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Abstract: Atrial fibrillation (AF), the most common cardiac arrhythmia, is associated with adverse
CV outcomes. Vascular aging (VA), which is defined as the progressive deterioration of arterial
function and structure over a lifetime, is an independent predictor of both AF development and CV
events. A timing identification and treatment of early VA has therefore the potential to reduce the
risk of AF incidence and related CV events. A network of scientists and clinicians from the COST
Action VascAgeNet identified five clinically and methodologically relevant questions regarding the
relationship between AF and VA and conducted a narrative review of the literature to find potential
answers. These are: (1) Are VA biomarkers associated with AF? (2) Does early VA predict AF
occurrence better than chronological aging? (3) Is early VA a risk enhancer for the occurrence of CV
events in AF patients? (4) Are devices measuring VA suitable to perform subclinical AF detection?
(5) Does atrial-fibrillation-related rhythm irregularity have a negative impact on the measurement
of vascular age? Results showed that VA is a powerful and independent predictor of AF incidence,
however, its role as risk modifier for the occurrence of CV events in patients with AF is debatable.
Limited and inconclusive data exist regarding the reliability of VA measurement in the presence
of rhythm irregularities associated with AF. To date, no device is equipped with tools capable of
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detecting AF during VA measurements. This represents a missed opportunity to effectively perform
CV prevention in people at high risk. Further advances are needed to fill knowledge gaps in this field.

Keywords: vascular aging; atrial fibrillation; arteriosclerosis; cardiovascular disease; endothelial
dysfunction; arterial stiffness; pulse wave velocity; flow mediated dilation

1. Introduction

Atrial fibrillation (AF), the most common sustained cardiac arrhythmia, is associated
with a high burden of cardiovascular (CV) morbidity and mortality, mainly related to an
increased risk of cardioembolic stroke and heart failure [1]. The global cumulative mortality
attributed to AF was 0.51% in 2017, reflecting an 81% relative increase over the past two
decades [1]. The prevalence of AF is currently increasing and is expected to rise in the
coming years across all age groups and regions [2]. This is primarily attributed to the
growing burden of comorbidities, socioeconomic deprivation and AF risk factors such as
hypertension, obesity, diabetes and ischemic heart disease [3].

From a pathophysiological point of view, AF is defined as a supraventricular tach-
yarrhythmia marked by uncoordinated atrial electrical activation, leading to ineffective
atrial contraction and causing an irregular heart rhythm. From a clinical perspective, AF is
classified as paroxysmal (PAF, episodes lasting less than one week), persistent (continuously
sustained beyond 7 days, including episodes terminated by cardioversion) or permanent
(stable AF rhythm with no further attempts to restore/maintain sinus rhythm) [4]; long-
standing persistent AF (continuously sustained for an extended period, typically lasting
beyond 12 months); valvular/non-valvular AF (valvular AF indicates the presence of mod-
erate/severe mitral stenosis or a mechanical prosthetic heart valve(s)). The classification
of lone AF, referring to AF without any other cardiorespiratory diseases or risk factors, is
now dismissed.

Notably, asymptomatic AF poses a challenge to clinicians, potentially causing delays
in establishing preventive strategies [5]. It is estimated that one out of ten ischemic strokes
is related to a previously unknown history of AF [6]. This could be prevented by imple-
menting digital systems and mobile health technologies for AF screening and detection,
especially in individuals at risk [7].

The term vascular aging (VA) is commonly used to describe the deterioration of
both structural and functional components of the arterial tree, although a universally
acknowledged definition is still lacking [8].

1.1. Structural Arterial Properties: The Arterial Stiffness

At a structural level, the process of VA is identified with the progressive stiffening
of the arterial tree, namely arterial stiffness (AS). This process mainly occurs at the level
of large elastic arteries such as the aorta and the carotid arteries, where a mechanical
remodeling of the arterial wall is observed [9]. The most commonly used method for
the non-invasive estimation of arterial stiffness is the measure of the pulse wave velocity
(PWYV), which represents the velocity of the pressure waves generated from the systolic
contraction along a defined arterial segment. Most commonly, the carotid—femoral PWV
(cfPWYV) is used as a marker of aortic stiffness. CfPWYV has been associated with adverse
clinical outcomes in several population settings [10], and predicts CV outcome better than
chronological aging [11,12]. Several other methods used for arterial stiffness estimation are
summarized in Table 1.
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Table 1. Description of vascular aging biomarkers.

Vascular Aging Biomarker

Method of Measurement

Carotid—femoral pulse wave velocity (cfPWV)

Ratio of traveled distance between the carotid and femoral pulse site and
transit time between common carotid and common femoral artery; based on
tonometers, piezoelectronic sensors, cuffs or Doppler ultrasound, either
simultaneously or sequentially, using ECG for gating.

Ratio of traveled distance between the heart and femoral pulse sites and

Heart—femoral pulse wave velocity (hfPWYV) transit time starting from second heart sound; based on tonometers,

ECG and microphones.

Ratio between traveled distance and transit time calculated with occlusive

Brachial-ankle pulse wave velocity (baPWV) cuffs placed at brachial artery and ankle; cardio-ankle vascular index is a

variation using a phonocardiogram and occlusive cuffs.

Arterial stiffness index (ASI)

Marker of arterial stiffness calculated by dividing height by the timing of
reflected waves from finger photoplethysmography

Cardio-ankle vascular index (CAVI)

Marker of arterial stiffness based on the stiffness parameter (3, reflecting
arterial properties from origin of the ascending aorta to the ankle.

Brachial pulse pressure (PP)

Measured using validated sphygmomanometers; brachial pulse pressure
defined as systolic minus diastolic BP.

Central pulse pressure (cPP)

Central pulse pressure based on waveforms recorded at the radial, brachial or
carotid artery, mainly using tonometers or cuffs; waveforms are calibrated with
measured brachial BP leading to central systolic BP and pulse pressure.

Augmentation index (Alx)

The ratio between central augmented pressure and pulse pressure, as a
surrogate indicator of wave reflections and left ventricular loading.

