202), ABI 1.10-1.19 (n=211), ABI 1.20-1.29
(n=143), and ABI 1.30-1.40 (n=26). The ABI range 0.90-0.99 was considered the
borderline ABI group and was used as a reference group alongside ABI 0.80—0.89
in the analysis.

In the second study, patients with abnormally high ABI values (>1.3) were
included. Of the 2,751 patients, 534 (19.4%) had ABI>1.3 in at least one limb. These
patients were further categorized into three subgroups: both limbs with ABI<2.5 but
at least one limb with ABI>1.3 (n=155); one limb with ABI>2.5 (n=169); and both
limbs with ABI>2.5 (n=210). The ABI>2.5 group represents patients with
incompressible ankle arteries, making it impossible to determine absolute ABI
values.

In the first study, the primary endpoints were all-cause and CV mortality over
the designated follow-up period. In the second study, all-cause mortality served as
the primary endpoint during the follow-up period. The follow-up duration was
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defined from the date of the initial ABI measurement, considered the index date, and
extended through January 1, 2020.

4.5 Intracranial aneurysm patients and peripheral
pressure measurements (Studies Ill and 1V)

Of the initial cohort, 776 patients (28.2%) had a cerebrovascular imaging study or a
history of ruptured IA available for analysis. The remaining 1,975 patients were
excluded from the study due to the unavailability of this data.

The cohort of 776 patients was analyzed in both Studes III and IV. However, the
classification of patients differed between the studies depending on the method of
peripheral pressure measurement. In Study III, patients were categorized into four
groups based on their ABI values: low ABI (<0.9), borderline ABI (0.91-0.99),
normal ABI (1.0-1.4), and abnormally high ABI (>1.4). In contrast, in Study IV, the
patients were classified into three groups based on TBI values: low TBI (<0.5),
borderline TBI (0.5-0.69), and normal TBI (>0.7).

Additionally, in both studies, the cohort was divided into three groups based on
aneurysm findings: no IA, unruptured IA, and ruptured IA.

The baseline demographic variables were collected from electronic patient
records for further comparison. Smoking history, hypertension, CAD, and CKD
were considered clinically significant variables in both studies.

4.6 Statistical methods

All statistical analyses were conducted using IBM SPSS Statistics for Windows,
version 27 (IBM Corp., Armonk, NY, USA) and JMP 16 (SAS Institute Inc., Cary,
NC, USA). Statistical significance was set at p<0.05.

In the first study, categorical variables were compared using Fisher’s exact test,
while continuous variables were analyzed with Student’s t-test and one-way
ANOVA, following verification of normality using the Shapiro—Wilk test.

Unadjusted survival estimates were calculated using Kaplan—Meier survival
analysis, and age-adjusted risk assessments were conducted using logistic regression
to calculate the OR for each ABI group. Two separate regression model analyses
were conducted: in the first, the ABI 0.80—0.89 group served as the reference, and in
the second, the borderline ABI 0.9-0.99 group was used as the reference group.
Based on a power analysis for survival outcomes, a minimum sample size of 99 per
range category was estimated.

In the second study, which compared three different abnormally high ABI
groups (>1.3), categorical variables were analyzed using the Chi-square test, while
continuous variables were assessed with the Kruskal-Wallis test. Unadjusted
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survival estimates were calculated using Kaplan—Meier survival analysis, and
differences between ABI groups were evaluated using the log-rank test.
Additionally, Cox regression analysis was employed to calculate HRs for comparing
patients across the three ABI groups, adjusted for age, sex, and significant variables
from univariable analyses.

In the third study, comparisons between ABI and IA groups were performed
using the Kruskal-Wallis test for continuous, non-parametric data, and one-way
ANOVA for normally distributed continuous data. Categorical data were analyzed
using the Chi-square test. Associations between ABI groups and IA were examined
with multinomial logistic regression. In the first model, adjustments were made for
age, sex, and clinically relevant variables, while in the second model, significant
variables from univariate analysis were added alongside age and sex. Adjusted ORs
with 95% confidence intervals (Cls) were reported for associations.

In the fourth study, the cut-off for borderline TBI was identified using Youden's
J-index, selected as the optimal predictor for IA presence. The J-index was derived
from the ROC curve of a binary logistic regression model with TBI as the predictor
variable for IA presence. Univariate and multinomial regression analyses were
performed in the same manner as in the third study, with results for TBI group
associations presented as ORs.
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5.1

Results

Study I: Borderline ABI is associated with
increased all-cause and cardiovascular
mortality within the normal ABI range

In this study, the long-term all-cause and CV mortality across different normal-range
ABI groups over an 84-month follow-up period was compared. Of the 2,751 patients,
868 individuals (31.6%) with an ABI between 0.8 and 1.4 measured in both limbs were
included in the analysis. The lower ABI results were included in the analysis. The
cohort was divided into six ABI subgroups: ABI 0.80-0.89 (n=127), ABI 0.90-0.99
(n=159), ABI 1.00-1.09 (n=202), ABI 1.10-1.19 (n=211), ABI 1.20-1.29 (n=143), and
ABI 1.30-1.40 (n=26). The ABI 1.30-1.40 group was underpowered for comparative
analyses. Table 1 presents the demographic differences across ABI groups.

Table 1. Baseline demographics.

Variable 0.80-0.89 0.90-0.99 1.00-1.09 L10-1.19 1.20-129 130-1.40 P-VALUE
N=127 N=159 N=202 N=211 N=143 N=26

