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Abstract

Peripheral Arterial Disease (PAD) affects over 200 million people globally, with prevalence rising from
164 million in 2000 to 236 million in 2015. This study utilizes Medeia Inc.'s VitalScan-Vascular+ system,
which integrates ABI, PWV, and PVR technologies, to improve PAD screening and management. By
analyzing arterial stiffness across various indices (ABI, Al, EEI, DEI, DDI, Cl, and C2) in a large
cohort (n=227,173), the study found that most indices, except Al and C2, decline linearly with age,
reflecting reduced arterial elasticity and increased stiffness. Despite these changes, ABI values remained
within normal ranges for all participants. Male indices consistently exhibited higher values than those
of females. These findings underscore the importance of using multiple indices for a comprehensive
assessment of arterial health. Integrating ABI with arterial stiffness metrics offers a robust framework
for evaluating cardiovascular risk and PAD, highlighting the need for diverse diagnostic tools to
enhance patient management. Medeia Inc. aims to leverage this framework to develop cardiovascular
databases for PAD diagnosis that go beyond age-related effects and support personalized treatment
protocols. Future research should focus on refining these metrics and exploring their interactions to
improve diagnostic accuracy and clinical practice in cardiovascular care.

Introduction

The global burden of Peripheral Arterial
Disease (PAD) is significant, affecting over
200 million people worldwide, with a notable
increase in prevalence from 164 million in
2000 to approximately 236 million in 2015
[1-5]. PAD is notably higher in high-income
countries compared to low- and middle-income
countries, although the majority (72.9%)
of individuals with PAD reside in low- and
middle-income regions [4]. From 2000 to
2015, the global prevalence of PAD increased
by approximately 45%, with significant rises
observed in both high-income and low- and
middle-income nations [4].

In North America and Europe, around 20%
of adults over 55 are affected by PAD, totalling
approximately 27 million individuals, with
about half being asymptomatic [6-17]. PAD
is more prevalent in those with risk factors
such as smoking, hypertension, and diabetes
[6-8,18]. In the 1990s, PAD affected about
8.5 million individuals in the United States
(U.S.), but recent data show nearly 12 million
affected [19,20]. Changes in risk factors, such
as increased diabetes and decreased smoking,
suggest updated prevalence estimates are
needed [21-23.

PAD, a type of peripheral vascular disease
(PVD) caused mainly by atherosclerosis, leads
to reduced blood flow to the legs due to plaque
buildup in the arteries ]24-26]. It is classified
by clinical presentation using Rutherford or
Fontaine staging, with symptoms ranging from
intermittent claudication (calf pain during
walking relieved by rest) to severe cases
with ulceration or gangrene [27,28]. Other
symptoms can include foot pain at rest, non-
healing ulcers, hair loss, erectile dysfunction,
numbness, tingling, cyanosis, gangrene, and
functional impairment [26,27,29]. Many
patients with a low Ankle-Brachial Index (ABI)
may remain asymptomatic or have atypical
symptoms, making diagnosis challenging [30].

In its milder forms, PAD may present with
atypical symptoms such as tingling, numbness,
or decreased mobility, complicating diagnosis
and delaying treatment [31-33]. About one-
third of individuals with PAD experience
atypical exertional leg symptoms, while
approximately 20% show typical symptoms
like intermittent claudication, rest pain,
ulceration, or gangrene [17]. Incidence rates
vary globally: in the Netherlands, intermittent
claudication occurs at about 1.0 per 1,000
annually, with higher rates in women, whereas
the Framingham Study reported a higher
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incidence with a two-fold predominance in men [16,34]. Severe
PAD can progress to critical ischemia, characterized by rest
pain, ulceration, and gangrene, potentially leading to limb
amputation if left untreated. Only 0.25 to 0.45 per 1,000 people
annually progress to critical ischemia, which is notably more
common in patients with diabetes [18,35,36]. About 5% to 10%
of those with asymptomatic PAD will develop symptoms within
five years [37]. Despite this, nearly two-thirds of PAD patients
are either asymptomatic or have only mild symptoms, making
early diagnosis challenging [31-33].

Despite its gradual onset, PAD is associated with ongoing
atherogenesis in other vascular regions and a high mortality rate,
primarily due to stroke and myocardial infarction (MI) [32,38-
49]. Approximately 25% to 30% of patients with symptomatic
PAD die within five years [32,38-49]. PAD significantly
increases cardiovascular morbidity and mortality, regardless of
symptom status or gender [50,51]. This risk is particularly high
for patients undergoing peripheral revascularization, who often
face severe vascular impairment and elevated preoperative risk
due to comorbidities such as advanced age, renal dysfunction,
diabetes, or smoking [24,38,52].

According to the World Health Organization's Global Atlas
on Cardiovascular Disease Prevention and Control (2011),
cardiovascular diseases (CVDs) are the leading cause of death
and disability worldwide, with around 17.9 million global
fatalities in 2019 [53]. Vascular aging contributes to CVD by
causing degeneration of the heart and blood vessels, which can
impair the arterial system. In the United Kingdom (UK), about
20% of individuals aged 55 to 75 have PAD, characterized by
the narrowed arteries due to factors like wall thickening or fatty
deposits [54,55]. CVD remains the top global cause of death,
with rising rates linked to aging populations [56]. South Asian
migrants in the UK have 50% to 100% higher mortality rates
from coronary heart disease (CHD) and stroke compared to the
White British population [57]. Conversely, individuals of Black
African and African Caribbean descent experience lower rates
of CHD but higher stroke mortality compared to South Asians
[57].

Early detection is crucial for preventing cardiovascular
death, especially for asymptomatic patients. The increased
cardiovascular risk among migrant populations extends beyond
the UK, with South Asian migrants in Norway facing higher
risks of MI and stroke, and elevated stroke rates among those
from sub-Saharan Africa and Southeast Asia [58-60]. Similar
patterns have been observed in the Netherlands [61,62].
Traditional cardiovascular and metabolic risk factors, such
as hypertension, dyslipidemia, central adiposity, or insulin
resistance, do not fully account for these ethnic disparities in
cardiovascular risk [63,64].

CVD impact the heart, blood vessels, and vascular system
throughout the body and brain [65]. Non-modifiable risk
factors include age, gender, and family history of CVD, while
modifiable factors such as smoking and physical inactivity also
play significant roles [66,67]. In the absence of traditional risk
factors, assessing arterial health can help identify potential
cardiovascular issues. PAD, an independent predictor of
cardiovascular mortality, is a more critical factor for survival
than a clinical history of coronary artery disease (CAD) [52].

Key risk factors for PAD include CAD, diabetes, high
cholesterol, high blood pressure, obesity, physical inactivity,
and smoking, with aging also being significant [68-77].
As Western populations age, the burden of PAD and its
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complications is expected to rise unless effective and accessible
prophylactic therapies are implemented [78]. However, PAD
is often underdiagnosed, leading to delayed recognition and
management, particularly in its subclinical stages, necessitating
vigilant attention from healthcare providers [79].

Many cases of PAD go unnoticed or undiagnosed, even
when documented in medical records, often resulting in less
intensive management compared to other cardiovascular
disorders like CAD [6,80]. The U.S. Preventive Services Task
Force (USPSTF) concluded in 2013 that there was insufficient
evidence to evaluate the benefits and harms of screening
for PAD and cardiovascular risk assessment with ABI in
asymptomatic adults, which may further exacerbate the number
of undiagnosed cases [81].

Digital subtraction angiography (DSA) is the gold standard
for diagnosing PAD, particularly for detecting 50% or more
stenosis, with sensitivity and specificity over 90% [82-
84]. However, DSA is invasive and carries risks such as
nephrotoxicity, hypersensitivity reactions to the contrast
medium, and complications from arterial catheter access
[85-87]. Consequently, less invasive methods like magnetic
resonance angiography (MRA) and computed tomography
angiography (CTA) are often used for anatomical localization
and assessing stenosis, particularly in patients who may need
revascularization [88,89].

Despite advancements in diagnostic techniques, PAD remains
a significant burden. Managing PAD cost as much as or more
than treating congestive heart failure and cerebrovascular
disease [90,91]. Data from the Agency for Healthcare Research
and Quality indicate that the average annual expenditure for an
individual with PAD is $11,553, compared to $4,219 for those
without PAD [92]. For patients with severe PAD requiring
major amputation, annual costs can reach up to $55,700 per
patient post-procedure [93].

PAD significantly affects health-related quality of life and
work-related factors such as absenteeism [94]. Patients with
claudication, which impairs walking and reduces physical
activity, have lower quality-of-life scores compared to those
with CAD and congestive heart failure [95,96]. Although the
rate of PAD-related amputations has decreased, major lower-
extremity amputations still pose a high mortality risk, with
approximately 50% of patients dying within one year [97,98].
The rising prevalence and associated morbidity of PAD
underscore the urgent need for improved awareness and care
strategies [99]. In response to these challenges, Medeia Inc. is
working to enhance PAD screening and management through
standardized diagnostic methods, aiming to reduce undiagnosed
cases and enable earlier diagnosis.

Developed by Medeia Inc., the VitalScan-Vascular+ system
integrates advanced technologies for comprehensive vascular
health assessment (Figure 1). This system combines ABI, pulse
wave velocity (PWV), and pulse volume recording (PVR) to
streamline the recording and analysis of vascular responses,
providing automated, standardized, and clinically intuitive
results. The VitalScan-Vascular+ system, which is FDA-
cleared (K191266), captures, stores, and analyzes data on
PWYV, blood pressure, volume, heart rate variability (HRV), and
electrocardiography (ECG).

The VitalScan-Vasculart+ platform features specialized
databases for ABI and PWYV tailored to various cardiovascular
disorders, aiding in the establishment of clinical profiles
for diagnosis and treatment. This study employs the ABI,
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Figure 1. This is an image of the VitalScan-Vascular+ System devel-
oped by Medeia Inc. The VitalScan-Vascular+ System is portable,
easy-to-use, and non-invasive.

PWV, and PVR technologies to explore peripheral arterial
functionality across different age and sex subgroups within
a large neurological patient cohort. Key metrics include ABI
(n=135,846), Augmentation Index (AI) (n=227,173), and three
VitalScan-Vascular-derived arterial stiffness indices (EEI, DEI,
DDI) (n=227,173).

Arterial compliance, which reflects the ability of arteries
to adjust volume in response to pressure changes, naturally
declines with age, starting from childhood, and is further
reduced in conditions such as hypertension, end-stage renal
disease, and diabetes [100-106]. Increased arterial stiffness,
a key indicator of CVD, is linked to ventricular hypertrophy,
atherosclerosis, and functional changes in PAD due to altered
arterial wall viscoelasticity [107-110]. This stiffness can be
non-invasively measured using pulse PWV and ABI [110-113].
Arterial stiffness is a significant outcome for cardiovascular
events and mortality, especially when traditional cardiovascular
risk factors are less predictive [114-116].

The study evaluates ABI, the gold standard for PAD
detection, across all ages and sexes. ABI, a simple and non-
invasive PAD screening tool, shows at least 90% sensitivity and
98% specificity for detecting PAD defined as more than 50%
stenosis of a peripheral artery [117,118]. It remains a widely
used test in clinical settings [79,119]. PWV and arterial wave
reflections, such as the Al, are emerging as critical markers of
vascular health and cardiovascular risk [120,121]. This study
also explores the potential of peripheral Al as a predictor of
cardiovascular risk and PAD.

Additionally, the study investigates how age influences
arterial elasticity and contractility, measured by EEI, DEI,
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and DDI, focusing on the leg arterial segments (n=127,193) to
identify PAD beyond age-related changes. Objectives include
establishing population-based reference values for these three
arterial stiffness indices and assessing their utility in PAD beyond
normal aging. The analysis aims to enhance understanding of
how age, gender and these indices impact peripheral arterial
health and PAD. It also addresses current data limitations by
providing insights into PAD prevalence in individuals aged 80
and older, a growing demographic [122]. Medeia Inc. aims to
standardize these indices as diagnostic markers in the VitalScan-
Vascular+ databases for neurological, neuropsychological, and
autonomic disorders, expand the discriminant databases to
include PAD, and support personalized medicine approaches.

Materials and methods

Patient data acquisition occurred between 2014 and 2023
across multiple neurology offices. Patients who qualified for the
VitalScan-Vascular+ assessment were concurrently evaluated
for their ABI/PWV/ECG/HRV data. The subject selection
criteria for a VitalScan-Vascular+ assessment are detailed
below.

Inclusion/Exclusion Criteria, Demographics and Gender
[123]

For subjects aged 4 to 18 years, parents completed a
neurological history questionnaire for them, and psychometric
evaluations were conducted. Adults (> 18 years) also completed
a neurological questionnaire, and those deemed unhealthy
were excluded based on questionnaire responses and/or
physician comments. Physicians have access to the following
questionnaires: DSM-5 Level 1 (Cross-Cutting Symptom
Measures), PHQ-9 (Depression), and general neurological
questionnaires. Inclusion required at least one questionnaire
score below moderate and physician-verified health in that the
patient was deemed healthy. Any patient records or previously
known medical records with questionnaire score of ‘moderate’
or ‘severe’ were excluded from the VitalScan-Vascular+
database, regardless of other information.

Demographic Characteristics [123]

It is crucial that the demographic mixture of males and
females, various ethnic groups, and socioeconomic statuses
be reasonably representative of the expected North American
clientele. This diversity was derived from a large pool of
subjects obtained from eight geographically dispersed sites,
reflecting the North American demographics and addressing a
wide range of ethnic and socioeconomic statuses found in the
de-identified patient data before review.

Client-Based VitalScan-Vascular+ Database [123]

Each client in the VitalScan-Vascular+ database completed
a DSM-based questionnaire. Regression analysis was utilized
to remove any psychopathology-related variance from the
ECG, PWV, ABI, Al BP, and HRV data. This process ensures
that the variance in the PWV of ‘healthy’ subjects, which is
explained by the variance in the questionnaire, is removed to
create a ‘psychopathology-free’ Vascular+ normative database
or discriminant databases for various brain disorders.

Utilizing a client-based normative or discriminant database
has its own set of advantages. Clients may harbor expectations
distinct from those of 'healthy' subjects concerning Vascular+
recordings.

Patients were prepared for a VitalScan-Vascular+ assessment,
where ABI/PWV/ECG/HRYV data were collected concurrently.
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To Prepare the Patient for a VitalScan-Vascular+
Assessment [123]

To perform a reliable VitalScan-Vasculart+ assessment,
it is essential to observe the following patient preparations:
patients should abstain from consuming caffeine at least 2
hours before the assessment, avoid taking any new medications
or supplements unless directed by a healthcare provider, and
refrain from smoking and using alcohol, marijuana, or other
recreational drugs at least 6 hours prior to the assessment.
Vigorous exercise should also be avoided for at least 12 hours
before testing. Patients with pacemakers should not undergo
testing during the visit and are required to complete a brief
neuropsychological questionnaire about their symptoms before
testing.

During the testing, ensure the patient is comfortably seated
in a chair for 5-10 minutes before resting heart rate and systolic
and diastolic blood pressure are measured. Fluctuations in blood
pressure do not affect ABI measurements, as ABI is a ratio that
effectively cancels out confounding physiological factors [50].

Brief Guide to Operate the VitalScan-Vascular+ System
for Patient Assessment [123]

The VitalScan-Vascular+ System comprises a workstation
with three BP Cuffs, three photoplethysmography (PPG)/ SpO2
finger and toe sensors, and three-lead ECG sensors.