Central to peripheral pulse pressure amplification (peripheral PP/central PP)

Pulse pressure amplification (PPA) is due to both cardiac and arterial factors: ventricular ejection, arterial stiffness,

amplitude and timing of wave reflection. VA reduces PPA values.

Brachial artery flow-mediated dilation (FMD)

Flow-mediated dilation induces the release of nitric oxide, resulting in
vasodilation that can be measured by ultrasound imaging of the diameter of
the brachial artery after an ischemia induced by arterial occlusion using a cuff,
which is released after 5 min, leading to reactive hyperemia.

Aortic distensibility

Measure of aortic elasticity estimated by the relative change in diameter, area
or volume divided by the pulse pressure generating this change; may be
measured by echocardiography or by MRI

Carotid artery distensibility

Measure of carotid artery elasticity estimated by the ratio between relative
change in diameter or volume and the pulse pressure generating this change;
usually measured by carotid ultrasound.

1.2. Functional Arterial Properties: The Endothelial Dysfunction

At a functional level, the hallmark of VA is the impairment of endothelial function,
which is the result of a decrease in nitric oxide synthase (eNOS) expression in endothe-
lial cells and that, in turn, promotes the development of a prothrombotic state [13] and
atherosclerosis [9]. This process, namely the endothelial dysfunction (ED), is hastened by
oxidative stress and occurs in response to both physiological aging and systemic inflam-
mation [14,15]. Flow-mediated dilation (FMD), usually assessed at the brachial artery, has
been established as a reliable and reproducible technique for assessment of ED [16,17], and
has been independently associated with vascular disease and adverse CV events [18].

The exposure to CV risk factors, including smoking, obesity, hypertension, diabetes
and hypercholesterolemia, promotes the development of both early VA and AF. Therefore,
measurement of VA biomarkers such as PWV and brachial FMD in people with AF, or at
risk for it, has a strong rationale and large expected impact on clinical practice to better
characterize the individual CV risk and to provide targeted interventions.

However, there are some issues undermining the measurement of VA biomarkers,
especially in patients with AF. First, the changing of heart period and stroke volume brings
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questions regarding the accuracy of measurement of VA biomarkers. The measure of PWV
by sequential tonometry in a given arterial segment is exposed to an increased variability in
the time it takes for the pressure wave to travel between two points. Additionally, changes
in stroke volume can also affect measurements based on pulse volume and flow detection,
such as FMD. For this reason, measurement of VA in patients with AF is underused and
little is known about the prognostic value of VA biomarkers in patients with AF.

With all these premises, a network of scientists and clinicians from the COST Action
VascAgeNet (CA18216) [19] identified a list of five clinical and practical key questions
regarding the relationship between VA biomarkers and AF and critically reviewed the
literature, with a special focus on studies using PWV and ED measures as reference methods
for the evaluation of structural and functional arterial properties, in order to find potential
answers. The list of question is the following:

Are VA biomarkers associated with AF?

Does early VA predict AF occurrence better than chronological aging?

Is early VA a risk enhancer for the occurrence of CV events in AF patients?

Are devices measuring VA suitable to perform subclinical AF detection?

Is the measurement of VA negatively influenced by AF-related rhythm irregularities?

AN

2. Materials and Methods

The search was performed using PubMed /MEDLINE databases with relevant key-
words on the topics. We selected peer-reviewed articles published from inception to 31
December 2023. Papers written in languages other than English, not pertinent to the
present review or whose full text was not available were excluded. The complete search

v

string incorporated inclusive keywords on VA (e.g., “vascular ageing”, “vascular aging”,

v

“vascular senescence”), arterial stiffness (e.g., “arterial stiffness”, “arterial compliance”,
“pulse wave velocity”, “PWV”, “augmentation index”, “Alx”, “central blood pressure”,
“pulse pressure”), subclinical atherosclerosis (“carotid intima-media thickness”), ED (“flow
mediated dilation”) and inclusive keywords on AF (“atrial fibrillation”, “paroxysmal atrial
fibrillation”, “persistent atrial fibrillation”). The pertinent papers were evaluated and
eventually included in the final manuscript. We considered all papers in open-access
and non-open-access journals. A flow chart of the review process, the search strategy
summary and the checklist for the narrative review are provided in Figure 1 and Table S1

(Supplementary Materials).
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Figure 1. Flow chart of the review process.

3. Results

From the 203 papers identified, we included 37 papers, offering an overview of the
current literature. Practical recommendations for the use of VA measures in the context of
AF were formulated in agreement between the authors and are presented in italics at the
beginning of each paragraph.

The included studies are organized in Table 2, and their results according to method
are summarized in Figure 2. For more clarity, a detailed description of each VA biomarker
included in the present study is provided in Table 2.
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Table 2. Summary of results from clinical studies in adult humans organized according to methodology questions.
Year, Method ' ' Questions
’ Popul D i
Author, Country (Biomarker) DEESHOR Study Design Main Results T2 3 1 3
‘ . . Good agreement before and after

2018.’ CaluwéRetal,  SphygmoCor (cfPWV, Alx, 34 patients with AF Experimental ’study.. before cardioversion for cfPWV and cPP, moderate

Belgium [20] central pulse pressure) and after cardioversion for AF
agreement for Alx.
FMD improved after successful

2007, Skalidis El et al., Brachial artery FMD and 46 patients with AF and 25 Experimental study, before and  cardioversion, while NMD was not

Greece [21] NMD (FMD, NMD) controls after electrical cardioversion significantly altered. High agreement in

2016, Chen SC et al.,
Taiwan [22]

Omron VP-1000 (baPWV)

167 patients with AF

Longitudinal observational
study

In patients with AF, a high baPWV was
independently associated with increased CV
events.