Age (mean, TSD) 70.8(11.8) 68.9(15.2) 68.11 (13.1) 68.38 (13.5) 64.2(16.5) 63.9(15.0) <0.001
Sex male (%) 79(62.29) 85(53.5) 106 (54.5) 120 (66.9) 91 (63.6) 20 (76.9) 0.105
CAD (%) 42(33.1) 57(35.8) 60 (29.7) 48 (22.7) 104.7) 8(30.8) <0.001
CHF (%) 32(252) 31(19.5) 28 (13.9) 33(15.6) 18 (12.6) 6(23.1) 0053
HTA (%) 68 (53.5) 89 (56.0) 111 (65.0) 120(66.9) 69 (48.3) 9(34.6) 0238
FA (%) 32(25.2) 36(22.6) 47(23.3) 53(25.1) 29(203) 7(26.9) 0893
CeVD (%) 16 (12.6) 21(132) 21(10.9) 23(109) 18(12.6) 4(154) 0904
DM (%) 43 (33.9) 63(39.6) 55(27.2) 68(42.2) 54 (37.8) 14 (53.8) 0034
DMI (%) 7(5.5) 12(7.5) 14(6.9) 13(6.2) 9(6.3) 3(11.9) 0867
DM II (%) 37(29.1) 50(31.4) 42(20.8) 55(26.1) 45(31.5) 11 (42.3) 0065
Dyslipidaemia (%) 35(27.6) 4217 40 (19.8) 38(18.0) 36 (25.2) 2(7.7) 0039
CKD (%) 19 (15.0) 21(132) 22(10.9) 26(12.3) 14(9.6) 4(154) 0759
COPD (%) 24(18.9) 22(13.8) 18(8.9) 14 (6.6) 6(4.2) 3(11.5) <0.001
Rheumatoid disease (%) 5(3.9) 9(5.7) 17(6.4) 13(6.2) 14(9.8) 3(11.5) 0302
Varicose Ulcer (%) 11(8.7) 14(8.8) 31 (15.3) 26 (12.3) 13(9.1) 2(1.7) 0312
CV death (%) 39 (30.7) 41(25.8) 41(25.5 19(13.3) 13(13.3) 3(11.9) 0.001

CAD, coronary artery disease; CHF, chronic heart failure; HTA, hypertension; FA, atrial fibrillation; CeVD, cerebrovascular disease; DM, diabetes

mellitus; CKD, chronic kidney disease; COPD, chronic obstructive pulmonary disease; CV, cardiovascular; SD, standard deviation
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Figure 12. Survival distribution in different ABI groups. Figure A represents

figure B cardiovascular death-free survival.

overall survival and

Figure 12 illustrates Kaplan-Meier survival curves for each ABI group, detailing
overall and cardiovascular death-free survival (CVDFS). When comparing survival
times between the ABI groups using the log rank test, no statistically significant
differences were observed between the low ABI group (0.80—0.89) and borderline
ABI group (0.9-0.99) in terms of overall survival (p=0.393) or CVDFS (p=0.264).

52



Results

In contrast, significantly longer mean overall survival and CVDFS times were
observed in the higher ABI groups (1.0-1.09, 1.10-1.19, 1.20—-1.29) compared to the
borderline group. A detailed comparison of mean survival times and p-values
between ABI groups are presented in Table 2.

Table 2. Mean overall and cardiovascular death-free survival times across ABI groups.
Comparisons were made against the borderline ABI group (0.90-0.99) using the log-

rank test.

ABI Mean Survival P-value* Mean CVDFS P-value*
months + SE months + SE

0.80-0.89 73.0+347 0.393 842325 0.264
0.90-0.99 78.8 £2.76 Reference 90.0+249 Reference
1.00-1.09 87.8+236 <0.001 962+191 0.013
1.10-1.19 851228 0.030 97.6%1.77 0.003
1.20-1.29 894265 <0.001 98.0+2.06 0.006
1.30-1.40 80.9+7.97 0.280 96.8 =557 0.176

ABI, ankle-brachial index; SE, standard error; CVDFS, cardiovascular death-free survival
*Log-rank test P-values

To further examine the association between ABI and mortality, age-adjusted
logistic regression analysis was conducted using two different reference groups. In
the first model, ABI 0.80—0.89 was used as the reference category, and in the second,
the borderline ABI group (0.90-0.99) served as the reference. When using the
borderline ABI group (0.90-0.99) as reference, significantly reduced ORs of both
overall and CV mortality were observed in ABI categories 1.00-1.29. For overall
mortality, ORs ranged from 0.433 to 0.478, and for CV mortality from 0.506 to
0.525. The results were consistent when ABI 0.80—0.89 was used as the reference,
indicating an inverse association between ABI values of 1.00-1.29 and mortality
risk. The full ORs and p-values from both models are presented side by side in Table
3.
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Table 3. Odds ratios for overall and cardiovascular mortality by TBI groups using ABI 0.80-0.89
and 0.90-0.99 as a reference. The multinomial regression models were adjusted for age.

ABI Overall mortality Cardiovascular mortality
OR (p-value) OR (p-value)

0.80-0.89 ref.
0.90 - 0.99 0.949 (p =0.841) 0.856 (p = 0.579)
1.00 - 1.09 0.411 (p<0.001) 0.442 (p = 0.004)
1.10-1.19 0.526 (p=0.01) 0.348 (p < 0.001)
120-129 0.452 (p = 0.004) 0.449 (p = 0.014)
1.30 - 1.40 0.975 (p=10.071) 0.383 (p = 0.147)

0.90-0.99 ref.
0.80-0.89 1.05 (p=0.841) 1.17 (p=0.579)
1.00 - 1.09 0.433 (p<0.001) 0.516 (p=0.017)
1.10-1.19 0.554 (p=10.011) 0.406 (p = 0.002)
120-1.29 0.476 (p = 0.005) 0.525 (p = 0.042)
1.30-1.40 0.601 (p = 0.283) 0.447 (p = 0.221)
5.2 Study II: Incompressible ankle arteries within

the abnormally high ABI range are associated
with the highest morbidity and mortality

In this study, the mortality and distribution of various clinical characteristics were
examined among patients with abnormally high ABI (>1.3). Of the 2,751 patients
who had an ABI greater than 1.3 in at least one limb, 534 (19.4%) met the inclusion
criteria and were included in the analysis. These patients were divided into three
groups: Group 1 (n=155) included patients with ABI values between 1.3 and 2.5 in
at least one limb; group 2 (n=169) included patients with incompressible ankle
arteries in one limb; and group 3 (n=210) included patients with incompressible
ankle arteries in both limbs. Incompressible ankle arteries were defined as ABI>2.5.

Baseline demographic characteristics were compared across the ABI groups.
Compared to group 1, patients in groups 2 and 3 were more likely to be female
(p<0.001) and older (p<0.001) and had higher rates of diabetes (p=0.013), CAD
(p=0.001), heart failure (p=0.010), and CKD (p=0.013) compared to group 1. The
baseline demographic characteristics are presented in Table 4.
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Table 4. Baseline demographics by abnormally high ABI groups. ABI >2.5 represents
incompressible ankle arteries.