Tooperatethe VitalScan-Vascular+ System, follow these steps:
Turn on your laptop, open the VitalScan-Vascular+ software,
and ensure that the VitalScan-Vascular amplifier device's USB
is properly connected. To confirm the connection, click on the
settings button and press "Check Device Connection." Position
the patient comfortably.

For patient preparation, apply the three-lead ECG sensors—
place the red lead under the right clavicle, the black lead under
the left clavicle, and the yellow lead below the last left rib.
Attach the pulse Ox SpO2 finger and toe sensors, along with
three BP Cuffs — one on the right arm, and one each on the left
and right ankles. In the software, select "New Measurement"
and then "Vascular Response Test." Choose options for Resting.

Proceed to the patient information section, select "New" or
"Existing Patient," and enter the patient's details, including name,
date of birth, gender, weight, height, medications, symptoms,
or previous diagnoses. Progress to the patient questionnaire,
guiding the patient through detailed answers—an essential step.
In the pre-test screen, check signal quality.

After a successful test, view the results on the overview page
and disconnect the patient. The software results, starting with
the neurofunctional test option, provide a general summary with
scales ranging from red (abnormal) to green (healthy), helping
diagnose and assess the patient's cardiovascular health. Light
green is borderline, while yellow and orange indicate areas of
concern.

The VitalScan-Vascular+ collects information using arm and
ankle cuffs, along with a finger PPG sensor, resting in a supine
position for 5-10 minutes before test recording, to provide a
broad range of measurements. This data is then used to compute
various indices and classifications, including:

. Ankle/Brachial Index (ABI)

. Augmentation Index (Al)

. Ejection Elasticity Index (EEI)
. Dicrotic Elasticity Index (DEI)

Neurol Neurosci. (2024) Vol 5 Issue 2

. Dicrotic Dilation Index (DDI)
. Large (C1)/Small (C2) Artery Compliance
Results are presented as mean + standard deviation (SD).

Results and discussion
ABl versus Age

The ABI is a key diagnostic tool in assessing cardiovascular
risk and diagnosing PAD due to its simplicity and non-invasive
nature. The ABI, which measures the ratio of systolic blood
pressure at the ankle to that at the brachial artery, can identify
individuals at high risk even in the absence of symptoms [124].
This is particularly valuable since PAD can be asymptomatic,
with many patients not displaying typical leg symptoms
[124,125]. The 2016 American Heart Association and American
College of Cardiology (AHA/ACC) guidelines endorse ABI as
the preferred initial test of choice for diagnosing PAD, due to its
high sensitivity (95%) and specificity (near 100%) for detecting
significant vascular stenosis [126,127].

Epidemiological data shows PAD prevalence ranges from
3-10% in the general population, increasing with age—from 3%
in age 40 to 15-20% in those over 70 [7,128]. Global estimates
between 2000 and 2010 indicated 202 million PAD cases, with
significant increases in both low- and middle-income countries
(28.7%) and high-income countries (13.1%) [4]. For every
symptomatic patient, approximately four individuals have
asymptomatic PAD [9]. ABI values less than 0.90 suggest
PAD, and the European Stroke Organization considers values
between 0.9 and 1.4 as normal (6, 31, 129). Higher ABI values
(1.3 to 1.4) often indicate medial artery calcification rather than
true PAD [50,130,131].

The current study found that ABI values across a large cohort
(n=135,846) were within the normal range, with no significant
differences across age groups or genders (Figure 2a). Values
ranged from 1.159 £ 0.224 to 1.184 = 0.221 for males and 1.108
+ 0.246 to 1.155 + 0.234 for females (Table 1). No readings
exceeded 1.30, which would indicate non-compressible arteries
[26]. This aligns with previous studies, which report ABI above
1.40 as indicative of non-compressible arteries, a condition
more prevalent in older adults and those with CVD risk factors
[29,132-135].

Although all ABI readings in this study fell within the normal
range, stress test is recommended for symptomatic patients as
resting ABI may not always detect PAD [125]. Stress tests can
enhance PAD detection by about 30%, with a 15-20% decrease
in ABI following exercise suggesting PAD [125,136,137]. The
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Figure 2a. ABI versus age curve, with error bars, shows a decrease
with age in both men (left) and women (right) aged 20-90 years.
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Table 1. Mean ABI and Standard Deviation (SD) for Male and Fe-
male Patients Aged 20-90 Years. Total Number of Patients: 135,846.

Age Sex # of patients Mean SD
20-25 male 743 1.168 0.194
25-30 male 1514 1.181 0.225
30-35 male 2382 1.184 0.221
35-40 male 3247 1.177 0.226
40-45 male 4394 1.172 0.227
45-50 male 5366 1.168 0.224
50-65 male 6595 1.170 0.223
60-70 male 15191 1.166 0.227
70-80 male 13436 1.163 0.223
80-90 male 3717 1.159 0.224
20-25 female 1673 1.155 0.234
25-30 female 2889 1.144 0.238
30-35 female 4056 1.142 0.242
35-40 female 5160 1.143 0.243
40-45 female 6878 1.140 0.245
45-50 female 8097 1.126 0.247
50-65 female 10144 1.125 0.257
60-70 female 21438 1.118 0.244
70-80 female 19088 1.119 0.237
80-90 female 5650 1.108 0.246

European Society of Cardiology supports this recommendation,
emphasizing the utility of post-exercise ABI measurements for
improved PAD diagnosis [138].

Interestingly, findings from this study show a gradual but
insignificant downward trend in ABI with age for both sexes
(Figure 2b). This is consistent with observations from Smith
et al. and Hiatt et al., suggesting ABI decreases with age,
likely due to higher PAD prevalence among older adults
[139,140]. Females showed a greater magnitude of decline
compared to males. The relative decline from ages 20 to 90 was
4.07% [(1.108-1.155)/1.155] in females and 0.77% [(1.159-
1.168)/1.168] in males. Furthermore, males exhibited higher
ABI values than females across all age groups. Moreover, while
women generally have slightly lower ABI values compared to
men [11,50,84,140-142], the difference is minimal and does
not affect the use of a standard ABI threshold of <0.9 for PAD
diagnosis across genders [126,143].

Race also impacts ABI values, with Black individuals having
slightly lower ABI values compared to non-Hispanic Whites,
correlating with a higher prevalence of PAD [114,139,140,144-
147]. Lifetime risk estimates suggest that 30% of Black
individuals and 20% of non-Hispanic Whites will develop PAD
[148]. European ancestry individuals have a lower relative risk
compared to Hispanic or Black individuals [50]. This trend is
consistent with data showing Black individuals exhibit a higher
prevalence of PAD, while Asian individuals have the lowest
rates [21].

The study's results underscore the reliability of the ABI
measurement. Hirsch et al. reported that ABI measurements
generally exhibit good reproducibility, with variance ranging

Neurol Neurosci. (2024) Vol 5 Issue 2
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Figure 2b. ABI versus age curve shows a decline in both men (left)
and women (right) aged 20-90 years, with both curves demonstrating
a downward trend.

from 0.10 to 0.25 [26,50]. The Atherosclerosis Risk in
Communities (ARIC) study found that a single ABI measurement
can vary by £0.25 from the average, with three measurements
reducing variability to £0.12 (0.25/Y3) (ARIC study) [50]. This
variability is influenced by factors such as age, height, race, and
observer experience, highlighting the importance of multiple
measurements for accuracy [50]. Despite these variations, the
ABI measurements using the VitalScan-Vascular+ system
were consistent, validating the system’s reliability for assessing
cardiovascular risk.

In conclusion, while ABI remains a robust tool for PAD
diagnosis, incorporating stress testing and considering
demographic factors can enhance its diagnostic accuracy and
help manage cardiovascular risk more effectively.

Al versus Age

Al measures wave reflection in the arteries, reflecting the
ratio of the amplitude of the reflected wave to the systolic
wave [149,150]. It is used to assess arterial function and
cardiovascular health [151-154]. High blood pressure and wave
reflection are significant in evaluating systolic blood pressure
and hypertension. Al helps in understanding these factors. Al
typically increases with age, indicating higher wave reflection
amplitude and velocity [152,155]. The current study shows
a general rise in Al with age for both males and females,
consistent with previous studies (Figure 3a) [156,157]. Al
values increased from -0.277 + 0.127 in the 20-25 age group to
0.063 £0.207 in the 80-90 age group for males, and from -0.215
+ 0.137 to 0.133 + 0.212 for females (Table 2). With higher
Al values, the female curve is above the male curve (Figure
3b). The observed upward trend aligns with previous findings
suggesting a positive correlation between Al and age [152,158].

Al

Figure 3a. Al versus age curve, with error bars, shows an increase
with age in both men (left) and women (right) aged 20-90 years.
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Table 2. Mean Al and Standard Deviation (SD) for Male and Female
Patients Aged 20-90 Years. Total Number of Patients: 227,173.

Age Sex # of patients Mean SD
20-25 male 743 -0.277 0.127
25-30 male 1514 -0.261 0.133
30-35 male 2382 -0.231 0.144
35-40 male 3247 -0.188 0.158
40-45 male 4394 -0.153 0.171
45-50 male 5366 -0.115 0.176
50-65 male 6595 -0.085 0.189
60-70 male 15191 -0.034 0.198
70-80 male 13436 0.023 0.206
80-90 male 3717 0.063 0.207
20-25 female 1673 -0.215 0.137
25-30 female 2889 -0.176 0.152
30-35 female 4056 -0.133 0.162
35-40 female 5160 -0.085 0.199
40-45 female 6878 -0.045 0.187
45-50 female 8097 -0.002 0.193
50-65 female 10144 0.034 0.196
60-70 female 21438 0.065 0.198
70-80 female 19088 0.097 0.201
80-90 female 5650 0.133 0.212

However, the relationship between Al and age is not entirely
consistent across all studies [149,159,160]. While some
research confirms a positive correlation, suggesting that Al
increases with age, other studies do not support this relationship
[158,161,162]. Some research shows that Al correlates with age
primarily in younger individuals and loses this correlation in
older age [159,160]. Murakami et al. suggest that Al in children
is more strongly influenced by body height rather than changes in
arterial stiffness [160]. Despite Al being an important parameter
for assessing cardiovascular risk, elevated levels in children are
less indicative of CVD risk compared to adults and may relate

Al

Figure 3b. Al versus age curve shows an upward trend in both men
(left) and women (right) aged 20-90 years, with both curves demon-
strating a parallel upward trend.
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more to normal physiological processes such as cardiac growth.
Conversely, Caceres reports a negative correlation between
peripheral Al and age, based on the data from a homogenous
population, which contrasts with the generally observed positive
correlation [149,157,163,164].

Al values are generally higher in women compared to men.
Hughes et al. found that, in a group of healthy normotensive
individuals, central Al was higher in women than in men [150].
The current study shows that Al is generally higher in females
across all age groups, although the absolute values were lower
than those reported by Hughes et al [150]. The discrepancies
between studies may arise due to differences in sample
characteristics, measurement sites, and other factors.

Al inversely correlates with height and is generally higher in
women, although height alone does not fully explain the gender
differences observed [156,157,162,165]. In children under 15,
Al shows a negative correlation with body height, indicating a
decrease in Al as children grow taller [160]. This is attributed
to the earlier return of reflected pressure waves in shorter bodies
[156,166-170].

Previous studies, like those by Hughes and Murakami, report
varying Al values and trends [150,160]. The typical pattern in
adults is that Al increases with age and crosses the zero line in
individuals in their late 20s [159,171,172]. However, this study
found that Al values did not cross the zero line until age 70+ in
males and 50+ in females, differing from other research.

Previous research shows that Al increases with age, but the
relationship may plateau or vary in older populations [164].
Fantin’s study found that Al continues to rise with age until
about 55 years before leveling off, even though augmentation
pressure continues to rise [164]. In the current study, Al
continues to rise with age, reaching positive values after age 70
in males and 50 in females. The relative change in male Al from
age 20 to 90 is approximately 122.5% [(0.063 + 0.277) / -0.277]
increase. Females showed a greater increase of 162% [(0.133
+ 0.215) / -0.215]. Fantin et al. also noted that Al is about 7%
higher in women over 55 years compared to men, partly due to
lower pulse pressure in women, although augmentation pressure
is also higher in women [164]. Fantin suggests that Al might
not accurately reflect arterial compliance in the elderly because
it plateaus with age, while augmentation pressure continues to
rise [164]. Therefore, augmentation pressure could be a better
measure of arterial stiffness in older populations.

AT’s reliability is debated due to its sensitivity to factors like
PWV and waveform types [150,156,157,169,170,173-175].
Type C waveforms, which can produce negative Al values, are
more common in younger individuals and men [150]. Hughes
et al. highlighted that negative Al values resulting from type
C waveforms should not be interpreted as reflecting wave
reflection magnitude [150]. When type C waveforms were
excluded, there was no significant link between Al and age. Al
may provide limited insights into wave reflection and may be
influenced by various factors including age, height, sex, and
waveform type.

Al should be complemented with other indicators such as PWV
and augmentation pressure for a comprehensive assessment of
cardiovascular health. These measures offer additional insights
into arterial function and stiffness. While Al provides valuable
information on arterial function and cardiovascular risk, its
accuracy can be affected by various factors. Therefore, using Al
in conjunction with other diagnostic tools ensures a thorough
evaluation of cardiovascular health.
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EEI, DEI, DDI versus Age

Vascular aging is characterized by structural changes in
arterial walls, consisting of three layers: the intima, media, and
adventitia [176]. As people age, these walls undergo significant
transformations primarily due to alterations in collagen and
elastin fibers. Specifically, elastin is increasingly replaced by
collagen, resulting in reduced arterial elasticity and increased
stiffness [177]. This process contributes to higher blood pressure
and various cardiovascular conditions, including heart attacks
and CAD [178].

Vascular aging affects different arteries in distinct ways. In
central arteries, aging leads to an increase in collagen fibers
and a decrease in elastic fibers and smooth muscle cells [179-
182]. This shift results in heightened stiffness. Peripheral
arteries, being naturally more muscular and stiffer, exhibit less
pronounced changes with aging [183,184]. Notably, the stiffness
of the femoral artery in men does not change significantly with
age, whereas in women, it markedly increases after age 60
[185]. Conversely, the carotid artery, which is more distensible,
shows less pronounced stiffness changes with age [157,174].

Arterial stiffness, which refers to the reduced ability of arteries
to expand and contract with pressure changes, is assessed
using parameters like compliance and distensibility [186].
Compliance measures the change in arterial volume in response
to blood pressure changes, with lower compliance indicating
stiffer arteries. Distensibility, adjusted for the initial volume of
the artery, is more directly related to wall stiffness. The aorta
undergoes structural changes such as elastin fracture, increased
collagen, and calcium deposits, while peripheral arteries show
less or no increase in stiffness with age [157,168,186]. The gold
standard for assessing arterial stiffness, PWV measures the time
it takes for pulse pressure waves to travel between two points
along the arterial tree [187]. Higher PWYV values are indicative
of greater arterial stiffness and are predictive of cardiovascular
events and mortality.

In this large study involving both male and female populations
(n=227,173), the Ejection Elasticity Index (EEI), Dicrotic
Elasticity Index (DEI), and Dicrotic Dilation Index (DDI)
were analyzed across various age groups. These indices reflect
different aspect of arterial compliance:

*  EEI (capacitative): Indicates large artery elasticity and

left ventricular thickness.