AF was associated with reduced aortic

i/([)iii,nso}:f;;tz’?i(a_ Echocardiography (aortic 151 patients with AF and 54 Longitudinal observational distensibility, left atrial size and pulse
Germany [23] v distensibility) controls study pressure. The incidence of AF recurrences

y increased with loss of aortic distensibility.
2011, Chen LY et al., SphygmoCor (cfPWV) 118 patients with AF, 274 Observational. case-control CfPWYV was associated with NT-proBNP
USA [24] Phyg controls study level in AF.
2015, Perri L et al., . ) . Experimental prospective In patients with AF, low FMD (<4.6%)
Ttaly [25] Brachial artery FMD (FMD) 514 non-valvular AF patients study independently predicted CV events.
2022, Zhang ] et al., . . Longitudinal observational FMD was a predictor of CV events in
China [26] Brachial artery FMD (FMD) 291 with paroxysmal AF study patients with PAF.

1 - Higher IMT and greater arterial stiffness
2016, Chen LY et al., g}i "}l"{oc(;:lgotliglsati?tsilcb;&yv 13,907 ARIC, 6640 MESA, 5220  Longitudinal observational were associated with higher AF incidence,
USA [27] PPIet), Rotterdam Study study with modest improvement in AF risk
(Complior) .
prediction.
.. C 1 . Low (first quartile) and high (third and
2021, Almuwagqqat Z Omron VP-1000 (cfPWV) 3882 elderly participants of Longitudinal observational fourth quartiles) FPWV were associated
et al.,, USA [28] ARIC study . . .
with higher AF risk.

2016, Shaikh AY et al., é;t;rfll;)o Ig)(r)netlrey; (cfPWY, 5797 Framingham tonometry Retrospective observational Iljli/%gejvglex;r;g;:z}gajvif?Zﬁ::;lzzlvifsk of
USA [29] ! - LOPP sample; 3921 ED sample study

ultrasound (FMD)

incident AF.




et al.,, Norway [33]

pressure)

8810 hypertensive patients

study

predictor of new-onset AF.
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Table 2. Cont.
Year, Method ' ' Questions
’ Popul D i
Author, Country (Biomarker) DEESHOR Study Design Main Results T2 3 1 3
2022, Nagayama D VaSera cardio-ankle 47,687 cross-sectional study; Cross-sectional and CAVIwas mdependen’Fly associated with
et al., Japan [30] vascular index (CAVI) 5418 cohort study longitudinal study AF. CAVI 28.0 was an independent
v predictor for AF incidence.
. . Higher levels of systolic and pulse pressure
2014, Roetker NS Frilcsh;alr(e)zgﬁioen;it;ty{cMRI 6630 participants from the Longitudinal observational were associated with increased risk of AF.
etal., USA [31] cﬁstensli)bilit ) ! MESA study Aortic distensibility was not consistently
Y associated with the risk of AF.
2012, Valbusa Fetal.,,  Brachial oscillometry (pulse 350 patients with type 2 Longitudinal observational Increased pulse pressure independently
Italy [32] pressure) diabetes mellitus study predicted incident AF in 10-year follow-up.
2012, Larstorp AC Oscillometry (pulse Longitudinal observational Pulse pressure was the strongest single BP

5331 Framingham Heart Study

Pulse pressure was associated with

%JOSO Zl [1\3/15 chell G etal, B;:;:&ile)o scillometry (pulse participants initially free from I;Ecl)lr;gltudmal observational increased risk for AF (adjusted hazard ratio,
P AF y 1.26 per 20 mm Hg increment; p = 0.001).
2021, Matsumoto K ABPM, SphygmoCor 769 participants in sinus Longitudinal observational ABPM was a better independent predictor
et al., USA [35] (central BP, ambulatory BP)  rhythm study of incident AF than central BP.
2022, Shchetynska- . . 151 patients with AF who o1 . Reduced aortic distensibility and increased
. Echocardiography (aortic . Longitudinal observational 1 . .
Marinova T et al., . R underwent pulmonary vein atrial size were associated with AF
distensibility) . . study
Germany [36] isolation recurrence.
. . Central pulse pressure > 45 mmHg and
2013, Lau DH et al., SphygmoCor (Central BP, 68 patients with lone AF Longitudinal observational augmentation pressure > 12 mmHg were

Australia [37]

Alx)

undergoing successful catheter
ablation

study

both associated with lower survival free
from AF.

2016, Fumagalli S

VaSera Cardio-ankle

Longitudinal observational

After cardioversion, AF persistence at

et al., Italy [38] vascular index (CAVI) 31 patients with AF study follow-up was associated with higher CAVI.
2015, Kizilirmak F Mobil-O-Graph (central 103 patients with PAF, 103 Longitudinal observational f;;;i?;ffda‘f:iﬁi;fﬁ?ﬁii;:?j;i:r‘:;ire
et al., Turkey [39] pulse pressure, PWV, AIx)  controls study

predicted recurrence after catheter ablation.
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Table 2. Cont.
Year, Method . . . Questions
Author, Country (Biomarker) gl Study Design Main Results T2 3 1 3
2019, Zekavat SM Finger 225,636 UK Biobank Genome-wide 'assoc1at10n C'ien(.et.lc predlsposu’tlon to hlgher ASI wa's
etal., USA [40] photoplethysmography articipants study. Mendelian significantly associated with increased risk
v (ASI) P P randomization of incident and prevalent AF
2010, Drager LF et al SphygmoCor, Left atrial diameter is associated with pulse

Portugal [41]

echocardiography (cf-PWYV,
left atrial diameter)

73 middle-aged patients

Observational study

wave velocity independently of common
determinants.

2008, Lantelme P
et al., France [42]

Complior, ABPM,
echocardiography (cfPWYV,
24 h PP, left atrial diameter)

310 hypertensive patients

Observational study

Left atrial diameter is associated with
cfPWV and 24 h PP independently from
classical determinants (e.g., age, BMI, LV
dimensions and geometry).