Variable Group 1 Group 2 Group 3 P-value
ABI < 2.5 both limbs ABI = 2.5 one Emb ABI > 2.5 both limbs

Age (mean 2SD) 69.7 (12.0) 75.8 (10.6) 743 (12.1) <001
Female (%) 37(23.9) 73(43.2) 84 (40.0) <001
Diabetes (%) 74 (47.7) 96 (56.8) 132 (62.9) 0.013
DM I (%) 10 (6.5) 20 (11.8) 22 (10.5) 0.160
DM II (%) 64 (41.3) 77 (45.6) 113 (53.8) 0.056
HTA (%) 99 (63.9) 108 (63.9) 147 (70) 0332
Hyperlipidemia (%) 40 (25.8) 43 (25.4) 51(24.3) 0.959
CAD (%) 44(28.4) 80 (47.3) 86 (41.0) 0.001
CeVD (%) 33(21.3) 41(243) 44 (21.0) 0.720
CHF (%) 34(21.9) 62 (36.7) 72 (34.3) 0.010
CKD (%) 25 (16.1) 43(254) 62 (29.5) 0.013
Rheumatic disease (%) 150.7) 2(13.0 30 (14.3) 0.424
COPD (%) 12 (7.7) 14 (8.3) 18 (8.6) 0.965
Uleer (%) 30 (19.4) 27 (16.0) 26 (12.4) 0234
Malignancy (%) 26 (16.8) 37 21.9) 53(252) 0.118

DM, diabetes mellitus; HTA, hypertension; CAD, coronary artery disease; CeVD, cerebrovascular disease; CHF, chronic heart failure; CKD, chronic
kidney disease; COPD, chronic obstructive pulmonary disease; SD, standard deviation

In the Kaplan-Meier survival analysis, the mean survival time was 6.2 years
(SE =0.3) in Group 1, and 4.1 years in both group 2 and group 3 (p < 0.001). To
further evaluate the association between ABI groups and survival, a multivariable
Cox regression analysis was conducted. The model was adjusted for age, sex, and
significant variables identified in univariate analysis (diabetes, CAD, heart failure,
CKD). Group 1 served as the reference category. According to the analysis, group 2
had an HR of 1.6 (95% CI 1.2-2.2, p = 0.002) and group 3 had an HR of 1.7 (95%
CI 1.2-2.3, p < 0.001), indicating a significantly higher risk of death in both groups
compared to group 1.

Adjusted survival curves based on the Cox regression model are presented in
Figure 13. During the follow-up, overall mortality was significantly lower in group
1 (46.5%) compared to groups 2 (75.1%) and 3 (74.8%) (p <0.001). CV disease was
the most common cause of death in all groups, with a higher proportion observed in
groups 2 (57.5%) and 3 (59.2%) compared to group 1 (43.1%).
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Figure 13. Adjusted Survival in different abnormally high ABI groups.

All patients in group 3 (n=210) had available TP measurements and were
further divided into three subgroups based on TP values: TP<30 mmHg (n=35),
TP 30-49 mmHg (n=48), and TP>50 mmHg (n=127). Kaplan-Meier survival
analysis and Cox regression analysis were performed for these subgroups as well.
The mean survival differed significantly across TP groups (p<0.001), with mean
survival times of 2.5 years (SE=0.5) for TP<30 mmHg, 3.6 years (SE=0.4) for TP
30-49 mmHg, and 4.7 years (SE=0.3) for TP>50 mmHg. Using TP>50 mmHg as
the reference, adjusted HRs were 2.1 (95% CI 1.4-3.2, p<0.001) for the TP<30
mmHg group and 1.4 (95% CI 1.0-2.0, p=0.092) for the TP 30—-49 mmHg group.
Overall, patients with TP<30 mmHg had a significantly poorer prognosis
compared to those with TP>50 mmHg.

5.3 Study Ill: Low and borderline ABI is associated
with the prevalence of intracranial aneurysms

In the study, the prevalence of IAs across different ABI groups was examined. Of
the 2,751 patients in the cohort, 776 (28.2%) were included in the analysis based on
the availability of cerebrovascular imaging or a documented history of ruptured 1As.
Patients were categorized into four ABI groups: low (<0.90, n=464), borderline
(0.91-0.99, n=47), normal (1.00-1.40, n=208), and high (>1.4, n=57). Based on IA
findings, patients were further categorized into three groups: no aneurysm (n=666),
unruptured 1A (n=97), and ruptured 1A (n=13).

A comparison of demographic characteristics among ABI groups is presented in
Table 5. Overall, the prevalence of unruptured IAs was 18.1% in the low ABI group,
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12.8% in the borderline ABI group, 5.3% in the high ABI group, and 1.9% in the
normal ABI group (p<0.001). Besides that, significant differences among ABI
groups were found in age (p=0.003), sex (p=0.016), smoking history (p=0.002),
diabetes (p<0.001), atrial fibrillation (p=0.008), chronic kidney failure (p<0.001),
and COPD (p=0.022). Differences among IA groups were observed in IA
multiplicity (p=0.022), smoking history (p=0.013), and median ABI (p<0.001).
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Figure 14. Prevalence of |As in different ABI groups.
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Table 5. Baseline demographics.

Baseline characteristics Low ABI Borderline ABI Normal ABI High ABI p value
(<0.9) (0.91-0.99) (1.0-1.4) (>1.4)
n=464 n=47 n=208 n=57
Mean age at ABI measurement,y  69.8+9.6 66.1 +13.1 67.0+10.8 68.3+115 0.003
(SDb)
Mean age at cerebrovascular 722100 68.6 + 14.2 694+11.9 68.0+ 126 0.010
imaging, y (SD)

IA screening, n (%) 1(0.2%) 1(2.1%) 3 (1.4%) 0 (0%) 0.146

Sex (female), % 384% 53.2% 39.4% 22.8% 0.016
Smoking history (yes), % 78.6% 68.9% 55.1% 58.9% <0.001
Smoking history (missing data), 6.3% 4.3% 6.7% 8.83% 0.815