*  DEI: Reflects peripheral artery and arteriole elasticity.
* DDI (oscillatory): Reflects contractility and stiffness in
small arteries.

EEI, DEI, DDI vs Age
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Figure 4. EEI, DEI, and DDI versus age curves show a downward
trend with age for both males (left) and females (right), indicating a
linear decline.
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Figure 5a. EEI versus age curve, with error bars, shows a decline
with age in both men (left) and women (right) aged 20-90 years.
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Figure 5b. EEI versus age curve shows a decline in both men (left)
and women (right) aged 20-90 years, with both curves demonstrating
a parallel downward trend.
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Figure 6a. DEI versus age curve, with error bars, shows a decline
with age in both men (left) and women (right) aged 20-90 years.

DEI

0.800
0.700
0.500
0500
0.400
0.300
0.200
0.100
0.000
DD PP PP H P w?

&5
SR S R i RS S A A

vol H D Q £
PP PP SR PG
MR R i G s A

Figure 6b. DEI versus age curve shows a decline in both men (left)
and women (right) aged 20-90 years, with both curves demonstrating
a similar downward trend.
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Figure 3. Mean EEI and Standard Deviation (SD) for Male and Fe-
male Patients Aged 20-90 Years. Total Number of Patients: 227,173.

Figure 4. Mean DEI and Standard Deviation (SD) for Male and Fe-
male Patients Aged 20-90 Years. Total Number of Patients: 227,173.

Age Sex # of patients Mean SD Age Sex # of patients Mean SD
20-25 male 743 -0.277 0.127 20-25 male 1934 0.738 0.236
25-30 male 1514 -0.261 0.133 25-30 male 3142 0.690 0.209
30-35 male 2382 -0.231 0.144 30-35 male 5032 0.658 0.216
35-40 male 3247 -0.188 0.158 35-40 male 6323 0.616 0.199
40-45 male 4394 -0.153 0.171 40-45 male 8204 0.593 0.196
45-50 male 5366 -0.115 0.176 45-50 male 10366 0.563 0.198
50-65 male 6595 -0.085 0.189 50-65 male 12884 0.541 0.217
60-70 male 15191 -0.034 0.198 60-70 male 30431 0.494 0.203
70-80 male 13436 0.023 0.206 70-80 male 25071 0.457 0.229
80-90 male 3717 0.063 0.207 80-90 male 7153 0.433 0.226
20-25 female 1673 -0.215 0.137 20-25 female 3109 0.651 0.209
25-30 female 2889 -0.176 0.152 25-30 female 5205 0.613 0.199
30-35 female 4056 -0.133 0.162 30-35 female 7524 0.577 0.206
35-40 female 5160 -0.085 0.199 35-40 female 9458 0.547 0.240
40-45 female 6878 -0.045 0.187 40-45 female 12391 0.517 0.207
45-50 female 8097 -0.002 0.193 45-50 female 15178 0.486 0.217
50-65 female 10144 0.034 0.196 50-65 female 19055 0.460 0.221
60-70 female 21438 0.065 0.198 60-70 female 43404 0.426 0.226
70-80 female 19088 0.097 0.201 70-80 female 36538 0.419 0.244
80-90 female 5650 0.133 0.212 80-90 female 11107 0.419 0.258
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Figure 7a. DDI versus age curve, with error bars, shows a decline
with age in both men (left) and women (right) aged 20-90 years.

All three indices (EEI, DEI, DDI) decreased with age in both
sexes (Figure 4), reflecting decreased arterial compliance and
increased stiffness. The male indices were consistently higher
than female indices across all ages (Figures 5-7), indicating
greater arterial elasticity in males. For instance (Table 3-5):

Male EEI: 0.648+0.090 (ages 20-25) vs. 0.405+0.148
(ages 80-90)
Female EEI: 0.603+0.098 (ages 20-25) vs. 0.355+0.152
(ages 80-90)
Male DEI: 0.738+0.236 (ages 20-25) vs. 0.433+0.226

Neurol Neurosci. (2024) Vol 5 Issue 2

Figure 7b. DDI versus age curve shows a decline in both men (left)
and women (right) aged 20-90 years, with both curves demonstrating

The

a parallel downward trend.
(ages 80-90)
Female DEI: 0.651+0.209 (ages 20-25) vs. 0.419+£0.258
(ages 80-90)

Male DDI: 0.634+0.134 (ages 20-25) vs. 0.455+0.135
(ages 80-90)

Female DDI: 0.561+0.147 (ages 20-25) vs. 0.418+0.132
(ages 80-90)

magnitude of decline observed in each index is as follows

(Table 6):
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Figure 5. Mean DEI and Standard Deviation (SD) for Male and Figure 7. Mean Leg-EEI and Standard Deviation (SD) for Male
Female Patients Aged 20-90 Years. Total Number of Patients: and Female Patients Aged 20-90 Years. Total Number of Patients:
227,173. 127,193.

Age Sex # of patients Mean SD Age Sex # of patients Mean SD
20-25 male 1934 0.634 0.134 20-25 male 664 0.683 0.138
25-30 male 3142 0.615 0.140 25-30 male 1302 0.678 0.134
30-35 male 5032 0.601 0.150 30-35 male 2182 0.665 0.142
35-40 male 6323 0.582 0.148 35-40 male 2961 0.654 0.147
40-45 male 8204 0.565 0.152 40-45 male 4074 0.643 0.153
45-50 male 10366 0.547 0.149 45-50 male 5049 0.638 0.155
50-65 male 12884 0.535 0.162 50-65 male 6249 0.618 0.160
60-70 male 30431 0.509 0.150 60-70 male 14299 0.583 0.160
70-80 male 25071 0.477 0.144 70-80 male 12695 0.539 0.162
80-90 male 7153 0.455 0.135 80-90 male 3549 0.505 0.171
20-25 female 3109 0.561 0.147 20-25 female 1499 0.627 0.130
25-30 female 5205 0.536 0.148 25-30 female 2605 0.611 0.140
30-35 female 7524 0.519 0.152 30-35 female 3683 0.597 0.132
35-40 female 9458 0.503 0.174 35-40 female 4703 0.575 0.140
40-45 female 12391 0.493 0.156 40-45 female 6442 0.561 0.147
45-50 female 15178 0.479 0.152 45-50 female 7579 0.541 0.145
50-65 female 19055 0.466 0.149 50-65 female 9505 0.523 0.148
60-70 female 43404 0.455 0.143 60-70 female 20467 0.500 0.155
70-80 female 36538 0.438 0.135 70-80 female 18126 0.477 0.171
80-90 female 11107 0.418 0.132 80-90 female 5310 0.451 0.160

Figure 6. Leg and Non-Leg EEI, DEI, and DDI versus age: Comparison of the relative decline between Leg and Non-Leg indices.

Index/Site Male Leg Female Leg Male Non-Leg Female Non-Leg
Ejection Elasticity (EEI) 26.1% 28.1% 37.5% 41.1%
Dicrotic Elasticity (DEI) 29.3% 28.8% 41.3% 35.6%
Dicrotic Dilation (DDI) 20.2% 21.5% 28.2% 25.5%
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Figure 8a. Leg-EEI versus age curve, with error bars, displays a Figure 8b. Leg-EEI versus age curve shows a decline in both
decline with age in both men (left) and women (right) aged 20-90 men (left) and women (right) aged 20-90 years, with both curves
years. demonstrating a similar downward trend.
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Figure 8. Mean Leg-DEI and Standard Deviation (SD) for Male
and Female Patients Aged 20-90 Years. Total Number of Patients:

Figure 9. Mean Leg-DDI and Standard Deviation (SD) for Male
and Female Patients Aged 2090 Years. Total Number of Patients:

127,193. 127,193.

Age Sex # of patients Mean SD Age Sex # of patients Mean SD
20-25 male 664 0.658 0.306 20-25 male 664 0.751 0.142
25-30 male 1302 0.669 0.287 25-30 male 1302 0.753 0.153
30-35 male 2182 0.656 0.282 30-35 male 2182 0.733 0.156
35-40 male 2961 0.643 0.281 35-40 male 2961 0.727 0.165
40-45 male 4074 0.631 0.274 40-45 male 4074 0.715 0.161
45-50 male 5049 0.608 0.265 45-50 male 5049 0.709 0.160
50-65 male 6249 0.594 0.275 50-65 male 6249 0.693 0.163
60-70 male 14299 0.543 0.288 60-70 male 14299 0.663 0.163
70-80 male 12695 0.488 0.277 70-80 male 12695 0.622 0.165
80-90 male 3549 0.465 0.297 80-90 male 3549 0.599 0.161
20-25 female 1499 0.605 0.399 20-25 female 1499 0.711 0.173
25-30 female 2605 0.585 0.348 25-30 female 2605 0.695 0.168
30-35 female 3683 0.565 0.321 30-35 female 3683 0.676 0.164
35-40 female 4703 0.548 0.303 35-40 female 4703 0.658 0.170
40-45 female 6442 0.539 0.353 40-45 female 6442 0.655 0.170
45-50 female 7579 0.508 0.310 45-50 female 7579 0.640 0.170
50-65 female 9505 0.483 0.306 50-65 female 9505 0.623 0.167
60-70 female 20467 0.464 0.306 60-70 female 20467 0.602 0.167
70-80 female 18126 0.445 0411 70-80 female 18126 0.575 0.167
80-90 female 5310 0.431 0.316 80-90 female 5310 0.558 0.160

Figure 10. Arterial Stiffness Indices (EEL, DEI, DDI): Reference Ranges and Interpretation in the VitalScan-Vascular+ System.
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Figure 9a. Leg-DEI versus age curve,
a decline in both men (left) and wom
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Figure 9b. Leg-DEI versus age curve shows a decline in both
men (left) and women (right) aged 20-90 years, with both curves
demonstrating a similar downward trend.
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Figure 10a. Leg-DDI versus age curve, with error bars, demonstrates
a decline in both men (left) and women (right) aged 20-90 years.
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Figure 10b. Leg-DDI versus age curve shows a decline in both
men (left) and women (right) aged 20-90 years, with both curves
demonstrating a similar downward trend.

. Male EEI: 37.5% [(0.405/0.648)/0.648]
« Male DEL: 41.3% [(0.433-0.738)/0.738]
«  Male DDI: 28.2% [(0.455-0.634)/0.634]
. Female EEI: 41.1% [(0.355-0.603)/0.603]
«  Female DEI: 35.6% [(0.419-0.651)/0.651]
«  Female DDI: 25.5% [(0.418-0.561)/0.561]

The relative decline in EEI was more pronounced in females,
while males showed more significant changes in DEI and DDI.
While some studies indicate a linear increase in stiffness with
age, others note accelerated stiffening between ages 50 and
60 [162,168]. Results of this study aligned with the former
observation, showing a linear increase in arterial stiffness as the
indices declined with age. Additionally, the female DEI curve
appeared to plateau after age 60. Overall, age impacts the three
indices, but sex differences are also evident.

Findings from the Leg measurement site (n=127,193) revealed
downward trends (Figures 8-10). All three indices (Leg-EEI,
Leg-DEI, Leg-DDI) showed a decrease with age, with males
consistently having higher values compared to females (Tables
7-9). For males, the relative decline ranged from 20.2%
[(0.599-0.751)/0.751] to 29.3% [(0.465-0.658)/0.658], and for
females, from 21.5% [(0.558-0.711)/0.711] to 28.8% [(0.431-
0.605)/0.605] (Table 6). The relative decline in Leg indices was
less pronounced compared to the non-Leg indices, suggesting
slower progression of stiffness in the legs.

The VitalScan-Vascular+ database provides population-based
reference ranges of 0.3 to 0.7 for EEI, DEI, and DDI (Table
10). Values outside these ranges may indicate disease, such as
a low EEI (<0.3) correlating with left ventricular insufficiency
or a high EEI (>0.7) indicating increased left ventricular

Neurol Neurosci. (2024) Vol 5 Issue 2

ejection. Abnormal values may warrant further testing using a
combination of indicators (ABI, Al, EEI, DEI, DDI, C1, C2) to
confirm PAD.

Large (C1) and Small (C2) Artery Compliance versus Age

Previous studies have identified correlations between the
ABI and the C2 index, with lower C2 values being associated
with conditions such as hypertension, diabetes, and elevated
cardiovascular risk scores [188-191].

The C1 and C2 indices, derived from a modified Windkessel
model, reflect compliance in large (C1) and small (C2) arteries
(188, 192). Previous studies showed C1 and C2 correlate with
ABI values and vascular conditions (188-191). C1 is influenced
by aging, while C2 is sensitive to conditions like hypertension
and atherosclerosis [188,190,193,194].

The current study observed a decline in C1 and a gradual
increase in C2 with age. The decline in C1 was more pronounced
than the increase in C2, indicating a greater reduction in large
artery compliance compared to small artery compliance. Males
had higher C1 values than females, but both sexes exhibited
similar age-related changes in C1 and C2 (Figure 11). Differences
in C1 and C2 values compared to previous studies may be due
to variations in population characteristics, test protocols, and
technology [195,196]. Early changes in arterial compliance,
particularly in small vessels (C2), may offer valuable insights
for detecting early arterial dysfunction and PAD progression.

The study's results highlight the significant impact of aging
on arterial stiffness and the differential effects on central versus
peripheral arteries. While all indices show a decline with age,
the extent and pattern of this decline vary by index and sex.
The findings underscore the importance of considering both
large and small artery compliance in assessing cardiovascular
health and the need for further research to refine diagnostic and
monitoring tools for arterial stiffness and PAD.

Discussion

Changes in Arterial Indices with Age and Gender

This study presents comprehensive insights into age-related
changes in arterial stiffness, as reflected by C1, C2, EEI, DEI,
DDI, Al, and ABI. The findings confirm that arterial stiffness
increases with age, as evidenced by the significant decline in
these indices, except for Al and C2, across a broad age range
from 20 to 90 years. This decline was consistent across both male
and female participants, though with notable sex differences in
magnitude.

C1, C2 vs Age

T
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Figure 11. Arterial Compliance, measured by CI (large artery) and

C2 (small artery), versus age: Male C1/C2 curves mirror the female

C1/C2 curves, showing a downward trend. Both male and female C1
curves decreased with age, while the C2 curves increase with age.
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Age-Related Changes in Arterial Stiffness:

Both ABI and Al are influenced by age and gender. ABI tends
to decrease with advancing age due to the progression of arterial
disease, while Al generally increases with age, reflecting greater
wave reflection and arterial stiffness.

The study’s results align with previous studies showing that
arterial stiffness increases with age due to structural changes in
the arterial walls, such as the replacement of elastin with collagen
and the accumulation of calcium deposits [177,178]. The linear
decline in EEI, DEI, and DDI observed in this study reflects
the progressive loss of arterial elasticity and contractility. This
is consistent with the findings of Avolio et al. and McEniery et
al., who reported similar trends in arterial stiffness with aging
[162,168].

Interestingly, while both central and peripheral arteries
show increased stiffness with age, the data suggest that central
arteries are more affected compared to peripheral arteries. This
supports previous research indicating that central arteries, such
as the aorta, undergo more pronounced structural changes than
peripheral arteries [157,162,186]. The slower progression of
stiffness in peripheral arteries observed in the current study
aligns with previous studies and suggests that peripheral
vascular aging may be less aggressive than central vascular
aging [168,174,175,180,183,184,186].