The risk of incident AF was not dependent

2021, Garg PK etal, Brachial artery FMD (FMD) 2027 elderly patients Longitudinal observational on baseline FMD when analysis was
USA [43] study .
adjusted for confounders.
. Patients with AF had significantly higher
. Oscillometry, SphygmoCor
2021, Paukhn Petal, (cfPWYV, central BP, 76 patients with AF Observational study cSBP, <P, PW\.] comparec.l to healthy .
Estonia [44] ressure amplification) controls. Positive correlation of left atrial
P P diameter and volume with PWV.
Alx values, but not brachial or central pulse
2017, Cui R et al,, - Longitudinal observational pressures, were positively and
Japan [45] Omron HEMS000AT (Alx) 4264 participants study independently associated with the
prevalence of AF.
2009, Doi M et al., Omron HEM9000AI (radial 122 patients with PAF (in sinus ~ Observational Case—control Alx was significantly higher in patients with
Japan [46] Aix) rhythm), 122 controls study PAF than in subjects without PAF.
132 patients with hypertension Patients with AF and hypertension
2005, Shi D et al., Omron VP-1000 and AF (78 paroxysmal, 84 Observational stud presented higher baPWV values than
China [47] (brachial-ankle PWV) persistent) and 136 with only y hypertension alone. Persistent AF was
hypertension associated with higher baPWV than PAF.
Patients with AF had higher hfPWV than
2008, Lee SH et al., VP-2000 (heart—femoral 35 subjects with sinus rhythm,  Observational case—control those in sinus rhythm. AF was an

Republic of Korea [48]

PWYV)

33 subjects with AF

study

independent predictor of increased hfPWV
together with age and systolic BP.




et al., Germany [54]

peripheral arterial
tonometry (PAT ratio)

15,010 subjects (466 AF)

Observational study

individuals with AF, but associations were
mediated by age and classical risk factors.
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Table 2. Cont.
Year, Method ' ' Questions
’ Popul D i
Author, Country (Biomarker) DEESHOR Study Design Main Results T2 3 1 3
2014, Miyoshi T etal.,  VaSera cardio-ankle 91 patients with PAF compared Case—control stud CAVI was significantly higher in patients
Japan [49] vascular index (CAVI) with 90 matched controls y with PAF than in controls.
2014, Fumagalli S VaSera cardio-ankle . . . CAV.I obta%ned 1rnmed1a't ely afte'zr
. 33 patients with AF Observational study cardioversion was associated with short AF
et al., Italy [50] vascular index (CAVI) . .
duration and left atrial diameter.
2021, Chung GE etal.,, VaSera cardio-ankle 8048 subiects Longitudinal observational High CAVI was associated with AF in those
Korea [51] vascular index (CAVI) ) study with intermediate or high CV risk.
2020, Heshmat- . . . . L
Ghahdarijani K etal,  Brachial artery FMD (FMD) 43 patients with AF and 51 Case—control study FMD of patients with AF was significantly
controls lower than controls.

Iran [52]
2004, Guazzi M et al., ‘ 35 patients with lone AF Longitudinal observational Brachial FMD improved afte.r Card}over51.0n

Brachial artery FMD undergoing external and returned to basal values in subjects with
Italy [53] . ¢ study

cardioversion AF recurrency.

2019, Borschel CS Brachial artery FMD and FMD and PAT were compromised in

2021, Khan AA et al.,

30 patients with permanent AF

Duration and frequency of AF lead to

United Kingdom [55] Brachial artery FMD vs. 31 patients with PAF Case-control study worsening endothelial function.
2013, Polovina M Brachial artery FMD and 38 patients with persistent AF Observational case—control f}i\: EF?\ZADFOIE?\ZEEE szifiggfﬁinﬂy lower
et al., Serbia [56] NMD and 28 controls study y )

differences in median NMD values.

Questions: 1. Correlation of AF and VA. 2. Prediction of AF. 3. Prognostic value of VA in AF. 4. Detection of AF with devices. 5. Accuracy of measurement of VA in AF. Colors legend:
Dark green: Significant association in a prospective study. Light green: Significant association. Yellow: Neutral or absent association. Abbreviations: ABPM: ambulatory blood pressure
monitoring. ARIC: Atherosclerosis Risk in Communities, MESA: Multi-Ethnic Study of Atherosclerosis. Complete list of abbreviations at the end. Instruments: SphygmoCor (ATCOR,

Sidney, Australia), Omron VP-1000, VP-2000 and HEM9000AI (Omron, Kyoto, Japan), VaSera (Fukuda Denshi, Tokyo, Japan), Mobil-O-Graph (IEM GmbH, Aachen, Germany).
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Question 1 2 3 4 5

CVEVENTS ~ hETECTIONOF MEASUREMENT

METHOD ASsOCIATION  AF PREDICTION PRED'ﬁ;'ON IN AF ACCURACY IN AF
WITHAF

e [0
-
cPP l
o | .

e O | | |

il
~ TN [ ]
[ I

Significantly associated
Significantly associated (prospective study)
Neutral / Not associated
Figure 2. Results of included studies according to methods and the five questions considered in the
paper.

3.1. Question 1—Are VA Biomarkers Associated with AF?

Answer: There is substantial evidence, although partly derived from small studies, that subjects
with AF have early VA compared to subjects in sinus rhythm. This association is largely explained
by concomitant CV risk factors, such as hypertension, dyslipidemia and diabetes mellitus, which are
often present in people with AF. However, at least for measures of AS, there is also evidence that this
association remains significant after multiple adjustment.

In a case—control study, 76 patients with either permanent or paroxysmal AF were
compared to a control group of 75 healthy individuals. Compared to patients in sinus
rhythm, patients with AF had higher PWV (8.0 m/s vs. 7.2 m/s, p < 0.001), central SBP
(118 mm Hg vs. 114 mm Hg, p = 0.033), central PP (39 mm Hg vs. 37 mm Hg, p = 0.035)
and lower PP amplification (PPA), measured as the ratio between peripheral and central
PPs (1.24 vs. 1.30, p = 0.015). The relationship between cfPWV and AF remained significant
after adjustment for age, sex, heart rate, weight, MAP and glomerular filtration rate [44].
In a large cross-sectional study conducted on Japanese men and women (n = 4264, age
range 40-79 years), the PPA was negatively associated with the prevalence of AF and total
arrhythmia, independently of CV risk factors. In a multivariate model adjusted for age,
sex, BMI, heart rate, SBP, smoking, alcohol consumption, serum total and HDL cholesterol,
triglycerides, diabetes mellitus and use of antihypertensive and lipid-lowering medications,
as compared with subjects in the highest tertile of PPA, subjects in the lower tertile of PPA
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showed higher odds of having AF (OR 3.4, 95%CI 1.4-8.6). No significant associations
between either brachial or central PP and AF prevalence were reported [45].