%
Hypertension, % 66.0% 59.6% 60.1% 75.4% 0.129
Diabetes type 1 or 2, % 36.9% 46.8% 35.1% 63.2% <0.001
Diabetes type 1, % 3.9% 19.2% 72% 15.8% <0.001
Diabetes type 2, % 33.3% 25.5% 27.9% 50.9% 0.008
Hypercholesterolemia, % 30.5% 27.7% 24.0% 36.8% 0.190
Coronary artery disease, % 36.0% 34.0% 29.8% 42.1% 0.270
Chronic heart failure, % 16.4% 21.3% 13.9% 28.1% 0.069
Atrial fibrillation, % 19.4% 29.8% 26.0% 36.8% 0.008
Chronic kidney failure, % 11.9% 19.2% 10.6% 33.3% <0.001
Chronic obstructive pulmonary 14.7% 12.8% 6.3% 14.0% 0.022
disease, %

Rhenmatoid disease, % 7.3% 6.4% 11.1% 10.5% 0.371
Varicose ulcer, % 5.6% 8.5% 7.2% 14.0% 0.112
Malignancy, % 19.4% 12.8% 17.8% 31.6% 0.070
Prevalence of 1As, % (n) 20.3% (94) 14.9% (7) 2.4% (5) 7.0% (4) <0.001
Unruptured IAs, % (n) 18.1% (84) 12.8% (6) 1.9% (4) 5.3% (3) <0.001
Ruptured IAs, % (n) 2.2% (10) 2.1%(1) 0.5% (1) (1.7%) (1) 0.277
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Multinomial regression analysis (Table 6) was performed to estimate the
association between ABI levels and unruptured IA presence. In the first model,
clinically significant variables were included along with age and sex. Statistically
significant ORs were observed for low ABI (OR 13.2,95% CI14.01-42.24, p<0.001),
borderline ABI (OR 8.68, 95% CI 2.05-36.69, p=0.003), and smoking history (OR
2.01, 95% CI 1.07-3.77, p=0.030). In a second model that included variables
significant in univariate analysis (including smoking history), results were
consistent: the OR for low ABI was 12.69 (95% CI 3.91-41.12, p<0.001), for
borderline ABI 8.80 (95% CI 2.09-36.98, p=0.003), and for smoking history 1.97
(95% CI 1.05-3.86, p=0.035).

Table 6. Odds ratios for intracranial aneurysms by ABI group and risk factors. The first
multinomial regression model was adjusted for age, sex, and clinically relevant risk
factors. The second model was adjusted for age, sex, and statistically significant
variables in univariate analysis.

OR 95 % CI P-value
Model 1
Age 1.02 0.99-1.04 0.209
Sex (female) 1.53 0.95-2.46 0.083
Hypertension 123 0.75-2.02 0.417
Coronary artery disease 0.61 0.37-1.02 0.058
Smoking history 2.01 1.07-3.77 0.030
Chronic kidney disease 1.46 0.74-2.84 0.273
Ref. ABI 0.9-1.4
Low ABI <0.9 13.02 4.01-42.24 <0.001
Borderline ABI 0.9-1.0 8.68 2.05-36.69 0.003
High ABI> 14 3.97 0.76-20.76 0.103
Model 2
Age 1.01 0.99-1.04 0.295
Sex (female) 1.58 0.99-2.54 0.056
Smoking history 1.97 1.05-3.68 0.035
Ref. ABI 0.9-14
Low ABI <0.9 12.69 3.91-41.12 <0.001
Borderline ABI 0.9-1.0 8.80 2.09-36.98 0.003
High ABI> 1.4 427 0.83-22.00 0.083
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54 Study IV: Low TBI is associated with the
prevalence of intracranial aneurysms

In the study, the association between TBI values and the prevalence of IAs was
assessed. Of the 2,751 patients in the cohort, 776 were included in the analysis based
on the availability of TBI measurements, cerebrovascular imaging, or a documented
history of ruptured IAs. To determine the optimal cut-off for low TBI, we used
Youden's J-index as a predictor for IA presence. The analysis identified a cut-off
value of 0.5, which was used to create three groups: low TBI (<0.5, n=473),
borderline TBI (0.5-0.69, n=180) and normal TBI (>0.7, n=123). Additionally,
patients were categorized by IA status: no aneurysm (n=666), unruptured aneurysm
(n=97), and ruptured aneurysm (n=13).

Baseline demographic and clinical characteristics across TBI groups are
presented in Table 7. A significant difference of prevalence of IAs was found across
the TBI groups: The prevalence of unruptured IAs was 16.3% in the low TBI group,
8.3% in the borderline TBI group, and 4.1% in the normal TBI group (p<0.001).
Also, significant differences between TBI groups were found in hypertension
(p=0.032), type II diabetes (p=0.037), CAD (p=0.025), and smoking history
(p=0.003). Statistically significant differences across IA groups were found in
smoking history (p=0.003), and the mean TBI was significantly lower in patients
with unruptured or ruptured IAs than in those without aneurysms (p<0.001)
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Table 7. Baseline demographics.

Results

TBI< 0S5 TBI 0.5-0.69 TBI 2 0.7 P-value
(n=473) (n=180) (n=123)
Mean age at TBI 702 £9.6 679138 642=14.1 <0.001
mecasurement, ycars, =SD

Scx (femalc) % 37.8 40.6 374 0.792
Hypertension % 68.3 589 59.3 0.032
Diabetcs all % 40.9 389 317 0.177

DM type 1 % 6.8 44 8.9 0.289

DM type 11 % 34.1 356 228 0.037
Hypercholesterolemia % 311 263 252 0.278
Coronary artery discase % 38.3 30.6 26.8 0.025
Chronic hceart failure % 18.0 15.0 154 0.596
Atrial fibrillation % 222 244 244 0.773
Chronic kidncy discasc % 13.8 150 10.6 0.528
Smoking history % 74.7 62.0 63.7 0.003
Smoking data missing % 6.6 50 8.1 0.545
Rheumatoid discasc % 85 8.9 8.1 0.972
Malignancy % 19.7 20.6 17.1 0.742
1A % (n) 17.8 (84) 9.4 (17) 73 (9) 0.001
Unruptured IA % (n) 163 (77) 83 (15) 4.1(5) <0.001
Ruptured IA % (n) 15(7) 1.1 (2) 3304) 0.307

Multivariable regression analysis (Table 8) adjusted for age, sex and clinically
significant variables showed a significant association between unruptured [As and
low TBI (OR 3.75, 95% CI 1.49-9.708, p=0.006), history of smoking (OR 2.59, 95%
CI 1.408-4.762, p=0.002), and female sex (OR 1.63, 95% CI 1.026-2.604, p=0.039)
compared to normal TBI values. The OR for borderline TBI was also increased, but
did not show statistical significance (OR 1.80, 95% CI 0.623-5.220, p=0.277). In
the second model, a multinominal regression analysis adjusted for sex, age, and
smoking history (significant in univariate analysis) showed that low TBI remained
the strongest independent predictor of IA prevalence (OR 3.59, 95% CI11.393-9.272,
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p=0.008). Similarly, a history of smoking (OR 2.558, 95% CI 1.393-4.695, p=0.002)
and female sex (OR 1.68, 95% CI 1.059-2.673, p=0.027) also remained significant
predictors, although with lower ORs compared to low TBI.