Sex Differences in Arterial Stiffness:

Gender differences are also observed, with females often
showing higher Al values than males, while the opposite is true
for ABI, consistent with previous studies [11,84,141]. Moreover,
the observed higher values of arterial stiffness indices in males
compared to females, particularly in the EEI and DEI, are in line
with existing literature highlighting sex differences in vascular
aging [174,183,185]. The more pronounced decline in EEI for
females and the greater relative changes in DEI and DDI for
males could be attributed to hormonal differences, differences
in body fat distribution, or varying impacts of aging on vascular
health between sexes. These findings underscore the need for
sex-specific reference ranges for arterial stiffness indices and
suggest that different mechanisms may be influencing vascular
aging in men and women. Understanding these variations (age,
sex) is crucial for accurate interpretation and assessment of
cardiovascular risk.

Peripheral Arterial Stiffness and PAD:

The slower decline in leg indices (Leg-EEI, Leg-DEI, Leg-
DDI) compared to central indices and the lower relative decline
in peripheral stiffness support the notion that PAD affects
peripheral arteries less aggressively compared to central arteries.
This finding is consistent with studies suggesting that peripheral
arterial stiffness increases less markedly with age than central
arterial stiffness [157,162,168,174,175,180,183,184].

Potential Implications for PAD Diagnosis:

The data on indices C1 and C2 provide additional insights
into large and small vessel compliance. While C1 showed a
pronounced decline with age, indicating reduced large artery
compliance, C2 increased gradually, reflecting changes in
small artery compliance. The different trajectories of C1 and
C2 suggest that small artery compliance might serve as an
early marker for arterial dysfunction, potentially identifying
individuals at risk for PAD before more severe changes in large
arteries become apparent.

While ABI and Al are valuable, they each have limitations.
Al's accuracy can be affected by factors like waveform types and
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height, and its role as a standalone indicator of wave reflection
is debated. ABI can be less reliable in individuals with non-
compressible arteries, such as those with diabetes or advanced
age.

Together, these metrics (ABI, Al, EEI, DEI, DDI, Cl,
C2) can help in identifying individuals at risk for a range of
cardiovascular conditions, including PAD, and overall arterial
dysfunction.

Diabetes and PAD

The relationship between PAD and cardiovascular risk
is particularly intricate in patients with type 2 diabetes
mellitus (T2DM). PAD is frequently underdiagnosed in this
population despite its significant impact on functional capacity
and cardiovascular risk [197]. Although diabetes is a well-
established risk factor for PAD, its effect can be exacerbated by
other cardiovascular risk factors [80,198].

Diabetic metabolic disorders substantially contribute to the
progression of PAD. A 1% increase in HbA1c is linked to a 28%
higher risk of developing PAD [199]. Diabetes raises the risk of
PAD by 3 to 4 times and doubles the risk of claudication. Lower
HbA 1c levels are associated with a reduced rate of amputation,
and individuals with diabetes and PAD experience significantly
worse walking performance compared to those without diabetes
[199-201].

Recent data show a troubling rise in non-traumatic lower
extremity amputation rates among people with diabetes, with
a 50% increase from 2009 to 2015 [202]. Diabetes, alongside
smoking, is a major risk factor for PAD, with smoking having
the highest odds ratio for PAD, followed by diabetes [4,18].
Diabetes is particularly linked to severe PAD, with studies
indicating a high hazard ratio for critical limb ischemia (CLI) in
diabetic patients with elevated HbAlc [202]. Diabetes accounts
for about 70% of lower extremity amputations in the U.S.
[202]. Diabetes is associated with a higher risk of peripheral
atherosclerosis and severe PAD, with a systematic review
finding that diabetes increases the odds of PAD by almost two
times [4]. Elevated HbAlc levels correlate with an increased
risk of cardiovascular events, including PAD [125].

In diabetic patients, traditional ABI measurements can be
misleading due to vessel stiffening or calcification, leading to
falsely elevated ABI values [203,204]. Elevated ABI values are
often seen in individuals with glucose metabolism abnormalities
and higher body mass index, which are associated with medial
artery calcification (MAC) [131]. MAC contributes to increased
arterial stiffness and elevated ABI values due to factors such as
inflammation and oxidative stress [50].

Recent findings from Gasparini et al. indicate that 5.49% of
participants had a low ABI, suggesting potential PAD, while
a significant 45.05% had elevated carotid-femoral pulse wave
velocity (cfPWV), which is associated with older age and longer
diabetes duration [197]. These findings highlight the importance
of measuring both ABI and PWV for a comprehensive
cardiovascular risk assessment and early PAD diagnosis in
T2DM patients.

For more accurate diagnosis, measuring toe pressure and
calculating the Toe-Brachial Index (TBI) is recommended,
particularly when ABI readings are >1.3 or when discrepancies
are noted in Doppler pulse curves [83,125]. The TBI provides
a more reliable assessment of cardiovascular risk in diabetic
patients compared to ABI [205,206].

Overall, the prevalence of PAD is increasing with the aging
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population and rising diabetes rates, leading to an anticipated
40% increase in the workload for vascular medicine by 2020
(207).

CAN and PAD

Cardiac autonomic neuropathy (CAN) also plays a crucial role
in cardiovascular outcomes, especially when arterial stiffness
is present [208]. In diabetes, CAN initially disrupts vagal
control and increases sympathetic activity, which may later
diminish [209]. Experimental studies suggest that increased
sympathetic activity exacerbates arterial stiffness, while vagal
activity may offer protective effects [210,211]. In individuals
with type 1 diabetes, CAN is linked to higher pulse pressure,
a marker of arterial stiffness, and alterations in left ventricular
function [212]. Higher sympathetic activity in diabetic and
hypertensive patients correlates with arterial stiffness, and
elevated sympathetic nerve activity acutely increases pulse
wave velocity (PWV) [213-215]. CAN is associated with
increased arterial stiffness in type 1 diabetes and correlated with
peripheral neuropathy and retinopathy in T2DM [216,217].
Endothelial dysfunction linked to arterial stiffness is also
seen in hypertensive and diabetic patients [218,219]. Overall,
CAN and related autonomic imbalances contribute to adverse
cardiovascular changes and prognosis in diabetes.

Smoking and PAD

PAD shares many risk factors with coronary atherosclerosis,
with smoking and diabetes being the most significant [69].
Smokers face a 2-3 times higher risk of developing PAD
compared to non-smokers, with the risk escalating based on
the amount and duration of smoking [145,146,220-222]. For
instance, the ARIC study found that those with >25 pack-years of
smoking had approximately a fourfold higher risk of PAD, with
the elevated risk for PAD lasting up to 30 years, compared to
other atherosclerotic diseases where the risk normalizes within
20 years [223]. Recent research and Mendelian randomization
studies highlight that smoking more strongly contributes to PAD
than to CAD or stroke [224,225]. Even adolescents who smoke
have increased carotid intima-media thickness, underscoring
the need for continued smoking prevention and cessation efforts
across all age groups [225].

Additionally, smoking just before measuring the ABI can
artificially lower ABI readings by 0.09 units. Therefore,
it is advisable to wait at least 12 hours after smoking before
measuring ABI (50). PAD prevalence increases with age,
becoming more common after age 50, particularly after 70.
Racial factors also influence PAD incidence, with higher rates
observed among Caucasians and Blacks [31,147,226].

Smoking also contributes to more severe PAD, higher
amputation rates, and increased mortality [227,228]. Smoking
cessation can slow PAD progression, though its effects on
walking performance in intermittent claudication are less
clear [229,230]. Effective cessation strategies include nicotine
replacement therapy, formal programs, and medications like
bupropion, complemented by regular medical supervision and
group therapy [231-233].

CLIand PAD

PAD of the lower limbs is caused by blood circulation
disorders in the arteries, typically due to atherosclerosis in about
95% of cases [125]. PAD can be asymptomatic early on and
affect both large and small vessels . Inflammatory, genetic, and
traumatic causes are less common with age, whereas embolic
events become more frequent [26]. PAD, along with MI and
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stroke, represents severe manifestations of atherosclerosis, with
the most critical form leading to tissue necrosis and potential
limb amputation [234].

The prognosis of lower extremities in patients with PAD is
influenced by the extent of atherosclerosis, the severity of limb
ischemia, and the effectiveness of revascularization [26]. For
chronic atherosclerosis leading to CLI, limb viability is poor
without revascularization, while acute occlusive events rely on
prompt revascularization to prevent irreversible damage [26].

Approximately 25% of claudication patients experience
spontaneous symptom improvement, one-third to one-half see
no change, and about 25% worsen [125]. The progression of
claudication is influenced by cardiac and cerebral events, with
only 2% of claudication patients undergoing amputation within
10 years [137]. A 2016 review by Sigvant et al. found that 7% of
asymptomatic PAD patients developed intermittent claudication
within five years, and 21% of these progressed to CLI, with
symptomatic PAD patients having a five-year cardiovascular
mortality rate of 13% compared to 5% in the general population
[235].

CLI patients face even higher mortality risks, up to 80% with
pain at rest and 95% with trophic lesions [236]. Generally, 60-
80% of PAD patients have significant coronary artery stenosis,
and two-thirds show ischemia on stress tests [237]. Historically,
Wolfe reported a 20% one-year mortality rate for CLI, whereas
recent COPART registry data showed a one-year mortality rate
of 5.7% for stable intermittent claudication and 21.1% for CLI,
with ulcerated patients at 28.7% [238,239]. The BASIL study
reported one- and three-year amputation-free survival rates of
70% and 55%, respectively, with a one-year mortality rate of
about 20% [240].

CLI, an advanced stage of PAD, is associated with elevated
arterial stiffness [241]. While the ABI is a known marker of
mortality and morbidity, its relationship with arterial stiffness
has been under-researched [242]. Increased arterial stiffness
correlates with shorter walking distances in claudication patients
[243]. Studies have investigated arterial stiffness in claudication
but are limited for CLI, with findings showing mixed results on
PWYV and pulse wave reflection (AI) [110,244-250].

Guidelines from the Society for Vascular Surgery (2015) and
the AHA/American College of Cardiology Foundation [2016]
recommend against routine PAD screening in asymptomatic
individuals without risk factors [126,251,252]. However,
screening is advised for asymptomatic individuals at elevated
risk, such as those over age 70, smokers, diabetics, and
those with abnormal pulse exams or other cardiovascular
disease. The 2013 AHA/ACC guidelines suggest ABI could
aid decision-making when treatment options are uncertain,
though the American Academy of Family Physicians considers
the evidence insufficient to justify routine ABI-based PAD
screening [253,254].

PAD Therapy

PAD therapy focuses on reducing cardiovascular risk factors
and improving peripheral blood flow [125]. Treatment strategies
vary by disease stage and may include antihypertensive drugs,
exercise, and hormonal therapies to enhance compliance
[104,255,256]. PAD screening offers two main benefits:
early detection and treatment, which can slow atherosclerosis
progression, and identifying individuals at risk for systemic
atherosclerosis, potentially improving CVD risk management
[86]. Abnormal ABI results can refine risk predictions and
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guide more aggressive treatment. Studies consistently show that
PAD reduces physical quality of life, but its impact on mental
quality of life is less clear [257-260].

Conclusion

summary, combining ABI with arterial stiffness

indices (Al, EEI, DEI, DDI, C1, C2) provides a robust and
comprehensive framework for evaluating arterial health and
cardiovascular risk. The study reinforces the value of integrating
these metrics to enhance cardiovascular risk assessment and
patient management, offering complementary insights into
an individual’s cardiovascular status. Future research should
focus on refining these metrics, exploring their interactions, and
improving diagnostic accuracy to better inform clinical practice
and patient outcomes in cardiovascular care.

References

1.

10.

11.

12.

Fowkes FG, Aboyans V, Fowkes FJ, et al. Peripheral artery
disease: Epidemiology and global perspectives. Nat Rev Cardiol.
2017;14(3):156-170. d0i:10.1038/nrcardio.2016.179

Schanzer MH, Shishehbor KJ, Stewart D, Treat-Jacobson ME,
Walsh ME. AHA/ACC guideline on the management of patients
withlower extremity peripheral artery disease: Executive summary:
A report of the American College of Cardiology/American
Heart Association Task Force on Clinical Practice Guidelines.
Circulation. 2017;135(12). doi:10.1161/CIR.0000000000000471

Song P, Rudan D, Zhu Y, et al. Global, regional, and national
prevalence and risk factors for peripheral artery disease in 2015:
An updated systematic review and analysis. Lancet Glob Health.
2019;7(8). doi:10.1016/S2214-109X(19)30255-4

Fowkes FGR, Rudan D, Rudan I, et al. Comparison of global
estimates of prevalence and risk factors for peripheral artery
disease in 2000 and 2010: A systematic review and analysis. Lancet.
2013;382(9901):1329-1340. doi:10.1016/S0140-6736(13)61249-0

Song P, Fang Z, Wang H, et al. Global and regional prevalence,
burden, and risk factors for carotid atherosclerosis: A systematic
review, meta-analysis, and modelling study. Lancet Glob Health.
2020;8. d0i:10.1016/52214-109X(20)30117-0

Hirsch AT, Criqui MH, Treat-Jacobsen D, et al. Peripheral arterial
disease detection, awareness, and treatment in primary care.
JAMA. 2001;286(11):1317-1324. doi:10.1001/jama.286.11.1317

Diehm C, Schuster A, Allemberg JR, et al. High prevalence of
peripheral arterial disease and co-morbidity in 6880 primary care
patients: Cross-sectional study. Atherosclerosis. 2004;172(1):95-
105. doi:10.1016/j.atherosclerosis.2003.10.029

Faglia E, Caravaggi C, Marchetti R, et al. Screening for peripheral
arterial disease by means of the ankle-brachial index in newly
diagnosed type 2 diabetic patients. Diabet Med. 2005;22(12):1310-
1314. doi:10.1111/.1464-5491.2005.01730.x

Fowkes FGR, Housley E, Cawood EH, Macintyre CC, Ruckley CV,
Prescott RJ. Edinburgh Artery Study: Prevalence of asymptomatic
and symptomatic peripheral arterial disease in the general
population. Int J Epidemiol. 1991;20(3):384-392. do0i:10.1093/
ije/20.3.384

Newman AB, Sutton-Tyrrell K, Rutan GH, Locher J, Kuller
LH. Lower extremity arterial disease in elderly subjects with
systolic hypertension. J Clin Epidemiol. 1991;44(1):15-20.
doi:10.1016/0895-4356(91)90006-N

Meijer WT, Hoes AW, Rutgers D, Bots ML, Hofman A, Grobbee
DE. Peripheral arterial disease in the elderly: The Rotterdam
study. Arterioscler Thromb Vasc Biol. 1998;18(2):185-192.
doi:10.1161/01.ATV.18.2.185

Stoffers HE, Rinkens PE, Kester AD, Kaiser V, Knottnerus JA.