In a study by Doi et al., 122 patients with PAF were compared with 122 age- and
sex-matched controls without PAF. All subjects were in sinus rhythm. Alx was calculated
from the radial artery waveform using applanation tonometry. After adjustment for age,
seX, heart rate and medications, Alx was significantly higher in patients with than without
PAF (89 £ 1.0 vs. 82 & 1.0%, p < 0.001). Each 10% increase in Alx was associated with
higher odds of PAF (OR 1.6, 95%CI 1.13-2.25) [46]. These data suggest that AF remains
associated with increased arterial stiffness even after restoration of sinus rhythm.

Similarly, other measures of AS, such as baPWV and heart—femoral PWV (hfPWYV),
were found to be higher in subjects with AF than in controls, independently of confounders.
The former (baPWV) was evaluated in a population of 132 patients with hypertension and
AF (78 with PAF and 84 with persistent AF) compared to 136 patients with hypertension
in sinus rhythm. In a multivariate logistic regression model adjusted for multiple CV risk
factors, each unit increase in baPWV corresponded to 10.4% increased risk of having AF.
Interestingly, this association was no longer significant after further adjustment for uric
acid, suggesting that this factor could be implicated in the mechanism of AF development
in the presence of early VA [47]. The latter (hfPWV) was found to be higher in 35 subjects
with AF compared to 33 subjects in sinus rhythm (1028 £ 222 vs. 923 £ 110 cm/s, p = 0.03).
Together with age and systolic BP, the presence of AF was an independent predictor of
increased hfPWYV [48].

AS, measured by CAV], also showed an association with AF. When 91 patients with
PAF, after restoring sinus rhythm, were compared with 90 age- and sex-matched subjects
without PAF, CAVI was significantly higher in the former compared to the latter group
9.0+ 1.0 vs. 87 £ 0.8, p < 0.01). This difference, even if clinically small, remained
significant after adjustment for age, gender, heart rate and use of antihypertensive and
antiarrhythmic drugs [49]. In a study conducted in 33 subjects (mean age 73 £ 12 years)
with persistent AF undergoing external cardioversion, CAVI was inversely correlated
with AF duration, independently of age and cardiac chamber dimensions [50]. CAVI also
showed a correlation with AF in large cross-sectional studies, such as the study by Chung
et al. that enrolled 8048 subjects screened for CV disease who underwent electrocardiogram
and CAVL The prevalence of AF was significantly higher in the high group (2.2% in subjects
with CAVI > 8) compared with the low group (1% in subjects with CAVI < 8, p < 0.001).
Multivariate analysis further depicted the association of CAVI > 8 with AF prevalence
as independent of age, sex and CV risk factors (OR = 2.06, 95%CI 1.40-3.05, p < 0.001).
The association of CAVI with AF was also evaluated in subgroups stratified according to
the Framingham risk score. Higher odds were found in people at intermediate (OR 3.06,
95%CI 1.39-6.74) and high (OR 3.88, 95%CI 1.14-13.17) CV risk [51]. In 164 subjects with
AF, compared to 652 controls after propensity score matching, significantly higher odds of
AF were found at each 1-unit increase in CAVI (OR 1.37, 95%CI 1.08-1.22, p = 0.008) [30].

Several studies focused on the association between ED and AF. Subjects younger
than 60 years with AF and without any other CV risk factor (defined as lone AF, n = 43),
compared to age- and sex-matched controls (n = 51), showed significantly lower val-
ues of FMD (5.8 £ 3.9% vs. 7.6 &+ 4.4%, p = 0.04) [52]. In subjects with AF undergoing
restoration of regular sinus rhythm, brachial FMD did significantly improve after car-
dioversion (0.32 & 0.07 mm during AF, 0.42 & 0.08 mm after cardioversion, p < 0.01). In
10 patients who underwent a further AF relapse, FMD returned to pre-cardioversion values
(0.33 &£ 0.07 mm, p < 0.05 vs. post-cardioversion) [53]. Another study observed a short-term
improvement in FMD, which was observed in 32 patients after 24 h of restoration of sinus
rhythm (FMD during AF rhythm 8.4 & 3.8%, FMD after 24 h of sinus rhythm restoration
10.7 £ 3.9%, p < 0.001) [21].

Although these findings support the hypothesis of an independent association between
ED and AF, they are, however, counterbalanced by results from other studies. Indeed,
in a large cohort study conducted in a sample of 15,010 individuals from the general
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population, the odds of having reduced FMD in patients with AF (n = 466, 3.1% of the
population) was no longer significant after multiple adjustment to age, sex, heart rate, BMI,
diabetes, smoking status, LDL/HDL cholesterol ratio and SBP (OR 1.03, 95%C1 0.88-1.21,
p =0.59) [54].

Long duration of arrythmia and the frequency of AF episodes showed, in some studies,
some degree of association with worsening endothelial function. In a study by Khan
et al. [55], ED measured by brachial FMD was significantly different between 30 subjects
with permanent AF vs. 31 subjects with PAF (3.1% vs. 5.9%, p = 0.02). Contrary to FMD,
nitroglycerine-mediated vasodilation (NMD), a measure of endothelium-independent
vasoreactivity, seems not to be affected by AF. In 38 subjects with lone AF compared to
28 healthy controls matched by age, gender and atherosclerotic risk factors, no difference
between groups were found in terms of NMD [56]. Similar results were observed in another
study where endothelium-independent vasodilation did not change after sinus rhythm
restoration by cardioversion in 46 patients with AF [21].