Table 8. Odds ratios for intracranial aneurysms by TBI group and risk factors. The first
multinomial regression model was adjusted for age, sex, and clinically relevant risk
factors. The second model was adjusted for age, sex, and statistically significant

variables in univariate analysis.

OR 95% CI P-value
Model 1
Age 1.020 0.995-1.045 0.118
Sex (female) 1.634 1.026-2.604 0.039
Hypertension 1.183 0.723-1.932 0.504
Coronary artery disease 0.612 0.371-1.011 0.055
Smoking history 2.591 1.408-4.762 0.002
Chronic kidney disease 1.387 0.722-2.667 0.326
Ref. TBI 20.7
TBI 0-0.49 3.749 1.448-9.708 0.006
TBI 0.5-0.69 1.803 0.623-5.220 0.277
Model 2
Age 1.017 0.993-1.042 0.172
Sex (female) 1.683 1.059-2.673 0.027
Smoking 2.558 1.393-4.695 0.002
Ref. TBI 2 0.7
TBI 0-0.49 3.593 1.393-9.272 0.008
TBI 0.5-0.69 1.777 0.615-5.129 0.288
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PAD is strongly associated with coexisting CAD and CeVD, with patients suffering
from PAD exhibiting the highest incidence of MACE compared to other CVDs. This
underscores the systemic nature of PAD and highlights the critical need for
comprehensive CV risk assessment in these patients. Despite the presence of
numerous international guidelines advocating for the use of secondary prevention
pharmacotherapy and the rigorous management of modifiable risk factors, the real-
world implementation of these recommendations remains suboptimal.**' Moreover,
PAD is frequently underdiagnosed and undertreated compared to other CVDs.

The predictive value of the ABI in CV risk assessment has been extensively
validated across numerous studies. It can be regarded as a biomarker of CV risk,
demonstrating prognostic utility that exceeds that of traditional risk factors when
evaluated independently, while also highlighting its simplicity, accessibility, and
affordability.”®> However, to maintain the precision and reliability of the
measurement, it is crucial that the assessment is conducted under rigorously
controlled and standardized conditions. The ABI could be described as a biomarker
of CV risk; the prognostic information is greater than any other risk factor alone.

The TBI and TP are more commonly utilized in clinical practice to assess tissue
viability and predict wound healing. However, emerging evidence suggests that
these measures also possess prognostic value in estimating CV risk, similar to the
ABI'%? Nevertheless, their role in CV risk stratification remains significantly less
studied and warrants further research.

6.1 Study |: Borderline ABI and its association with
mortality

Borderline ABI (0.9-0.99) is often considered a gray zone, where individuals do not
meet the clinical criteria for PAD but may still exhibit a greater burden of subclinical
atherosclerosis compared to those with normal ABI values.”®® One of the primary
concerns with borderline ABI is its potential to underestimate vascular disease,
potentially leading to missed opportunities for timely implementation of lifestyle
modifications and medical interventions. A borderline ABI has been associated with
increased MACE and all-cause mortality, and individuals with a borderline ABI
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often present with a broader range of CV risk factors, reinforcing its potential as a
prognostic marker.'*

Study I demonstrated that individuals with a borderline ABI (0.90-0.99) had
significantly lower survival rates for both CV and all-cause mortality compared to
those with ABI values between 1.00 and 1.29. This finding highlights that even
minor deviations from the optimal ABI range may carry prognostic significance.
Notably, 21% of individuals who were previously categorized as having a normal
ABI were reclassified into the borderline ABI group, where CV mortality was 10%
higher than in those with an ABI of 1.0-1.3. In previous studies, 6.8-13.4% of
individuals with an initially normal ABI (0.9-1.4) were later reclassified as having
a borderline ABI, whereas in our study, the proportion was slightly higher,'*}263-266
Furthermore, patients in the borderline ABI group exhibited a higher prevalence of
CAD and COPD, both of which are strongly associated with a smoking history and
an increased risk of generalized atherosclerosis. Although MAC is known to cause
falsely elevated ABI values, it does not necessarily lead to abnormally high
(ABI>1.4) results; rather, it may raise ABI into the borderline or normal range.
Nevertheless, in our study, risk factors commonly associated with MAC, such as
CKD and diabetes, were not overrepresented in the borderline ABI group. Therefore,
the masking effect of MAC is unlikely to account for the elevated mortality observed
in this group.

A key aspect of the Study I design was that all participants had ABI values within
the 0.8—1.4 range in both limbs, suggesting that the study population was relatively
healthy in terms of vascular health. Given this, an age-adjusted logistic regression
model was employed, which confirmed that a borderline ABI remained significantly
associated with both all-cause and CV mortality.

An unexpected finding in Study I was that mortality rates were similar between
individuals with an ABI of 0.80—0.89 (mild PAD) and those with borderline ABI
(0.90-0.99). This challenges the traditional classification of borderline ABI as a
lower-risk category, instead suggesting that these individuals may carry a CV risk
comparable to those with mild PAD. Such findings align with growing evidence that
a borderline ABI is linked to significant subclinical CV risk.