Neurol Neurosci. (2024) Vol 5 Issue 2

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

The prevalence of asymptomatic and unrecognised peripheral
arterial occlusive disease. Int J Epidemiol. 1996;25(2):282-290.
doi:10.1093/ije/25.2.282

Fowler B, Jamrozik K, Norman P, Allen Y. Prevalence of peripheral
arterial disease: Persistence of excess risk in former smokers. Aust
N Z ] Public Health. 2002;26(2):219-224. doi:10.111 1/j.1467-
842X.2002.tb00032.x

getABI Study Group. getABI: German epidemiological trial on
ankle-brachial index for elderly patients in family practice to detect
peripheral arterial disease, significant marker for high mortality.
Vasa. 2002;31(4):241-248. doi:10.1024/0301-1526.31.4.241

O’Hare AM, Glidden DV, Fox CS, Hsu C. High prevalence of
peripheral arterial disease in persons with renal insufficiency:
Results from the National Health and Nutrition Examination
Survey 1999-2000. Circulation. 2004;109(3):320-323.
doi:10.1161/01.CIR.0000117981.16104.48

Hooi JD, Kester AD, Stoffers HE, Overdijk MM, van Ree JW,
Knottnerus JA. Incidence of and risk factors for asymptomatic
peripheral arterial disease: A longitudinal study. Am J Epidemiol.
2001;153(7):666-672. doi:10.1093/aje/153.7.666

McDermott MM, Mehta S, Greenland P. Exertional leg symptoms
other than intermittent claudication are common in peripheral
arterial disease. Arch Intern Med. 1999;159(4):387-392.
doi:10.1001/archinte.159.4.387

American Diabetes Association. Peripheral arterial disease in
people with diabetes. Diabetes Care. 2003;26(12):3333-3341.
doi:10.2337/diacare.26.12.3333

Allison MA, Cushman M, Solomon C, et al. Ethnicity and risk
factors for change in the ankle-brachial index: The Multi-Ethnic
Study of Atherosclerosis. ] Vasc Surg. 2009;50(5):1049-1056.
doi:10.1016/j.jvs.2009.05.061

Roger VL, Go AS, Lloyd-Jones DM, et al; American Heart
Association  Statistics Committee and  Stroke  Statistics
Subcommittee. Heart disease and stroke statistics—2012 update:
A report from the American Heart Association. Circulation.
2012;125(1). doi:10.1161/CIR.0b013e31823ac046

Aday AW, Matsushita K. Epidemiology of peripheral artery
disease and polyvascular disease. Circ Res. 2021;128(12):1818-
1832. doi:10.1161/CIRCRESAHA.121.318535

Menke A, Casagrande S, Geiss LS, Cowie CC. Prevalence of and
trends in diabetes among adults in the United States, 1988-2012.
JAMA. 2015;314(10):1021-1029. d0i:10.1001/jama.2015.10029

Virani SS, Alonso A, Aparicio HJ, et al. Heart disease and
stroke statistics—2021 update: A report from the American
Heart Association. Circulation. 2021;143(8). doi:10.1161/
CIR.0000000000000950

Hiatt WR, Goldstone J, Smith SCJr, et al. Atherosclerotic peripheral
vascular disease symposium II: Nomenclature for vascular
diseases. Circulation. 2008;118(25):2826-2829. doi:10.1161/
CIRCULATIONAHA.108.191171

Haas TL, Lloyd PG, Yang HT, Terjung RL. Exercise training and
peripheral arterial disease. Compr Physiol. 2012;2(4):2933-3017.
d0i:10.1002/cphy.c110065

Hirsch AT, Haskal ZJ, Hertzer NR, et al. ACC/AHA 2005 Practice
Guidelines for the management of patients with peripheral arterial
disease (lower extremity, renal, mesenteric, and abdominal aortic):
A collaborative report. Circulation. 2006;113(11) doi:10.1161/
CIRCULATIONAHA.106.174526

DynaMed. Peripheral arterial disease (PAD) of lower extremities.
EBSCOhost. 2015. Retrieved from http://web.a.ebscohost.com/
dynamed

Criqui MH, Aboyans V. Epidemiology of peripheral artery
disease. Circ  Res. 2015;116(9):1509-1526.  doi:10.1161/

Page 14 of 21



Annie TL Young et al. Neurology & Neuroscience. 2024;5(2):1-21

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

CIRCRESAHA.116.303849

Rooke TW, Hirsch AT, Misra S, et al. 2011 ACCF/AHA focused
update of the guideline for the management of patients with
peripheral artery disease (updating the 2005 guideline). ] Am Coll
Cardiol. 2011;58(19):2020-2045. doi:10.1016/j.jacc.2011.08.023

McDermott MM. Lower extremity manifestations of peripheral
artery disease: The pathophysiologic and functional implications
of leg ischemia. Circ Res. 2015;116(9):1540-1550. doi:10.1161/
CIRCRESAHA.114.303517

European Stroke Organisation, Tendera M, Aboyans V, et al. ESC
guidelines on the diagnosis and treatment of peripheral artery
diseases. Eur Heart J. 2011;32(26):2851-2906.

Hooi JD, Kester ADM, Stoffers HEJH, et al. Asymptomatic
peripheral arterial occlusive disease predicted cardiovascular
morbidity and mortality in a 7-year follow-up study. J Clin
Epidemiol. 2004;57(3):294-300.

Twine CP, Coulston J, Shandall A, et al. Angioplasty versus stenting
for superficial femoral artery lesions. Cochrane Database Syst Rev.
2009;(2)

Kannel WB, McGee DL. Update on some epidemiological features
of intermittent claudication. ] Am Geriatr Soc. 1985;33(1):13-18.
doi:10.1111/§.1532-5415.1985.tb02777 x

Catalano M. Epidemiology of critical limb ischemia: Northern
Italian data. Eur ] Med. 1993;2(1):11-14.

Ebskov L, Schroeder T, Holstein P. Epidemiology of leg amputation:
The influence of vascular surgery. Br J Surg. 1994;81(11):1600-
1603. doi:10.1002/bjs.1800811124

Hooi JD, Stoffers HE, Knottnerus JA, van Ree JW. The prognosis
of non-critical limb ischemia: A systematic review of population-
based epidemiological evidence. Br ] Gen Pract. 1999;49(442):49-
55.

Leng GC, Lee AJ, Fowkes FG, et al. Incidence, natural history and
cardiovascular events in symptomatic peripheral arterial disease
in the general population. Int ] Epidemiol. 1996;25(6):1172-1181.
doi:10.1093/ije/25.6.1172

Criqui MH, Langer RD, Fronek A. Mortality over a period of 10
years in patients with peripheral arterial disease. N Engl ] Med.
1992;326(6):381-386. doi:10.1056/NEJM199202063260604

Vogt MT, Cauley JA, Newman AB, Kuller LH, Hulley SB. Decreased
ankle/arm blood pressure index and mortality in elderly women.
JAMA. 1993;270(4):465-469. doi:10.1001/jama.270.4.465

Kornitzer M, Dramiax M, Sobolski ], Degre S, De Backer G. Ankle/
arm pressure index in asymptomatic middle-aged males: An
independent predictor of ten-year coronary heart disease mortality.
Angiology. 1995;46(3):211-219. d0i:10.1177/000331979504600303

Newman AB, Sutton-Tyrell K, Kuller LH. Mortality over four years
in SHEP participants with a low ankle-arm index. ] Am Geriatr
Soc. 1997;45(12):1472-1478.  doi:10.1111/j.1532-5415.1997.
tb01505.x

Newman AB, Shemanski L, Manolio TA, et al. Ankle-arm index
as a predictor of cardiovascular disease and mortality in the
Cardiovascular Health Study. Arterioscler Thromb Vasc Biol.
1999;19(3):538-545. doi:10.1161/01.ATV.19.3.538

Newman AB, Sutton-Tyrell K, Vogt MT, Kuller LH. Morbidity
and mortality in hypertensive adults with low ankle-arm pressure
index. JAMA. 1993;270(4):487-489. d0i:10.1001/jama.270.4.487

Eagle KA, Rihal CS, Foster ED, Mickel MC, Gersh BJ. Long-term
survival in patients with coronary artery disease: Importance of
peripheral vascular disease. ] Am Coll Cardiol. 1994;23(5):1091-
1095. doi:10.1016/0735-1097(94)90047-6

McDermott MM, Feinglass J, Slavensky R, Pearce WH. The
ankle-brachial index as a predictor of survival in patients with

Neurol Neurosci. (2024) Vol 5 Issue 2

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

peripheral vascular disease. ] Gen Intern Med. 1994;9(8):445-449.
doi:10.1007/BF02599258

Dormandy J, Heeck L, Vig S. The natural history of claudication:
Risk to life and limb. Semin Vasc Surg. 1999;12(2):123-137.
doi:10.1016/51045-0673(99)00009-2

Aquino R, Johnnides C, Makaroun M. Natural history of
claudication: Long-term serial follow-up of 1244 claudicants. J
Vasc Surg. 2001;34(6):962-970. doi:10.1067/mva.2001.119069

Hooi JD, Stoffers HE, Kester AD, Knottnerus JA. Peripheral arterial
occlusive disease: Prognostic value of signs, symptoms, and the
ankle-brachial pressure index. Med Decis Making. 2002;22(2):99-
107. doi:10.1177/0272989X0202200204

Rac-Albu M, Iliuta L, Guberna SM, Sinescu C. The role of ankle-
brachial index for predicting peripheral arterial disease. Maedica
(Bucur). 2014;9(3):295-302.

McDermott MM, Liu K, Criqui MH, et al. Ankle-brachial index
and subclinical cardiac and carotid disease: The Multi-Ethnic
Study of Atherosclerosis. Am ] Epidemiol. 2005;162(1):33-41.
doi:10.1093/aje/kwil76

Dawson DL, Hiatt WR, Creager MD, et al. Peripheral arterial
disease medical care and prevention of complications. Prev Cardiol.
2002;5(2):119-130. doi:10.1111/j.1520-037X.2002.10703.x

World Health Organization. Cardiovascular diseases. Retrieved
February 2, 2023, from https://www.who.int/publications/i/
item/9789241564373

Dhaliwal G, Mukherjee D. Peripheral arterial disease:
Epidemiology, natural history, diagnosis, and treatment. Int J
Angiol. 2007;16(1):36-44. doi:10.1055/s-0031-1298083

Kyle D, Boylan L, Wilson L, et al. Accuracy of peripheral arterial
disease registers in UK general practice: Case-control study. |
Prim Care Community Health. 2020;11:2150132720946148.
doi:10.1177/2150132720946148

Roth GA, Huffman MD, Moran AE, et al. Global and
regional patterns in cardiovascular mortality from 1990 to
2013.  Circulation.  2015;132(15):1404-1423.  doi:10.1161/
CIRCULATIONAHA.114.008721

Wild SH, Fischbacher C, Brock A, Griffiths C, Bhopal R. Mortality
from all causes and circulatory disease by country of birth in
England and Wales, 2001-2003. ] Public Health. 2007;29(2):191-
198. doi:10.1093/pubmed/fdm018

Hedlund E, Lange A, Hammar N. Acute myocardial infarction
incidence in immigrants to Sweden: Country of birth, time since
immigration, and time trends over 20 years. Eur ] Epidemiol.
2007;22(8):493-503. d0i:10.1007/s10654-007-9154-0

McKeigue PM, Miller GJ, Marmot MG. Coronary heart disease in
South Asians overseas: A review. ] Clin Epidemiol. 1989;42(6):597-
609. d0i:10.1016/0895-4356(89)90064-7

Rabanal KS, Selmer RM, Igland J, Tell GS, Meyer HE. Ethnic
inequalities in acute myocardial infarction and stroke rates in
Norway 1994-2009: A nationwide cohort study (CVDNOR). BMC
Public Health. 2015;15:1073. doi:10.1186/5s12889-015-2382-5

Oefelen, A., Agyemang, C., Koopman, C., Stronks, K., Bots, M., &
Vaartjes, L. (2014). Downward trends in acute myocardial infarction
incidence: How do migrants fare with the majority population?
Results from a nationwide study. European Journal of Preventive
Cardiology, 21(11), 1493-1500. doi:10.1177/2047487313492200

Agyemang, C., van Oeffelen, A. A., Norredam, M., Kappelle, L.
J.» Klijn, C. J., Bots, M. L., & et al. (2014). Ethnic disparities in
ischemic stroke, intracerebral hemorrhage, and subarachnoid
hemorrhage incidence in the Netherlands. Stroke, 45(11), 3236-
3242. doi:10.1161/STROKEAHA.114.006832

Faconti, L., Silva, M. J., Molaodi, O. R., Enayat, Z. E., Cassidy,

Page 15 of 21



Annie TL Young et al. Neurology & Neuroscience. 2024;5(2):1-21

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

A., Karamanos, A., Nanino, E., Read, U. M., Dall, P, Stansfield,
B., Harding, S., & Cruickshank, K. J. (2016). Can arterial wave
augmentation in young adults help account for variability
of cardiovascular risk in different British ethnic groups?
Journal of Hypertension, 34(11), 2220-2226. doi:10.1097/
HJH.0000000000001066

Tillin, T., Hughes, A. D., Mayet, J., Whincup, P, Sattar, N., Forouhi,
N. G., & et al. (2013). The relationship between metabolic risk
factors and incident cardiovascular disease in Europeans, South
Asians, and African Caribbeans: SABRE (Southall and Brent
Revisited) a prospective population-based study. Journal of the
American College of Cardiology, 61(16), 1777-1786. doi:10.1016/].
jacc.2012.12.049

Olvera Lopez, E., Ballard, B. D., & Jan, A. (2023). Cardiovascular
disease. In StatPearls [Internet]. Treasure Island (FL): StatPearls
Publishing. Available from: https://www.ncbi.nlm.nih.gov/books/
NBK535419/

Fox, C.S., Coady, S., Sorlie, P. D., Levy, D., Meigs, J. B., D'Agostino,
R. B., Wilson, P. W,, & Savage, P. J. (2004). Trends in cardiovascular
complications of diabetes. JAMA, 292(20), 2495-2499. d0i:10.1001/
jama.292.20.2495

Fox, C. S., Pencina, M. J., Wilson, P. W,, Paynter, N. P,, Vasan, R. S.,
& D'Agostino, R. B. (2008). Lifetime risk of cardiovascular disease
among individuals with and without diabetes stratified by obesity
status in the Framingham Heart Study. Diabetes Care, 31(8), 1582-
1584. doi:10.2337/dc08-0427

Hirsch, A. T., Hartman, L., Town, R. J., et al. (2008). National
health care costs of peripheral arterial disease in the
Medicare population. Vascular Medicine, 13(3), 209-215.
doi:10.1177/1358863X08089277

Cassar, K. (2011). Peripheral arterial disease. BMJ Clinical
Evidence, 2011, 1-25.

Bali, V,, Yermilov, I, Coutts, K., et al. (2015). Novel screening
metric for the identification of at-risk peripheral artery disease
patients using administrative claims data. Vascular Medicine,
20(4), 319-325. doi:10.1177/1358863X15616687

Cimminiello, C., Kownator, S., Wautrecht, J. C., et al. (2011). The
PANDORA study: Peripheral arterial disease in patients with non-
high cardiovascular risk. Internal and Emergency Medicine, 6(6),
509-519. d0i:10.1007/s11739-011-0511-0

Hiramoto, J. S., Katz, R., Ix, J. H., et al. (2014). Sex differences in the
prevalence and clinical outcomes of subclinical peripheral artery
disease in the Health, Aging, and Body Composition (Health ABC)
study. Vascular, 22(2), 142-148. doi:10.1177/1708538113476023

Bendermacher, B. L., Teijink, J. A., Willigendael, E. M., et al. (2007).
A clinical prediction model for the presence of peripheral arterial
disease—the benefit of screening individuals before initiation of
measurement of the ankle-brachial index: An observational study.
Vascular Medicine, 12(1), 5-11. doi:10.1177/1358863X0701200102

Taylor-Piliae, R. E., Fair, . M., Varady, A. N, et al. (2011). Ankle
brachial index screening in asymptomatic older adults. American
Heart Journal, 161(5), 979-985. doi:10.1016/j.ahj.2011.02.003

Ramos, R., Quesada, M., Solanas, P, et al. (2009). Prevalence of
symptomatic and asymptomatic peripheral arterial disease and the
value of the ankle-brachial index to stratify cardiovascular risk.
European Journal of Vascular and Endovascular Surgery, 38(3),
305-311. doi:10.1016/j.€jvs.2009.04.013

Alzamora, M. T., Fores, R., Baena-Diez, ]J. M,, et al. (2010). The
Peripheral Arterial Disease Study (PERART/ARTPER): Prevalence
and risk factors in the general population. BMC Public Health, 10,
38. doi:10.1186/1471-2458-10-38

Eason, S. L., Petersen, N. J., Suarez-Almazor, M., & et al. (2005).
Diabetes mellitus, smoking, and the risk for asymptomatic
peripheral arterial disease: Whom should we screen? Journal of

Neurol Neurosci. (2024) Vol 5 Issue 2

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

the American Board of Family Practice, 18(5), 355-361.