3.2. Question 2—Does VA Predict the Occurrence of AF Better Than Chronological Aging?

Answer: The role of arterial stiffness as an independent predictor of AF incidence is supported
by the results of large-scale prospective observational studies and Mendelian randomization studies.
A variety of markers of VA, including cfPWYV, augmentation pressure and Alx, CAVI, elevated cen-
tral and peripheral PP and aortic and carotid distensibility, showed (chronological) age-independent
associations with the future occurrence of AF. In many cases, however, this association was mediated
by increased BP levels which could, at least in part, confound the association between VA and AF.
Arterial stiffness was also an independent predictor of AF recurrences after restoration of sinus
rhythm. Associations were also found between arterial stiffness and features of cardiac remodeling,
such as left atrial enlargement, pathophysiologically linked to a higher risk of AF incidence. The
evidence in favor of FMD as a risk factor for AF incidence is weaker and partly counterbalanced by
negative findings.

Results from three large-scale, population-based, cohort studies (the Atherosclerosis
Risk in Communities, ARIC, Study, n = 13,907, the Multi-Ethnic Study of Atherosclerosis,
MESA, n = 6640, and the Rotterdam Study, n = 5220) investigated the prognostic ability of
measures of VA in predicting the future occurrence of AF [27]. All these studies adopted
carotid distensibility as a marker of AS. In the Rotterdam Study and in a subcohort of the
ARIC study, measures of cfPWV were also available. Concerning carotid distensibility,
in multivariate models adjusted for multiple confounders including age, ethnicity, use
of antihypertensive medication, current smoking, diabetes, history of heart failure and
history of myocardial infarction, the hazard ratios (HR) associated with a 1 SD increase in
carotid distensibility were 0.90 (95%CI 0.83-0.97, p < 0.001) in the ARIC Study and 0.83
(95%CI 0.70-0.98, p < 0.001) in the MESA. However, the results became not significant when
height, weight, systolic and diastolic BP were included in the models (both p > 0.05). In
the Rotterdam Study, the HR of AF associated with carotid distensibility was no longer
significant after multiple adjustment (0.98, 95%CI 0.83-1.15, p = 0.78). In both cases, the
loss of significance in multivariate models after adjustment for BP could be attributed to
the functional influence of BP values on PWV. Indeed, PWYV is consistently dependent on
the wall stretch caused by the distending pressure and the passive loss of compliance of
the arterial wall [57].

Similarly, cfPWV in the Rotterdam Study showed an independent association with
AF incidence (HR 1.15, 95%CI 1.03-1.29, p = 0.016 per 1 SD increase in cfPWV), which was
lost when the model was adjusted for BP [56]. In the ARIC Study, cfPWV demonstrated a
U-shaped association with AF risk: in Cox regression models adjusted for age, race, center,
sex, education levels and hemodynamic and clinical factors, the HR for incident AF in the
first, third and fourth quartiles were 1.49 (95%CI 1.06-2.10), 1.59 (95%CI 1.14-2.10) and 1.56
(95%CI 1.10-2.19), respectively, compared to those in the second quartile, which was taken
as a reference [28].
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The predictive role of arterial stiffness for AF incidence was also analyzed in the
Framingham Heart Study offspring and third-generation cohorts. Among 5797 participants
(mean age 61 £ 10 years) followed up for an average period of 7.1 years, cfPWV, Alx
and cPP were all univariately associated with increased risk of AF incidence [29]. In fully
adjusted models, only Alx remained significantly associated with AF incidence (HR 1.16,
95%CI 1.02-1.32).

In a cohort study conducted in a Japanese population (1 = 5418), baseline CAVI
values > 8.0, along with age > 65 years and male sex, were found to independently predict
the incidence of AF (n =22, 0.41%) over 4 years (HR 5.27, 95%CI 1.6-17.3) [30].

In a subcohort of the MESA (3441 participants aged 45-84 years followed up for
7.8 years), high pulse pressure and low aortic distensibility measured by magnetic reso-
nance imaging (MRI) were both univariately associated with the development of AF. In
a multivariate analysis, after adjustment for age, sex, ethnicity, education, height, body
mass index, smoking status, antihypertensive treatment, diabetes, left ventricular mass,
heart rate and MAP, and after excluding aortic distensibility outliers, only PP remained
significantly associated with AF risk, whereas aortic distensibility lost its significance. Each
1 SD increase in PP was independently associated with a 45% increased risk of AF (HR 1.45
95%CI: 1.13-1.87, p = 0.004) [31]. Increased PP independently predicted incident AF also in
350 patients with type 2 diabetes who were free from AF at baseline who were followed
up for 10 years (adjusted OR: 1.76 for each SD increment, 95%CI 1.1-2.8, p = 0.01) [29].
The Losartan Intervention for Endpoint Reduction in Hypertension Study (LIFE Study) in-
cluded 9193 patients with essential hypertension and electrocardiographic LV hypertrophy
followed up for a period of 5 years. Increased brachial PP, either baseline or in treatment,
was independently associated with a higher risk of new-onset AF in multivariate Cox
regression analysis (HR per 10 mmHg baseline PP increase: 1.24, 95%CI 1.14-1.35, HR per
10 mmHg in-treatment PP increase 1.21, 95%CI 1.11-1.33 for in-treatment PP, both p < 0.001).
PP was equivalent to SBP and DBP in predicting new-onset AF, but when included in the
same statistical model, PP was demonstrated to be the strongest predictor [33]. In another
study from the Framingham Heart Study cohort, the predictive power of increased PP
for AF incidence was evaluated in a large general population including 5331 individuals
followed for 12 years. After adjustment for a substantial number of confounders, the hazard
ratio of new-onset AF associated with a 20 mmHg PP increase was 1.26 (95%CI 1.12-1.43,
p < 0.001) [32]. It is worth noting that: (i) the increase in PP is dependent on both the
physiological aging process and the associated increase in arterial stiffness induced by CV
risk factors; (ii) an increase of 20 mmHg in PP can be observed over the lifespan only after
several decades [58].