Studies have shown that individuals with borderline ABI exhibit higher levels of
endothelial dysfunction,”®” a well-established precursor of atherosclerosis and a
contributing factor to CV events. Additionally, borderline ABI has been linked to an
increased risk of developing heart failure,?** further emphasizing its role as an early
indicator of CV diseases. It has also been observed that patients with borderline ABI
are at an increased risk of developing lower ABI values over time, indicating disease
progression and potential deterioration of arterial function.'** These findings
challenge conventional ABI cut-off values and reinforce the importance of ABI as a
marker of systemic atherosclerosis and overall CV risk burden.
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6.2 Study Il: Incompressible ankle arteries and
prognosis

The association between an abnormally high ABI and mortality remains a subject of
ongoing debate, with conflicting findings across studies. The predictive value of
diabetes in relation to elevated ABI has also been widely discussed. Some studies
have reported increased CV mortality among individuals with a high ABI, regardless
of diabetes status, while others suggest that elevated mortality is observed only in
diabetic patients with a high ABIL.'**!%! Conversely, certain studies, particularly those
including relatively healthy individuals, have found no significant association
between elevated ABI and increased mortality.*®

The findings of Study II demonstrated that patients with incompressible ankle
arteries in at least one lower limb exhibited poorer overall survival and higher CV
mortality compared to those with elevated but compressible ankle arteries.
Furthermore, patients with incompressible arteries had a greater burden of
comorbidities, including a higher prevalence of CAD, diabetes, chronic heart failure,
and CKD, in addition to being older and more frequently female. These results
underscore the clinical significance of ankle artery compressibility, as decreasing
compressibility seems to be associated with increased mortality and morbidity.
Notably, in the Strong Heart Study, where high ABI was linked to greater all-cause
mortality than low ABI, many of the elevated ABI values were, in fact,
incompressible, which may have contributed to the observed increase in mortality
rate."”® Importantly, in Study II, the survival analysis was adjusted for key
confounding variables, including age, sex, diabetes, CAD, chronic heart failure, and
CKD. Despite these adjustments, incompressible arteries remained significantly
associated with mortality, suggesting that traditional CV risk factors alone do not
fully account for the increased risk. These findings indicate the presence of
additional mechanisms contributing to the elevated mortality risk in patients with
incompressible arteries.

The underlying pathophysiological mechanisms linking elevated ABI to
increased CV risk remain incompletely understood. A widely accepted hypothesis
suggests that elevated ABI results from vascular stiffening due to MAC, a concept
reflected in current clinical guidelines.'** However, evidence supporting the notion
that high ABI is solely due to MAC in peripheral arteries remains limited. Only four
studies have explicitly examined this relationship.’*****"! These studies confirmed
an association between MAC and elevated ABI, with affected individuals being
older, more often male, more likely diabetic, and less likely to smoke—a
demographic profile consistent with established MAC characteristics. However, the
diagnostic accuracy of ABI for detecting MAC is poor, with low sensitivity (15.7%)
despite high specificity (94%). As ABI values increased, the association with MAC
strengthened, further supporting the idea of that there can be a linear association
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between the severity of MAC and ABI results.”®® Altogether, elevated ABI alone is
not a reliable marker for MAC, but MAC can contribute to an increased ABI.

Several alternative explanations for elevated ABI values have been proposed. In
healthy individuals with an elastic aorta and non-obstructive peripheral arteries,
pulse pressure amplification contributes to increased pressure as the pulse wave
propagates through the arterial tree. This physiological phenomenon leads to higher
ABI values, reflecting vascular elasticity and wave reflection dynamics, and
represents a normal hemodynamic response to vascular function.”’>?”* Additionally,
factors beyond MAC can contribute to arterial stiffening, leading to similar ABI
elevations but through distinct pathophysiological mechanisms.”’* Measurement-
related factors may also influence ABI results. Improper cuff size, particularly in
individuals with obesity or edema, can lead to artificially elevated ABI values by
interfering with proper arterial compression during measurement. Likewise, higher
muscle mass in the lower extremities has been positively associated with ABI in the
general population, further complicating the interpretation of elevated ABI values.*”

While multiple factors may contribute to elevated ABI, the excess mortality
observed in individuals with a high ABI is likely primarily driven by MAC-related
vascular changes. MAC induces arterial stiffening, impairing the ability of blood
vessels to buffer the pulsatile cardiac output. This increased arterial rigidity leads to
higher systolic blood pressure, increased left ventricular workload, and subsequent
hypertrophy, all of which elevate the risk for CV events.*’

The degree of ankle artery compressibility likely serves as a key indicator of
MAC severity and is thus linked to CVD risk. As tibial artery compressibility
declines, the probability of MAC increases, correlating with greater CVD risk.
Conversely, among patients with only slightly elevated ABI values, the proportion
of healthy individuals with physiologically elevated ABI is likely higher.
Additionally, while it is plausible that mechanisms other than MAC are unlikely to
cause arterial incompressibility, the degree to which this is true remains uncertain.
Moreover, the findings from Study II indicate that CKD, diabetes, and advanced age
were more prevalent among individuals with incompressible arteries, aligning with
the well-established risk profile of MAC.

Additionally, incompressible arteries resulting from MAC may obscure the
presence of clinically significant atherosclerosis, potentially leading to an
underestimation of CVD risk. In Study II, 40% of patients with bilateral
incompressible ankle arteries had a TP below 50 mmHg, indicating that a substantial
proportion of individuals with incompressible ankle arteries also have PAD.
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6.3 Studies Il and IV: Decreased pressure
measurements and intracranial aneurysms

Studies I1I and IV revealed a significant association between low or borderline ABI,
low TBI, and IAs. The prevalence of unruptured IAs was 18.1% in the low ABI
group, 12.8% in the borderline ABI group, and 16.3% in the low TBI group. These
findings suggest that decreased pressure measurements may serve as indicator of an
increased risk of 1A, potentially through shared vascular pathophysiology.

Both ABI and TBI are strong markers of generalized atherosclerosis, raising the
question of its role in IA pathophysiology. Arterial calcification is frequently
observed in IAs, as demonstrated by a recent study in which 78% of IA samples
contained calcification within the aneurysm wall.?! Additionally, a large Finnish
cohort study found that patients with IAs had a significantly higher abdominal aortic
calcification index—a measure of systemic calcification—compared to patients
without IAs. This study also demonstrated that greater arterial calcification was
associated with an increased risk of aneurysm rupture, suggesting that vascular
calcification plays an important role in IA progression.”’®

The pathophysiological relationship between atherosclerosis and IAs is not
understood, and the precise role of calcification in IA formation remains unclear.
However, both conditions share common mechanisms involving endothelial
dysfunction and chronic inflammation. Hemodynamic stress is another key factor,
promoting arterial wall degeneration and increasing the likelihood of aneurysm
formation and atherosclerosis. Histological studies of aneurysmal arterial walls
frequently reveal both arterial calcification and inflammation, suggesting that
atherosclerosis may contribute to vascular wall weakening, ultimately predisposing
individuals to aneurysm development.