Hankey, G. J., Norman, P. E., & Eikelboom, J. W. (2006). Medical
treatment of peripheral arterial disease. JAMA, 295(5), 547-553.
doi:10.1001/jama.295.5.547

Braunwald, E. (Ed.). (2011). Braunwald's Heart Disease: A
Textbook of Cardiovascular Medicine (9th ed., pp. 1338-1340).
Elsevier.

Shu, J., & Santulli, G. (2018). Update on peripheral artery disease:
Epidemiology and evidence-based facts. Atherosclerosis, 275,
379-381. doi:10.1016/j.atherosclerosis.2018.05.009

Moyer VA, US. Preventive Services Task Force. Screening
for peripheral artery disease and cardiovascular disease risk
assessment with the ankle-brachial index in adults: U.S. Preventive
Services Task Force recommendation statement. Ann Intern Med.
2013;159(5):342-348. doi:10.7326/0003-4819-159-5-201309030-
00008

Collins R, Burch J, Cranny G, et al. Duplex ultrasonography,
magnetic resonance angiography, and computed tomography
angiography for diagnosis and assessment of symptomatic,
lower limb peripheral arterial disease: Systematic review. BMJ.
2007;334(7606):1257. doi:10.1136/bm;j.39217.473275.55

Aboyans V, Criqui MH, Abraham P, et al. Measurement
and interpretation of the ankle-brachial index: A scientific
statement from the American Heart Association. Circulation.
2012;126(24):2890-2909. d0i:10.1161/CIR.0b013e318276fbcb

Kapoor R, Ayers C, Visotcky A, Mason P, Kulinski J.
Association of sex and height with a lower ankle-brachial index
in the general population. Vasc Med. 2018;23(6):534-540.
doi:10.1177/1358863X18774845

Abramson BL, Huckell V, Anand S, et al. Canadian Cardiovascular
Society Consensus Conference: Peripheral arterial disease -
Executive summary. Can ] Cardiol. 2005;21(12):997-1006.
doi:10.1016/S0828-282X(05)70513-8

Guirguis-Blake JM, Evans CV, Redmond N, Lin JS. Screening
for peripheral artery disease using the ankle-brachial index: An
updated systematic review for the U.S. Preventive Services Task
Force (Evidence Synthesis No. 165). Agency for Healthcare
Research and Quality; 2018.

Mohler EJ III, Giri J, ACC, et al. Management of peripheral
arterial disease patients: Comparing the ACC/AHA and TASC-
II guidelines. Curr Med Res Opin. 2008;24(9):2509-2522.
doi:10.1185/03007990802274379

Menke J, Larsen J. Meta-analysis: Accuracy of contrast-enhanced
magnetic resonance angiography for assessing steno-occlusions in
peripheral arterial disease. Ann Intern Med. 2010;153(5):325-334.
doi:10.7326/0003-4819-153-5-201009070-00007

Met R, Bipat S, Legemate DA, et al. Diagnostic performance of
computed tomography angiography in peripheral arterial disease:
A systematic review and meta-analysis. JAMA. 2009;301(4):415-
424. doi:10.1001/jama.301.4.415

Park S-Y, Kwak Y-S, Pekas EJ. Impacts of aquatic walking on
arterial stiffness, exercise tolerance, and physical function in
patients with peripheral artery disease: A randomized clinical
trial. ] Appl Physiol. 2019. doi:10.1152/japplphysiol.00209.2019

Gardner AW, Parker DE, Montgomery PS, et al. Gender and racial
differences in endothelial oxidative stress and inflammation in
patients with symptomatic peripheral artery disease. ] Vasc Surg.
2015;61(5):1249-1257. d0i:10.1016/j.jvs.2014.02.045

Scully RE, Arnaoutakis D], DeBord Smith A, Semel M, Nguyen
LL. Estimated annual health care expenditures in individuals
with peripheral arterial disease. ] Vasc Surg. 2018;67(2):558-567.
doi:10.1016/.jvs.2017.06.102

Mustapha JA, Katzen BT, Neville RF, et al. Determinants of long-

Page 16 of 21



Annie TL Young et al. Neurology & Neuroscience. 2024;5(2):1-21

94.
95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

term outcomes and costs in the management of critical limb
ischemia: A population-based cohort study. ] Am Heart Assoc.
2018;7(24)

doi:10.1161/JAHA.118.009724

Marrett E, DiBonaventura M, Zhang Q. Burden of peripheral
arterial disease in Europe and the United States: A patient survey.
Health Qual Life Outcomes. 2013;11:175. d0i:10.1186/1477-7525-
11-175

Sieminski DJ, Gardner AW. The relationship between free-
living daily physical activity and the severity of peripheral
arterial occlusive disease. Vasc Med. 1997;2(4):286-291.
doi:10.1177/1358863X9700200402

Ware JE Jr. The status of health assessment 1994. Annu
Rev Public Health. 1995;16:327-354. doi:10.1146/annurev.
pu.16.050195.001551

Jones WS, Patel MR, Dai D, et al. Temporal trends and geographic
variation of lower-extremity amputation in patients with peripheral
artery disease: Results from U.S. Medicare 2000-2008. ] Am Coll
Cardiol. 2012;60(21):2230-2236. doi:10.1016/j.jacc.2012.08.983

Jones WS, Patel MR, Dai D, et al. High mortality risks after major
lower extremity amputation in Medicare patients with peripheral
artery disease. Am Heart J. 2013;165(5):809-815.el. doi:10.1016/j.
ahj.2012.12.002

Olin JW, White CJ, Armstrong EJ, Kadian-Dodov D, Hiatt WR.
Peripheral artery disease: Evolving role of exercise, medical therapy,
and endovascular options. ] Am Coll Cardiol. 2016;67(11):1338-
1357. doi:10.1016/j.jacc.2015.12.073

Nichols WW, O'Rourke MF. McDonald's Blood Flow in Arteries:
Theoretical, Experimental, and Clinical Principles. 5th ed. Edward
Arnold; 1998.

Gozna ER, Marble AE, Shaw A, Holland JG. Age-related changes
in the mechanics of the aorta and pulmonary artery of man. ] Appl
Physiol. 1974;36(4):407-411.

Bulpitt CJ, Cameron JD, Rajkumar C, et al. The effect of age
on vascular compliance in man. Which are the appropriate
measures? ] Hum Hypertens. 1999;13(10):753-758. doi:10.1038/
sj.jhh.1000847

Laogun AA, Goslin RG. In vivo arterial compliance in man.
Clin Phys Physiol Meas. 1982;3(3):201-212. doi:10.1088/0143-
0815/3/3/005

Benetos A, Laurent S, Asmar RG, Lacolley P. Large arterial
stiffness in hypertension. ] Hypertens Suppl. 1997;15(4).
doi:10.1097/00004872-199715004-00011

Lehman ED, Gosling RG. Arterial wall compliance in diabetes.
Diabetologia. 1992;35(1):114-119. doi:10.1007/BF00400270

Guerin AP, Blacher ], Pannier B, Marchais SJ, Safar ME, London
GM. Impact of aortic stiffness attenuation on survival of patients
in end-stage renal failure. Circulation. 2001;103(7):987-992.
doi:10.1161/01.CIR.103.7.987

Laurent S, Boutouyrie P, Asmar R, et al. Aortic stiffness is an
independent predictor of all-cause and cardiovascular mortality
in hypertensive patients. Hypertension. 2001;37(5):1236-1241.
doi:10.1161/01.HYP.37.5.1236

Roman MJ, Ganau A, Saba PS, Pini R, Pickering TG, Devereux
RB. Impact of arterial stiffening on left ventricular structure.
Hypertension. 2000;36(3):489-494. doi:10.1161/01.HYP.36.3.489

Stefanadis C, Wooley CE Bush CA, Kolibash AJ, Boudoulas H.
Aortic distensibility abnormality in coronary artery disease.
Am J Cardiol. 1987;59(13):1300-1304. doi:10.1016/S0002-
9149(87)80192-0

Catalano M, Scandale G, Carzaniga G, et al. Aortic augmentation
index in patients with peripheral arterial disease. ] Clin Hypertens

Neurol Neurosci. (2024) Vol 5 Issue 2

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

(Greenwich). 2014;16(11):782-787. doi:10.1111/jch.12243

Hansen TW, Li Y, Staessen JA, et al. Independent prognostic value
of the ambulatory arterial stiffness index and aortic pulse wave
velocity in a general population. ] Hum Hypertens. 2008;22(4):214-
216. doi:10.1038/sj.jhh.1002373

Lehmann ED. Clinical value of aortic pulse-wave velocity
measurement. Lancet. 1999;354(9197):528-529. doi:10.1016/
S0140-6736(99)01454-5

Van Popele NM, Grobbee DE, Bots ML, et al. Association between
arterial stiffness and atherosclerosis: The Rotterdam Study. Stroke.
2001;32(2):454-460. doi:10.1161/01.STR.32.2.454

Vlachopoulos C, Aznaouridis K, Stefanadis C. Prediction of
cardiovascular events and all-cause mortality with arterial
stiffness: A systematic review and meta-analysis. ] Am Coll
Cardiol. 2010;55(13):1318-1327. doi:10.1016/j.jacc.2009.10.061

Faconti L, Bruno RM, Ghiadoni L, Taddei S, Virdis A. Ventricular
and vascular stiffening in aging and hypertension. Curr Hypertens
Rev. 2015;11(2):100-109. doi:10.2174/157340211166615040112

Ben-Shlomo Y, Spears M, Boustred C, et al. Aortic pulse wave
velocity improves cardiovascular event prediction: An individual
participant meta-analysis of prospective observational data
from 17,635 subjects. ] Am Coll Cardiol. 2014;63(7):636-646.
doi:10.1016/j.jacc.2013.09.060

Piecuch T, Jaworski R. Resting ankle-arm pressure index in vascular
diseases of the lower extremities. Angiology. 1989;40(3):181-185.
doi:10.1177/000331979004000306

Criqui MH, Denenberg JO, Bird CE, et al. The correlation between
symptoms and noninvasive test results in patients referred for
peripheral arterial disease testing. Vasc Med. 1996;1(2):65-71.
doi:10.1177/1358863X9600100202

Society for Vascular Surgery Lower Extremity Guidelines Writing
Group, Conte MS, Pomposelli FB, et al. Society for Vascular
Surgery practice guidelines for atherosclerotic occlusive disease of
the lower extremities: Management of asymptomatic disease and
claudication. ] Vasc Surg. 2015;61(3 Suppl):2S-41S. doi:10.1016/j.
jvs.2014.12.009

Vlachopoulos C, Aznaouridis K, O’'Rourke ME, Safar ME, Baou
K, Stefanadis C. Prediction of cardiovascular events and all-cause
mortality with central haemodynamics: A systematic review and
meta-analysis. Eur Heart J. 2010;31(15):1865-1871. doi:10.1093/
eurheartj/ehq015

Chirinos JA, Kips JG, Jacobs DR Jr, et al. Arterial wave reflections
and incident cardiovascular events and heart failure: MESA
(Multi-Ethnic Study of Atherosclerosis). ] Am Coll Cardiol.
2012;60(22):2170-2177. doi:10.1016/j.jacc.2012.07.029

Ortman JM, Velkoff VA, Hogan H. An aging nation: The older
population in the United States. U.S. Department of Commerce.
2014.  https://www.census.gov/library/publications/2014/demo/
p25-1140.html

Young ATL, Danev S, Lakey JRT. HRV analysis of autonomic
function in aging and disease: Insights from large population
samples. Am ] Biomed Sci Res. 2024;23(3).MS.ID.003079.
doi:10.34297/AJBSR.2024.23.003079

Hiatt WR. Medical treatment of peripheral arterial disease and
claudication. N Engl ] Med. 2001;344(21):1608-1621. doi:10.1056/
NEJM200105243442108

Frank U, Nikol S, Belcha J, et al. ESVM Guideline on peripheral
arterial disease. European Society for Vascular Medicine. 2019.
doi:10.1024/0301-1526/a000834

Gerhard-Herman MD, Gornik HL, Barrett C, et al. 2016 AHA/
ACC guideline on the management of patients with lower
extremity peripheral artery disease: A report of the American
College of Cardiology/ American Heart Association Task Force on

Page 17 of 21



Annie TL Young et al. Neurology & Neuroscience. 2024;5(2):1-21

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Clinical Practice Guidelines. Circulation. 2017;135 doi:10.1161/
CIR.0000000000000471

XuD, Zou L, Xing Y, et al. Diagnostic value of ankle-brachial index
in peripheral arterial disease: A meta-analysis. Can J Cardiol.
2013;29(4):492-498. doi:10.1016/j.cjca.2012.11.021

Criqui MH, Fronek A, Barrett-Connor E, et al. The prevalence of
peripheral arterial disease in a defined population. Circulation.
1985;71(3):510-515. doi:10.1161/01.CIR.71.3.510

Dormandy JA, Rutherford RB. TASC Working Group.
Management of peripheral arterial disease (PAD). J Vasc Surg.
2000;31(1) doi:10.1067/mva.2000.10666287

Pasqualini L, Schillaci G, Pirro M, et al. Prognostic value of low and
high ankle-brachial index in hospitalized medical patients. Eur J
Intern Med. 2012;23(3):240-244. doi:10.1016/j.ejim.2011.09.007

Quigley FG, Faris IB, Duncan HJ. A comparison of Doppler ankle
pressures and skin perfusion pressure in subjects with and without
diabetes. Clin Physiol. 1991;11(1):21-25. doi:10.1111/j.1475-
097X.1991.tb00306.x

Pande RL, Perlstein TS, Beckman JA, et al. Secondary prevention
and mortality in peripheral artery disease: National Health
and Nutrition Examination Study, 1999 to 2004. Circulation.
2011;124(1):17-23. doi:10.1161/CIRCULATIONAHA.110.003954

O'Hare AM, Katz R, Shlipak MG, et al. Mortality and cardiovascular
risk across the ankle-arm index spectrum: Results from the
Cardiovascular Health Study. Circulation. 2006;113(3):388-393.
doi:10.1161/CIRCULATIONAHA.105.570903

Allison MA, Hiatt WR, Hirsch AT, et al. A high ankle-brachial
index is associated with increased cardiovascular disease morbidity
and lower quality of life. ] Am Coll Cardiol. 2008;51(13):1292-
1298. doi:10.1016/j.jacc.2007.11.064