The prognostic superiority of central over peripheral BP measurement in incident AF
was also observed in a predominantly older population-based cohort including 769 par-
ticipants in sinus rhythm with no history of AF or stroke (mean age 70.5 years). Over
9.5 years, AF occurred in 83 participants. No peripheral BP value showed a significant
association with incident AF. By contrast, after adjustment for age, sex, race and the number
of antihypertensive drugs, both central SBP (HR 1.12 for 10 mmHg increment, 95%CI
1.00-1.25, p = 0.047) and central PP (HR 1.16 for 10 mmHg increment, 95%CI 1.00-1.34,
p = 0.048) showed predictive value for AF incidence [34]. These results are of importance
given that central PP, rather than peripheral PP, is more strongly linked to the age-related
stiffening of large arteries [59].

In a cohort of 151 patients (mean age 71.9 years, mean follow-up 21 months) with
AF, who restored sinus rthythm after pulmonary vein isolation, AS, evaluated by aortic
distensibility (AD) of the descending aorta using transesophageal echocardiography, was
found to be an independent predictor of AF recurrence (OR 3.6, 95%CI 2.8—4.1) [36]. In
a study including 68 patients with AF who underwent a successful catheter ablation
procedure, higher AF recurrence rates during a mean follow-up of 3 years were found
in patients with higher values of peripheral PP, central PP and augmented pressure [37].
Among 31 older patients (mean age 78 & 7 years) undergoing electrical cardioversion,
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CAVI was directly related to the risk of AF recurrence: for each one-unit increase in CAV],
the HR for AF recurrence was 2.31 (95%CI 1.01-5.25) [38]. However, in these two latter
cases, the regression models were not adjusted for relevant confounders (e.g., age).

In a cohort of 103 patients with PAF, compared to age- and sex-matched controls,
left atrial diameter was significantly correlated with augmented pressure and Alx (both
p < 0.001). Interestingly, left atrial diameter was the only independent predictor of AF
recurrences following cardiac ablation over a follow-up period of 6 months [39].

A genome-wide association study, with Mendelian randomization including 225,636 par-
ticipants from the UK Biobank, demonstrated a significant association between genetically
determined increased levels of a photoplethysmography-derived arterial stiffness index
(ASI) and the incidence of AF (OR, 1.8 per SD ASI phenotype, 95%CI, 1.4-2.2) [40]. This
Mendelian randomization approach provides evidence of the causal inference between
arterial stiffness and AF.

Indirect Markers of AF

AS was frequently found to be associated to well-established cardiac markers associ-
ated with increased risk of developing AF, such as LV hypertrophy, LV diastolic dysfunction
and elevated LV filling pressure that, in turn, can result in an elevated left atrial pressure
leading to left atrial dilation. In a study including 43 younger patients (aged 46 + 8 years),
with moderate to severe obstructive sleep apnea, a cfPWV > 10 m/s significantly correlated
with left atrial diameter (r = 0.45; p < 0.001) both in univariate and multivariate analysis [41].
In a study conducted on 310 middle-aged hypertensive patients, cfPWV and elevated PP
measured over 24 h were significantly and directly associated with left atrial diameter
(r=0.27 and r = 0.32, respectively, both p < 0.001) even after adjustment for age, sex, body
mass index, indexes of LV structure and geometry and filling pressure [42]. However,
regarding the limitations of echocardiographic assessment, which is prone to measurement
errors, we should consider that the LA overload is reasonably mediated by LV alterations.

The role of ED in predicting AF incidence was evaluated in a subcohort of 3921 (mean
age 58 £ 9 years) participants of the Framingham Heart Study. In this study, FMD was
negatively associated with the future occurrence of AF in univariate and multivariate
analyses (adjusted HR 0.79, 95%CI 0.63-0.99) [27]. Contrasting results were observed in
a cohort of 2027 old individuals enrolled in the Cardiovascular Health Study (mean age
78.3 years). Over a median follow-up of 11 years, 754 incident AF cases occurred. After
adjustment for age, sex, race, height, weight, CV disease, cigarette smoking, hypertension,
diabetes, kidney function, C-reactive protein, physical activity, alcohol consumption and
statins, the risk of AF did not differ according to baseline FMD (HR per FMD unit increment
1.01, 95%CI 0.97-1.05) [43]. Therefore, in comparison to positive findings observed in
the Framingham Heart Study, results from this study suggested that, at least in older
individuals, the utility of brachial FMD as a risk marker for AF was minimal.

3.3. Question 3—Is Early VA a Risk Enhancer for the Occurrence of CV Events in AF Patients?

Answer: The prognostic impact of measures of VA on future CV events in patients with
AF has been tested only in small-scale, short-term, longitudinal studies and remains a matter of
investigation. Data are also limited concerning the role of ED as a risk enhancer for adverse CV
events in AF patients. Data from studies using changes in surrogate markers of CV prognosis as the
primary endpoint are also extremely scarce.

Chen et al. assessed arterial stiffness by measuring brachial-ankle PWV (baPWV) in
167 patients with persistent AF. After a median follow-up of 26 months, the authors found
that high baPWV was independently associated with an increased risk of a composite out-
come including CV death, non-fatal stroke and myocardial infarction and hospitalization
for heart failure. This association remained significant after adjusting for multiple CV risk
factors (HR = 1.150; 95%ClI: 1.034-1.279, p = 0.01). Most importantly, they demonstrated that
baPWYV had an incremental value in CV outcome prediction, pointing towards the useful-
ness of this marker in the risk stratification of these patients [22]. In another study, arterial
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stiffness was assessed by aortic distensibility during transesophageal echocardiography in
151 patients with AF before successful restoration of sinus rhythm with pulmonary vein
isolation. Fifty-four controls with similar CV risk profile were also enrolled in the study.
Results showed that, after a median follow-up of 21 months, decreased aortic distensibility
was univariately associated with a composite endpoint that included AF recurrences, stroke,
acute decompensated heart failure, cardiovascular and all-cause hospitalizations. Subjects
in the lowest quartile of aortic distensibility showed an increased number of composite
events as compared to those in the third quartile (p = 0.03) and in the fourth quartile
(p =0.001) [23].