Established CV risk factors, including smoking and hypertension, are shared by
IAs and decreased pressure measurements. However, in Studies III and IV, the
association between smoking and hypertension with [As was significantly weaker
compared to low/borderline ABI or low TBI, suggesting that an alternative
mechanism may be responsible for this relationship. Beyond traditional CV risk
factors, low ABIl is also observed in individuals without these risk factors, suggesting
that additional mechanism may contribute to its association with IAs.?”’ In addition,
a correlation has been established between low ABI and elevated non-cardiovascular
mortality rates, indicating its relevance as a broader indicator of systemic health
decline rather than being exclusively tied to CVDs.*"

While low ABI and TBI are markers of systemic atherosclerosis and increased
CVD risk, they do not represent identical populations, as their risk factor profiles
differ. The relationship between ABI and TBI is not linear, reflecting distinct
vascular pathophysiology and patient characteristics. Generally, lower ABI values
tend to correlate with lower TBI values, whereas TBI scores demonstrate greater
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variability among individuals with higher ABI levels.'®! Our study was unable to
assess this relationship, as ABI and TBI values were documented based on the
highest and lowest values rather than per limb side. This variability in TBI results
among those with elevated ABI results is likely influenced by MAC, which can
artificially elevate ABI values while leaving TBI results unaffected. This is
particularly relevant for diabetics, who often exhibit higher ABI values due to MAC
despite having significant vascular disease. Patients with a normal or elevated ABI
but low TBI may have either a distal arterial occlusion, or a significant proximal
occlusion masked by MAC. In fact, patients with an elevated ABI and low TBI have
the worst prognosis.'’ This suggests that both measurements reflect different but
clinically significant vascular pathologies, reinforcing the importance of assessing
TBI alongside ABI to better characterize an individual's overall risk profile.

In Study I1I, diabetes prevalence was significantly higher in the high ABI group
compared to the low or normal ABI group, while it was also more common in lower
TBI groups than in the normal TBI group, reflecting the phenomenon described
earlier. When comparing other risk factors between the low ABI and low TBI groups,
there were no significant differences in age (69.2 vs. 70.2 years) or gender
distribution. However, smoking history was slightly more prevalent in the low ABI
group (78%) than in the low TBI group (74.7%). Conversely, diabetes was more
frequent in the low TBI group (40.9%) compared to the low ABI group (36.9%).
Hypertension was present in 66% of individuals in the low ABI group and 68% in
the low TBI group. Overall, the most notable differences were observed in smoking
and diabetes prevalence, while other risk factors remained largely comparable
between the two groups. Diabetes has not been linked to the formation of IA, whereas
smoking and hypertension are well-established risk factors. The higher prevalence
of diabetes and the lower prevalence of smoking in the low TBI group compared to
the low ABI group highlight differences in risk factor distribution between these
measurement techniques and may partially contribute to the variation in IA
prevalence between the groups. However, the extent to which these differences
explain the observed prevalence of intracranial aneurysms in low ABI versus low
TBI groups remains uncertain and warrants further investigation.

Although the precise mechanism linking low ABI and TBI values to the
prevalence of IAs remains unclear, the findings of these studies suggest that the risk
factor profile of IA patients is broader than previously recognized. The significant
association between decreased pressure measurements and IA prevalence indicates
that CV risk factors may play a more crucial role in IA development than previously
thought. These findings support the need for a more comprehensive approach to 1A
risk assessment, incorporating markers of systemic atherosclerosis and arterial
stiffness alongside traditional risk factors.
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Given the accessibility and non-invasive nature of ABI and TBI measurements,
they could serve as valuable screening methods for identifying individuals who may
benefit from further imaging screening for IAs. The current risk stratification
models, such as PHASES and ELAPSS scores, are designed to estimate the risk of
rupture or growth of already identified IAs and thus do not assist in IA screening.
The findings of the present studies support the potential utility of peripheral pressure
measurements as a screening marker in IA screening, particularly in patients with
elevated CV risk. Incorporating peripheral pressure measurements into clinical
decision-making could improve early detection strategies by guiding more targeted
screening efforts in at-risk populations.

Finally, based on the study findings, there is a significant association between
IAs and elevated CV risk. To optimize patient outcomes in cases of IAs, a
comprehensive, dual-focused clinical approach is warranted. This entails not only
direct management of the IAs themselves but also a concerted effort to mitigate CV
mortality. By integrating aneurysm-specific treatments with strategies to reduce CV
risk, clinicians can improve overall patient prognosis and long-term survival.

6.4 Limitations

This study has several limitations that need to be acknowledged. First, the data were
retrospectively collected, which inherently limits the ability to control for potential
confounders and standardize data collection procedures. Second, the study was
conducted at a single center, which may limit the generalizability of the results to
broader populations. Additionally, the cohort consisted of patients who underwent
peripheral pressure measurements due to lower limb symptoms, meaning that the
findings are not directly applicable to the general population. Since these patients
were already experiencing potential vascular symptoms, there is a possibility that the
study population included a higher proportion of individuals with PAD compared to
the general population, potentially influencing the observed associations with
endpoints.

Another important limitation concerns the availability of cerebrovascular
imaging data in Studies III and I'V. Of the original study cohort (2751), only 28.2%
had imaging studies available for analysis, and among those, IAs were identified in
just 110 patients. Although the observed associations were statistically significant,
the relatively small final study population limits the generalizability of the findings.

A further limitation relates to the reliability and completeness of smoking data.
Studies I and II did not include smoking data, leaving its potential impact on the
study results unexamined. Additionally, in Studies III and IV, the available smoking
records did not consistently differentiate between current and former smokers,
making it impossible to assess the independent impact of active smoking on the study
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outcomes. Given that smoking is a well-established risk factor for both PAD and
IAs, the inability to accurately classify smoking status may have introduced residual
confounding into the analyses.