Wattanakit K, Folsom AR, Duprez DA, etal. Clinical significance of
a high ankle-brachial index: Insights from the Atherosclerosis Risk
in Communities (ARIC) Study. Atherosclerosis. 2007;190(2):459-
464. doi:10.1016/j.atherosclerosis.2006.02.039

Hoogeveen EK, Mackaay AJC, Beks PJ, et al. Evaluation of the one-
minute exercise test to detect peripheral arterial disease. Eur J Clin
Invest. 2008;38(5):290-295. doi:10.1111/j.1365-2362.2008.01905.x

Norgren L, Hiatt WR, Dormandy JA, et al. Inter-Society Consensus
for the Management of Peripheral Arterial Disease (TASC II).
Eur ] Vasc Endovasc Surg. 2007;33(Suppl 1). doi:10.1016/j.
€jvs.2006.12.009

Stein R, Hriljac I, Halperin JL, et al. Limitation of the
resting ankle-brachial index in symptomatic patients with
peripheral arterial disease. Vasc Med. 2006;11(1):29-33.
doi:10.1177/1358863X0601100105

Smith FB, Lee AJ, Price JE et al. Changes in ankle-brachial
index in symptomatic and asymptomatic subjects in the general
population. J Vasc Surg. 2003;38(6):1323-1330. doi:10.1016/
S0741-5214(03)00770-6

Hiatt WR, Hoag S, Hamman RF. Effect of diagnostic criteria
on the prevalence of peripheral arterial disease: The San Luis
Valley Diabetes Study. Circulation. 1995;91(5):1472-1479.
doi:10.1161/01.CIR.91.5.1472

Aboyans V, Criqui MH, McClelland RL, et al. Intrinsic contribution
of gender and ethnicity to normal ankle-brachial index values:
The Multi-Ethnic Study of Atherosclerosis (MESA). J Vasc Surg.
2007;45(2):319-327. doi:10.1016/j.jvs.2006.10.032

Criqui MH, McClelland RL, McDermott MM, et al. The ankle-
brachial index and incident cardiovascular events in the MESA
(Multi-Ethnic Study of Atherosclerosis). ] Am Coll Cardiol.
2010;56(19):1506-1512. doi:10.1016/j.jacc.2010.06.027

Aboyans V, Ricco JB, Bartelink MEL, et al. 2017 ESC Guidelines

Neurol Neurosci. (2024) Vol 5 Issue 2

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

on the Diagnosis and Treatment of Peripheral Arterial Diseases,
in collaboration with the European Society for Vascular Surgery
(ESVS): Document covering atherosclerotic disease of extracranial
carotid and vertebral, mesenteric, renal, upper, and lower
extremity arteries. Eur Heart J. 2018;39(9):763-816. doi:10.1093/
eurheartj/ehx095

Klein S, Hage JJ. Measurement, calculation, and normal range of the
ankle-arm index: A bibliometric analysis and recommendation for
standardization. Ann Vasc Surg. 2006;20(3):282-292. doi:10.1007/
$10016-005-9017-1

Newman AB, Siscovick DS, Manolio TA, et al. Ankle-arm index
as a marker of atherosclerosis in the Cardiovascular Health Study.
Circulation. 1993;88(3):837-845. doi:10.1161/01.cir.88.3.837

Allison MA, Criqui MH, McClelland RL, et al. The effect of
novel cardiovascular risk factors on the ethnic-specific odds
for peripheral arterial disease in the Multi-Ethnic Study of
Atherosclerosis (MESA). ] Am Coll Cardiol. 2006;48(6):1190-
1197. doi:10.1016/j.jacc.2006.05.049

Criqui MH, Vargas V, Denenberg JO, et al. Ethnicity and
peripheral arterial disease: The San Diego Population
Study.  Circulation.  2005;112(17):2703-2707.  doi:10.1161/
CIRCULATIONAHA.105.546507

Matsushita K, Sang Y, Ning H, et al. Lifetime risk of lower-
extremity peripheral artery disease defined by ankle-brachial index
in the United States. ] Am Heart Assoc. 2019;8(12). doi:10.1161/
JAHA.119.012177

Hernandez Caceres JL. On age dependence of peripheral
augmentation index. Rev Electrén Biomedicina. 2013;1:50-55.

Hughes AD, Park C, Davies J, et al. Limitations of augmentation
index in the assessment of wave reflection in normotensive
healthy individuals. PLoS One. 2013;8(3). doi:10.1371/journal.
pone.0059371

Shahzad M, Guilcher A, Kamalesh T, et al. Peripheral augmentation
index defines the relationship between central and peripheral
pulse pressure. Hypertension. 2008;51(1):112-118. doi:10.1161/
HYPERTENSIONAHA.107.100379

Weber T, Auer J, O'Rourke ME et al. Arterial stiffness, wave
reflections, and the risk of coronary artery disease. Circulation.
2004;109(2):184-189. doi:10.1161/01.CIR.0000102848.25343.2F

Kingwell BA, Waddell TK, Medley TL, et al. Large artery stiffness
predicts ischemic threshold in patients with coronary artery
disease. ] Am Coll Cardiol. 2002;40(5):773-779. do0i:10.1016/
S0735-1097(02)02069-6

Hayashi T, Nakayama Y, Tsumura K, et al. Reflection in the arterial
system and the risk of coronary heart disease. Am ] Hypertens.
2002;15(5):405-409. doi:10.1016/S0895-7061(01)02181-4

Baksi AJ, Treibel TA, Davies JE, et al. A meta-analysis of the
mechanism of blood pressure change with aging. ] Am Coll
Cardiol. 2009;54(23):2087-2092. d0i:10.1016/j.jacc.2009.06.049

Segers P, Rietzschel ER, De Buyzere ML, et al. Noninvasive (input)
impedance, pulse wave velocity, and wave reflection in healthy
middle-aged men and women. Hypertension. 2007;49(6):1248-
1255. doi:10.1161/HYPERTENSIONAHA.107.084636

Mitchell GE Parise H, Benjamin EJ, et al. Changes in arterial
stiffness and wave reflection with advancing age in healthy
men and women: The Framingham Heart Study. Hypertension.
2004;43(6):1239-1245. doi:10.1161/01.HYP.0000128588.94093.4b

Niirnberger J, Keflioglu-Scheiber A, Opazo Saez AM, et al.
Augmentation index is associated with cardiovascular risk. J
Hypertens.  2002;20(12):2407-2414.  doi:10.1097/00004872-
200212000-00005

Kelly RP, Hayward C, Avolio AP, et al. Noninvasive determination
of age-related changes in the human arterial pulse. Circulation.

Page 18 of 21



Annie TL Young et al. Neurology & Neuroscience. 2024;5(2):1-21

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

1989;80(6):1652-1659. doi:10.1161/01.CIR.80.6.1652

Murakami T, Takeda A, Takei K, et al. Aortic pressure wave
reflection in children. Hypertens Res. 2010;33(2):225-228.
do0i:10.1038/hr.2009.218

Namasivayam M, Adji A, O'Rourke ME Aortic Augmentation
Index and aging: mathematical resolution of a physiological
dilemma? Hypertension. 2010;56(2). doi:10.1161/
HYPERTENSIONAHA.110.159637

McEniery CM, Yasmin, Hall IR, Qasem A, Wilkinson IB, Cockroft
JR. Normal vascular aging: differential effects on wave reflection
and aortic pulse wave velocity: the Anglo-Cardiff Collaborative
Trial. ] Am Coll Cardiol. 2005;46(9):1753-1760. doi:10.1016/j.
jacc.2005.07.045

Wojciechowska W, Staessen JA, Nawrot T, et al. Reference values
in white Europeans for the arterial pulse wave recorded by means
of the SphygmoCor device. Hypertens Res. 2006;29(6):475-483.
doi:10.1291/hypres.29.475

Fantin F Mattocks A, Bulpitt CJ, Banya W, Rajkumar C. Is
augmentation index a good measure of vascular stiffness in the
elderly? Age Ageing. 2007;36(1):43-48. doi:10.1093/ageing/afl115

Van Trijp MJ, Bos W], Uiterwaal CS, et al. Determinants
of augmentation index in young men: The ARYA study.
Eur J Clin Invest. 2004;34(11):825-830. doi:10.1111/j.1365-
2362.2004.01433.x

Gevers M, van Genderingen HR, Lafeber HN, Hack WW. Accuracy
of oscillometric blood pressure measurement in critically ill
neonates with reference to the arterial pressure wave shape.
Intensive Care Med. 1996;22(3):242-248. doi:10.1007/BF01775098

Shieh KY, ORourke ME Avolio AP, et al. Pressure wave
contour in the ascending aorta of children—paradoxical
similarity to the elderly. Aust N Z ] Med. 1989;19(6):555-560.
doi:10.1111/j.1445-5994.1989.tb01845.x

Avolio AP, Chen S, Wang R, et al. Effects of aging on changing
arterial compliance and left ventricular load in northern Chinese
urban community. Circulation. 1983;68(1):50-58. doi:10.1161/01.
CIR.68.1.50

Van Der Heijden-Spek JJ, Staessen JA, Fagard RH, et al. Effect
of age on brachial artery wall properties differs from the aorta
and is gender dependent: a population study. Hypertension.
2000;35(3):637-642. doi:10.1161/01.HYP.35.3.637

Mitchell GE Wang N, Palmisano JN, et al. Hemodynamic
correlates of blood pressure across the adult age spectrum:
noninvasive evaluation in the Framingham Heart Study.
Circulation. 2010;122(13):1379-1386. doi:10.1161/
CIRCULATIONAHA.109.914507

Takazawa K. A clinical study of the second component of left
ventricular systolic pressure. ] Tokyo Med Coll. 1987;45:256-270.

Murgo JP, Westerhof N, Giolma JP, Altobelli SA. Aortic input
impedance in normal man: relationship to pressure waveforms.
Circulation. 1980;62(1):105-116.

Davies JE, Baksi J, Francis DP, et al. The arterial reservoir
pressure increases with aging and is the major determinant of
the aortic augmentation index. Am ] Physiol Heart Circ Physiol.
2010;298(2)-H586.

Benetos A, Laurent S, Hoeks AP, Boutouyrie PH, Safar ME.
Arterial alterations with aging and high blood pressure: a
noninvasive study of carotid and femoral arteries. Arterioscler
Thromb. 1993;13(1):90-97. doi:10.1161/01.ATV.13.1.90

Boutouyrie P, Laurent S, Benetos A, et al. Opposing effects of aging
on distal and proximal large arteries in hypertensives. ] Hypertens.
1992;10(6)-S91. doi:10.1097/00004872-199212000-00015

Taki A, Kermani A, Ranjbarnavazi SM, Pourmodheji A. Overview

Neurol Neurosci. (2024) Vol 5 Issue 2

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

of different medical imaging techniques for the identification of
coronary atherosclerotic plaques. In: Computing and Visualization
for Intravascular Imaging and Computer-Assisted Stenting.
Academic Press; 2017:79-106.

Xu X, Wang B, Ren C, et al. Age-related impairment of vascular
structure and functions. Aging Dis. 2017;8(5):590-610.
doi:10.14336/AD.2017.0504

Karimpour P, May JM, Kyriacou PA. Photoplethysmography for
the assessment of arterial stiffness. Sensors. 2023;23(24):9882.
doi:10.3390/523249882

Vatner SE, Zhang J, Vyzas C, et al. Vascular stiffness in aging
and disease. Front Physiol. 2021;12:762437. doi:10.3389/
fphys.2021.762437

Babici D, Kudej RK, McNulty T, et al. Mechanisms of increased
vascular stiffness down the aortic tree in aging, premenopausal
female monkeys. Am J Physiol Heart Circ Physiol. 2020;319(2)-
H234. doi:10.1152/ajpheart.00153.2020

Chamiot-Clerc P, Renaud JF, Safar ME. Pulse pressure, aortic
reactivity, and endothelium dysfunction in old hypertensive rats.
Hypertension. 2001;37(2):313-321. doi:10.1161/01.HYP.37.2.313

Aronson D. Cross-linking of glycated collagen in the pathogenesis
of arterial and myocardial stiffening of aging and diabetes. |
Hypertens. 2003;21(1):3-12. doi:10.1097/00004872-200301000-
00002

Castelli R, Gidaro A, Casu G, et al. Aging of the arterial system. Int
J Mol Sci. 2023;24(8):6910. doi:10.3390/ijm524086910

Yu S, McEniery CM. Central versus peripheral artery stiffening
and cardiovascular risk. Arterioscler Thromb Vasc Biol.
2020;40(4):1028-1033. doi:10.1161/ATVBAHA.120.313128

Bossuyt J, Engelen L, Ferreira I, et al. Reference values for
local arterial stiffness. Part B: femoral artery. ] Hypertens.
2015;33(10):1997-2009. doi:10.1097/HJH.0000000000000655

Cecelja M, Chowienczyk P. Role of arterial stiffness in
cardiovascular disease. Cardiovasc Dis. 2012;20(3):123-131.
doi:10.1258/cvd.2012.01

Bonarjee VVS. Arterial stiffness: a prognostic marker in coronary
heart disease. Available methods and clinical application. Front
Cardiovasc Med. 2018;5:64. doi:10.3389/fcvm.2018.00064

Cohn JN, Finkelstein S, McVeigh G, et al. Noninvasive pulse wave
analysis for the early detection of vascular disease. Hypertension.
1995;26(4):503-508.

Wilson AM, O’'Neal D, Nelson CL, et al. Comparison of arterial

assessments in low and high vascular disease risk groups. Am J
Hypertens. 2004;17(4):285-291.

McVeigh GE, Brennan G, Hayes R, et al. Vascular abnormalities
in non-insulin-dependent diabetes mellitus identified by arterial
waveform analysis. Am ] Med. 1993;95(5):424-430.

McVeigh GE, Morgan DJ, Finkelstein SM, et al. Vascular
abnormalities associated with long-term cigarette smoking
identified by arterial waveform analysis. Am ] Med.
1997;102(3):227-231.

Finkelstein SM, Collins VR, Cohn JN. Arterial vascular

compliance to vasodilators by Fourier and pulse contour analysis.
Hypertension. 1988;12(3):380-387.

Glasser SP, Arnett DK, McVeigh GE. Vascular compliance and
cardiovascular disease. Am ] Hypertens. 1997;10(12):1175-1189.

Cohn JN, Finkelstein SM. Abnormalities of vascular compliance in
hypertension, aging and heart failure. ] Hypertens. 1992;10(suppl)-
S64.

Duprez DA, De Buyzere ML, De Bruyne L, Clement DL, Cohn
JN. Small and large artery elasticity indices in peripheral arterial

Page 19 of 21



Annie TL Young et al. Neurology & Neuroscience. 2024;5(2):1-21

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

occlusive disease (PAOD). Vasc Med. 2001;6(3):211-214.

Wilkins JT, McDermott MM, Liu K, et al. Associations of
noninvasive measures of arterial compliance and ankle-brachial
index: the Multi-Ethnic Study of Atherosclerosis (MESA). Am ]
Hypertens. 2012;25(5):535-541. do0i:10.1038/ajh.2012.13

Gagparini D, Zuljani A, Wensveen FM, Wensveen TT. A cross-
sectional study in type 2 diabetes patients reveals that elevated
pulse wave velocity predicts asymptomatic peripheral arterial
disease associated with age and diabetes duration. IJC Heart Vasc.
2023;49:101308. doi:10.1016/j.ijcha.2023.101308

Wilcox T, Newman JD, Maldonado TS, Rockman C, Berger JS.
Peripheral vascular disease risk in diabetic individuals without
coronary heart disease. Atherosclerosis. 2018;275:419-425.