Furthermore, in Studies III and IV, only the lowest ABI and TBI values from the
most affected limb were used in the analyses. While this approach ensures that the
most severe impairment is captured, it does not provide information on potential
overall vascular burden.

6.5 Future aspects

Patients with symptomatic PAD are typically prescribed antithrombotic therapy as
an essential component of secondary prevention. As has been repeatedly established,
patients with a low ABI, regardless of symptomatic status, face an increased risk of
MACE. However, while antithrombotic therapy has been shown to significantly
reduce CV events in symptomatic PAD patients, its benefits in asymptomatic PAD
patients remain unproven. Notably, clinical trials comparing aspirin to placebo in
asymptomatic PAD patients have often included individuals with relatively high ABI
values. This likely influenced the results, as the CV risk in this subgroup may have
been lower than that observed in more severe PAD cases.?’”2%

It is also important to acknowledge that patients with asymptomatic PAD may
experience mobility limitations that mask lower extremity symptoms, or they may
present with atypical symptoms that are not readily attributed to PAD. Although
MACE events are more frequent in symptomatic PAD patients, the difference
remains significant even when comparing asymptomatic PAD patients to those
without PAD.?%? Given the frequent coexistence of PAD with CAD or CeVD, many
patients with PAD already have an independent indication for antithrombotic
therapy. Nevertheless, the question has been raised as to whether antithrombotic
therapy is indicated in patients with reduced ABI, even in the absence of overt
symptoms. Antiplatelet therapy exerts its primary effect through platelet aggregation
inhibition, but it also has recognized anti-inflammatory properties. Inflammation
plays a key role in the pathophysiology of both PAD and IA. Emerging evidence
suggests that ASA may mitigate IA growth and rupture risk.”®! A randomized
controlled trial is currently investigating this hypothesis, which may further inform
the potential benefits of antithrombotic therapy beyond conventional CV
indications.?%?

Given the strong prognostic implications of ABI, an important consideration is
whether incorporating ABI measurement as a routine component of preventive
health screenings may be warranted. ABI is a simple, non-invasive, and cost-
effective diagnostic method that can identify subclinical atherosclerosis and stratify
CV risk. Despite its clinical utility, ABI screening is not systematically incorporated
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into general health assessments. If routine ABI screening were implemented, it could
facilitate early identification of high-risk individuals, allowing for timely initiation
of preventive strategies, including lifestyle interventions and pharmacotherapy.

Several key directions for future research arise from the findings of the studies
in this thesis. First, the association between MAC and elevated ABI warrants further
investigation, particularly regarding its impact on mortality. It would be interesting
to examine the association between the degree of MAC in the lower limbs and
elevated ABI values, specifically whether the degree of MAC is linearly associated
with elevated ABI and how this, in turn, relates to mortality. A deeper understanding
of the role of MAC in ABI elevation and its prognostic implications could enhance
risk stratification and inform clinical decision-making for patients with high ABI
values. This research could help clarify whether elevated ABI primarily reflects
MAC and guides appropriate management strategies for affected individuals. In
addition, the development of non-invasive diagnostic tools to help clinicians
differentiate whether PAD in each patient is driven by atherosclerosis, MAC, or a
combination of both would be highly beneficial. Such advancements could enable
more precise therapeutic targeting to maximize patient outcomes.

Second, there is a need to establish more precise threshold values for TBI using
imaging studies and ABI results as reference standards. Defining optimal cut-off
values could improve the diagnostic accuracy of TBI, enhance its clinical utility in
detecting PAD, and strengthen its role as a prognostic marker for CV risk
assessment. Further research into the distinct molecular pathways underlying MAC
may also provide valuable insights, potentially identifying novel therapeutic targets
that could aid in the development of new treatments aimed at mitigating its effects.

The association between arterial calcification and IAs necessitates further
investigation. Given the observed correlation between atherosclerosis and IA
prevalence, future research should aim to elucidate the underlying
pathophysiological mechanisms governing this relationship. To ensure the
robustness and external validity of the findings, a prospective study design is
essential, incorporating a sufficiently large and representative cohort to allow for the
generalizability of results to the broader population. Such investigations could yield
critical insights into the shared etiological pathways of systemic and cerebrovascular
diseases, thereby enhancing risk stratification and informing the development of
more precise preventive and therapeutic strategies.

The implications of initiating antithrombotic therapy in asymptomatic PAD
patients based on abnormal ABI findings remain an area of ongoing investigation.
While current evidence does not support the widespread prescription of antiplatelet
therapy in this population, it is plausible that a subset of asymptomatic PAD patients,
particularly those with markedly reduced ABI or additional CV risk factors, could
benefit from targeted intervention. Future research is needed to establish precise
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thresholds for intervention and to identify patient subgroups most likely to benefit
from early therapeutic strategies.

Moreover, given the emerging evidence linking systemic vascular pathology to
IAs, the routine assessment of ABI values in IA patients warrants investigation.
Screening for PAD in this population could provide insights into the broader CV
burden among IA patients and help refine primary prevention strategies for CV
diseases. A prospective study assessing ABI in individuals diagnosed with IA could
determine whether a low ABI value serves as a marker for heightened CV risk in this
cohort. Such findings could support the integration of ABI screening into standard
IA patient management, ultimately aiding in the early identification of individuals
who may benefit from intensified CV risk reduction measures.

In conclusion, ABI measurement holds significant potential as a routine
screening tool for CV risk stratification. Although the role of antithrombotic therapy
in asymptomatic PAD remains uncertain, ongoing studies may clarify whether such
interventions are warranted in patients with a low ABI. Additionally, expanding ABI
screening to IA patients could provide valuable insights into the interplay between
cerebrovascular and systemic vascular diseases, potentially informing more
comprehensive preventive and therapeutic strategies.
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Conclusions

The findings of the presented studies on the associations between peripheral pressure
measurements and clinical outcomes can be summarized as follows:

L.

Borderline ABIis associated with increased CV and all-cause mortality,
suggesting that current ABI cut-offs may underestimate CV risk. A lower ABI
threshold of 1.0 should be considered to improve risk assessment.

Incompressible ankle arteries are associated with increased mortality, and
among these patients, lower TPs are linked to a worse prognosis.

The results suggest that low ABI and TBI values may be associated with an
increased prevalence of IAs.
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