Adler Al Stevens RJ, Neil A, et al. UKPDS 59: Hyperglycemia and
other potentially modifiable risk factors for peripheral vascular
disease in type 2 diabetes. Diabetes Care. 2002;25(5):894-899.

Dolan NC, Liu K, Criqui MH, et al. Peripheral artery disease,
diabetes, and reduced lower extremity functioning. Diabetes Care.
2002;25(1):113-120.

Engelhardt M, Boos J, Bruijnen H, et al. Critical limb ischaemia:
Initial treatment and predictors of amputation-free survival. Eur J
Vasc Endovasc Surg. 2012;43(1):55-61.

Geiss LS, Li Y, Hora I, et al. Resurgence of diabetes-related
nontraumatic lower-extremity amputation in the young and
middle-aged adult U.S. population. Diabetes Care. 2019;42(1):50-
54. d0i:10.2337/dc18-1380

Typ-2-Diabetes. Praventions- und Behandlungsstrategien fiir
Fuffkomplikationen. AWME. 2010;2.8.

Suominen V, Rantanen T, Venermo M, Saarinen ], Salenius J.
Prevalence and risk factors of PAD among patients with elevated
ABI. Eur ] Vasc Endovasc Surg. 2008;35(6):709-714.

Hyun S, Forbang NI, Allison MA, et al. Ankle-brachial index, toe-
brachial index, and cardiovascular mortality in persons with and
without diabetes mellitus. ] Vasc Surg. 2014;60(2):390-395.

Stoekenbroek RM, Ubbink DT, Reekers JA, Koelemay MJ. Hide
and seek: Does the toe-brachial index allow for earlier recognition
of peripheral arterial disease in diabetic patients? Eur ] Vasc
Endovasc Surg. 2015;49(2):192-198.

Heikkinen M, Salmenperd M, Lepantalo A, Lepantalo M. Diabetes
care for patients with peripheral arterial disease. Eur J Vasc
Endovasc Surg. 2007;33(5):583-591.

Budoft M]J, Alpert B, Chirinos JA, et al. Clinical applications
measuring arterial stiffness: An expert consensus for the
application of cardio-ankle vascular index. Am ] Hypertens.
2022;35(5):441-453. doi:10.1093/ajh/hpab178

Spallone V, Ziegler D, Freeman R, et al.; Toronto Consensus Panel
on Diabetic Neuropathy. Cardiovascular autonomic neuropathy in
diabetes: Clinical impact, assessment, diagnosis, and management.
Diabetes Metab Res Rev. 2011;27(7):639-653.

Cosson E, Herisse M, Laude D, et al. Aortic stiffness and pulse
pressure amplification in Wistar-Kyoto and spontaneously
hypertensive rats. Am J Physiol Heart Circ Physiol. 2007;292(6)-
H2512.

Cosson E, Valensi P, Laude D, Mesangeau D, Dabire H.
Arterial stiffness and the autonomic nervous system during
the development of Zucker diabetic fatty rats. Diabetes Metab.
2009;35(5):364-370.

Mogensen UM, Jensen T, Keber L, et al. Cardiovascular
autonomic neuropathy and subclinical cardiovascular disease
in normoalbuminuric type 1 diabetic patients. Diabetes.
2012;61(7):1822-1830.

Nardone M, Incognito AV, Millar PJ. Evidence for pressure-

Neurol Neurosci. (2024) Vol 5 Issue 2

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

independent sympathetic modulation of central pulse wave
velocity. ] Am Heart Assoc. 2018;7(20).

Brahimi M, Dabire H, Platon P, et al. Arterial rigidity and
cardiovascular vagosympathetic activity in normotensive and
hypertensive obese patients and type 2 diabetics. Arch Mal Coeur
Vaisseaux. 2001;94(9):944-946.

Holwerda SW, Luehrs RE, DuBose L, et al. Elevated muscle
sympathetic nerve activity contributes to central artery
stiffness in young and middle-age/older adults. Hypertension.
2019;73(5):1025-1035.

Chen Q, Chiheb S, Fysekidis M, et al. Arterial stiffness is elevated in
normotensive type 2 diabetic patients with peripheral neuropathy.
Nutr Metab Cardiovasc Dis. 2015;25(10):1041-1049.

Prince CT, Secrest AM, Mackey RH, et al. Cardiovascular
autonomic neuropathy, HDL cholesterol, and smoking correlate
with arterial stiffness markers determined 18 years later in type 1
diabetes. Diabetes Care. 2010;33(3):652-657.

Ceravolo R, Maio R, Pujia A, et al. Pulse pressure and endothelial
dysfunction in never-treated hypertensive patients. ] Am Coll
Cardiol. 2003;41(10):1753-1758.

Brahimi M, Le Clésiau H, Ouazen Z, et al. Microalbuminuria, a
marker of artery rigidity and cardiac dysfunction. Arch Mal Coeur
Vaisseaux. 2007;100(7):673-676.

Murabito JM, DAgostino RB, Silbershatz H, Wilson PW.
Intermittent claudication: A risk profile from The Framingham
Heart Study. Circulation. 1997;96(1):44-49. doi:10.1161/01.
CIR.96.1.44

Murabito JM, Evans JC, Nieto K, et al. Prevalence and clinical
correlates of peripheral arterial disease in the Framingham
Offspring Study. Am Heart J. 2002;143(6):961-965. doi:10.1067/
mhj.2002.122871

Meijer WT, Grobbee DE, Hunink MG, Hofman A, Hoes AW.
Determinants of peripheral arterial disease in the elderly: The
Rotterdam Study. Arch Intern Med. 2000;160(19):2934-2938.
doi:10.1001/archinte.160.19.2934

DingN, Sang Y, Chen ], et al. Cigarette smoking, smoking cessation,
and long-term risk of 3 major atherosclerotic diseases. ] Am Coll
Cardiol. 2019;74(4):498-507. d0i:10.1016/j.jacc.2019.05.049

Levin MG, Klarin D, Assimes TL, et al; VA Million Veteran
Program. Genetics of smoking and risk of atherosclerotic
cardiovascular diseases: A Mendelian randomization study. JAMA
Netw Open. 2021;4(1). doi:10.1001/jamanetworkopen.2020.34461

Dratva ], Probst-Hensch N, Schmidt-Trucksdss A, et al.
Atherogenesis in youth: Early consequence of adolescent
smoking. Atherosclerosis. 2013;230(2):304-309. doi:10.1016/j.
atherosclerosis.2013.08.004

Criqui MH. Peripheral arterial disease—Epidemiological aspects.
Vasc Med. 2001;6(3 Suppl):3-7.

Hirsch AT, Treat-Jacobson D, Lando HA, Hatsukami DK.
The role of tobacco cessation, antiplatelet, and lipid-lowering
therapies in the treatment of peripheral arterial disease. Vasc Med.
1997;2(3):243-251.

Smith FB, Lowe GDO, Lee AJ, et al. Smoking, hemorheologic
factors, and progression of peripheral arterial disease in patients
with claudication. J Vasc Surg. 1998;28(1):129-135.

Willigendael EM, Teijink JAW, Bartelink ML, et al. Influence
of smoking on incidence and prevalence of peripheral arterial
disease. J Vasc Surg. 2004;40(6):1158-1165.

Aboyans V, Thomas D, Lacroix P. The cardiologist and smoking
cessation. Curr Opin Cardiol. 2010;25(5):469-477.

Jorenby DE, Leischow SJ, Nides MA, et al. A controlled trial of
sustained-release bupropion, a nicotine patch, or both for smoking

Page 20 of 21



Annie TL Young et al. Neurology & Neuroscience. 2024;5(2):1-21

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

cessation. N Engl ] Med. 1999;340(9):685-691.

Hennrikus D, Joseph AM, Lando HA, et al. Effectiveness of
a smoking cessation program for peripheral artery disease
patients: A randomized controlled trial. ] Am Coll Cardiol.
2010;56(25):2105-2112. doi:10.1016/j.jacc.2010.07.031.

Steinberg MB, Greenhaus S, Schmelzer AC, et al. Triple-
combination pharmacotherapy for medically ill smokers: A
randomized trial. Ann Intern Med. 2009;150(7):447-454.

Duvall WL, Vorchheimer DA. Multi-bed vascular disease and
atherothrombosis: Scope of the problem. ] Thromb Thrombolysis.
2004;17(1):51-61.

Sigvant B, Lundin F, Wahlberg E. The risk of disease progression in
peripheral arterial disease is higher than expected: A meta-analysis
of mortality and disease progression in peripheral arterial disease.
Eur J Vasc Endovasc Surg. 2016;51(3):395-403. doi:10.1016/].
€jvs.2015.10.022

McKenna M, Volfson S, Kuller LH. The ratio of ankle and arm
arterial pressure as an independent predictor of mortality.
Atherosclerosis. 1991;87:119-128.

Mendelson G, Aronow WS, Ahn C. Prevalence of coronary artery
disease, atherothrombotic brain infarction, and peripheral arterial
disease: Associated risk factors in older Hispanics in an academic
hospital-based geriatrics practice. ] Am Geriatr Soc. 1998;46:481-
483.

Wolfe JHN. Defining the outcome of critical ischemia: A one-year
prospective study. Br J Surg. 1986;73:321.

Cambou JP, Aboyans V, Constans J, et al. Characteristics and
outcome of patients hospitalized for lower extremity peripheral
artery disease in France: The COPART registry. Eur ] Vasc
Endovasc Surg. 2010;39(5):577-585.

Bradbury AW, Bell J, et al. Bypass versus angioplasty in severe
ischaemia of the leg (BASIL): Multicentre, randomised controlled
trial. Lancet. 2005;366(9501):1925-1934.

Mendes-Pinto D, Rodrigues-Machado MG da G. Applications of
arterial stiffness markers in peripheral arterial disease. ] Vasc Bras.
2019;18. doi:10.1590/1677-5449.009318

Mosimann K, Jacomella V, Thalhammer C, et al. Severity of
peripheral arterial disease is associated with aortic pressure
augmentation and subendocardial viability ratio. J Clin Hypertens.
2012;14(12):855-860. doi:10.1111/j.1751-7176.2012.00702.x

Brewer LC, Chai HS, Bailey KR, Kullo IJ. Measures of arterial
stiffness and wave reflection are associated with walking distance
in patients with peripheral arterial disease. Atherosclerosis.
2007;191(2):384-390. doi:10.1016/j.atherosclerosis.2006.03.038

Catalano M, Scandale G, Carzaniga G, et al. Increased aortic
stiffness and related factors in patients with peripheral arterial
disease. J Clin Hypertens. 2013;15(10):712-716.

Zahner GJ, Gruendl MA, Spaulding KA, et al. Association between
arterial stiffness and peripheral artery disease as measured by
radial artery tonometry. J Vasc Surg. 2017;66(5):1518-1526.
doi:10.1016/.jvs.2017.06.068

Zahner GJ, Spaulding KA, Ramirez JL, et al. Characterizing the
relationship between flow-mediated vasodilation and radial artery
tonometry in peripheral artery disease. ] Surg Res. 2018;224:121-
131. d0i:10.1016/j.jss.2017.11.062

Jacomella V, Shenoy A, Mosimann K, Kohler MK, Amann-
Vesti B, Husmann M. The impact of endovascular lower-limb
revascularisation on the aortic augmentation index in patients
with peripheral arterial disease. Eur ] Vasc Endovasc Surg.
2013;45(5):497-501. doi:10.1016/j.€jvs.2013.01.026

Neurol Neurosci. (2024) Vol 5 Issue 2

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

Brand M, Woodiwiss AJ, Michel F, Booysen HL, Veller MG,
Norton GR. A mismatch between aortic pulse pressure and
pulse wave velocity predicts advanced peripheral arterial disease.
Eur ] Vasc Endovasc Surg. 2013;46(3):338-346. doi:10.1016/j.
€jvs.2013.06.005

Khaleghi M, Kullo IJ. Aortic augmentation index is associated
with the ankle-brachial index: A community-based study.
Atherosclerosis. 2007;195(2):248-253. doi:10.1016/j.
atherosclerosis.2006.12.017

Eldrup N, Sillesen H, Prescott E, Nordestgaard BG. Ankle brachial
index, C-reactive protein, and central augmentation index to
identify individuals with severe atherosclerosis. Eur Heart J.
2006;27(3):316-322. doi:10.1093/eurheartj/ehi644

Alahdab F, Wang AT, Elraiyah TA, et al. A systematic review for
the screening for peripheral arterial disease in asymptomatic
patients. ] Vasc Surg. 2015;61(3 Suppl):425-53S. doi:10.1016/j.
jvs.2014.12.008

Rooke TW, Hirsch AT, Misra S, et al. Management of patients
with peripheral artery disease (compilation of 2005 and 2011
ACCF/AHA guideline recommendations): A report of the
American College of Cardiology Foundation/American Heart
Association Task Force on Practice Guidelines. ] Am Coll Cardiol.
2013;61(14):1555-1570. doi:10.1016/j.jacc.2013.01.004

Goftf DC Jr, Lloyd-Jones DM, Bennett G, et al. 2013 ACC/AHA
guideline on the assessment of cardiovascular risk: A report of
the American College of Cardiology/American Heart Association
Task Force on Practice Guidelines. ] Am Coll Cardiol. 2014;63(25
Pt B):2935-2959. d0i:10.1016/j.jacc.2013.11.005

American Academy of Family Physicians. Peripheral arterial
disease. Leawood, KS: American Academy of Family Physicians;
2015. Available from: http://www.aafp.org/patient-care/clinical-
recommendations/all/pad.html

Smith JC, Bennett S, Evans LM, et al. The effect of induced
hypogonadism on arterial stiffness, body composition, and
metabolic parameters in males with prostate cancer. J Clin
Endocrinol ~ Metab. 2001;86(9):4261-4267. doi:10.1210/
jcem.86.9.7798

Rajkumar C, Kingwell BA, Cameron JD, et al. Hormonal therapy
increases arterial compliance in postmenopausal women. ]
Am Coll Cardiol. 1997;39(2):350-356. doi:10.1016/S0735-
1097(01)01035-1

Wu A, Coresh ], Selvin E, Tanaka H, Heiss G, Hirsch AT, Jaar
BG, Matsushita K. Lower extremity peripheral artery disease and
quality of life among older individuals in the community. ] Am
Heart Assoc. 2017;6(11). doi:10.1161/JAHA.116.004519

Breek JC, Hamming JF De Vries ], Aquarius AE, van Berge
Henegouwen DP. Quality of life in patients with intermittent
claudication using the World Health Organisation (WHO)
questionnaire. Eur ] Vasc Endovasc Surg. 2001;21(2):118-122.
doi:10.1053/ejvs.2001.1305

Regensteiner JG, Hiatt WR, Coll JR, Criqui MH, Treat-Jacobson
D, McDermott MM, Hirsch AT. The impact of peripheral arterial
disease on health-related quality of life in the Peripheral Arterial
Disease Awareness, Risk, and Treatment: New Resources for
Survival (PARTNERS) Program. Vasc Med. 2008;13(1):15-24.
doi:10.1177/1358863X07084911

Korhonen PE, Seppéld T, Kautiainen H, Jarvenpdia S, Aarnio
PT, Kiveld SL. Ankle-brachial index and health-related
quality of life. Eur ] Prev Cardiol. 2012;19(5):901-907.
doi:10.1177/1741826711420346

Page 21 of 21