The association between arterial stiffness and future CV event was also assessed using
indirect descriptors of future CV events in AF. In a cohort of 117 patients with paroxysmal or
persistent AF compared to 274 controls, cfPWV was independently associated with plasma
N-terminal pro-B-type natriuretic peptide (NT-proBNP), which is considered a surrogate
marker of CV prognosis (3 = 0.234; 95%CI: 0.100-0.367, p = 0.001). Interestingly, only in
patients with paroxysmal or persistent AF were increased values of cfPWYV related to greater
NT-proBNP plasma levels, whereas this was not observed in the control group, suggesting
a relationship between AF, increased arterial stiffness and adverse CV outcomes [24].

The prognostic significance of ED, measured by FMD, in AF patients was evaluated in
a cohort of 514 individuals with AF followed up for an average period of 24 months. A
composite endpoint of CV events, defined as the occurrence of stroke/transient ischemic
attack, myocardial infarction, urgent revascularization and CV death, occurred in 44 pa-
tients. In a Cox proportional hazards analysis, after multiple adjustment for other CV risk
factors such as M1, history of stroke/TIA, heart failure, treatment with statins, smoking
habits, gender and age, individuals with an FMD below 4.6% were at increased risk of
CV events (HR 2.20 95%CI 1.13-4.28, p = 0.020) [25]. In another prospective observational
study, FMD was measured by ultrasound in 291 patients with a positive history of PAF
lasting no longer than six months. After a mean follow up of 33 months, subjects with
FMD lower than 5.9% showed a doubled rate of composite adverse CV events, which
included cardiovascular death, non-fatal myocardial infarction, stroke and heart failure
hospitalization (37.1% versus 18% in patients with FMD > 5.9%, p < 0.001), which remained
significant after adjustment for classical CV risk factors (HR: 3.036, 95%CI 1.546-5.963,
p =0.01) [26].

3.4. Question 4—Are Devices Measuring VA Suitable to Perform Subclinical AF Detection?

Answer: The implementation of AF screening in the VA diagnostic approach remains an
unmet need.

For many patients, measurement of VA biomarkers with automated devices might
represent a unique opportunity to effectively diagnose AF. It could be supposed that
individuals currently prescribed VA assessment for clinical purposes are individuals with a
high burden of CV risk factor and therefore at high risk of developing AF. In these patients,
targeted AF screening and early AF detection could potentially prevent the risk of ischemic
stroke and AF-related complications [4]. Despite the potential benefits and the relatively
simple technological advances needed for implementation, there are no data regarding the
performance of devices measuring VA in AF detection.

Photopletysmogram (PPG) signals are proposed as promising tools to assess VA.
Indeed, the time taken for the PPG pulse wave to travel the arterial tree is a function of AS.
Moreover, pulse wave shapes could reflect changes in VA [60]. Noteworthily, the detection
of rhythm irregularities through the analysis of peripheral PPG signals is a promising
application for AF detection in patients at risk [61]. However, at present, there is no device
that combines these two technologies into a single apparatus.

Devices using oscillometric techniques may also contribute to AF screening. Blood
pressure monitors which detect AF from oscillometry-based algorithms have been in the
market for a few years, with very high sensitivity and specificity rates, ranging from 90 to
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100% [62]. The algorithm for diagnosis, based on pulse irregularity, could be implemented
in devices measuring central blood pressure or pulse wave velocity from oscillometric cuffs.

3.5. Question 5—Does Atrial-Fibrillation-Related Rhythm Irreqularity Have a Negative Impact on
the Measurement of Vascular Age?

Answer: From these limited available data (two studies), measurements of biomarkers of arterial
structure during AF appear reliable. Results about reliability of FMD measurement during AF are,
to date, inconclusive.

In a clinical study, cfPWV and cPP assessed by applanation tonometry were estimated
in 34 patients with AF before and after successful electrical cardioversion [20]. After
adjustment for post-procedural changes in mean arterial pressure (MAP) and heart rate,
the intra-class correlation coefficient for both cfPWV and cPP was 0.89 (95%CI 0.79-0.95 for
cfPWYV, 0.72-0.95 for cPP), consistent with good reliability [63]. By contrast, measures of
wave reflection such as central augmentation index (Alx) showed only moderate reliability
(ICC =0.59; 95%CI 0.17-0.80).

The reliability of FMD measurement was assessed in 32 patients with AF by comparing
measures obtained before and 24 h after successful electrical cardioversion [21]. In this study,
reliability was not formally tested using ICC but using a 2-sided t-test for independent
samples, with further calculation of 95% confidence intervals from a Bland—Altman plot.
As compared with FMD measurement taken during AF rhythm, FMD 24 h after restoration
of sinus rhythm was, on average, significantly higher and showed high heterogeneity
(FMD during AF rhythm 8.4 & 3.8%, FMD 24 h after sinus rhythm restoration 10.7 £ 3.9%,
p <0.001, 95%CI for mean difference 1.15-3.65). The lack of appropriate statistics to assess
reliability and the large time difference do not allow making definite conclusions about
reliability of FMD during AF rhythm.

4. Discussion

In this paper, we aimed to review and summarize state-of-the-art data from the lit-
erature exploring the potential link between mechanical and functional biomarkers of
VA and the presence and severity of AF. We aimed to find answers to five clinically and
methodologically relevant questions and identify open and unanswered issues, including
the cross-sectional association between VA and AF, the predictive role of VA for AF inci-
dence, the role of VA as a risk enhancer for CV events in AF patients, the accuracy of VA
measurement in AF rhythm and the performance of devices measuring VA in detecting
AF rhythm.

This review was conceived as part of the work plan of the VascAgeNet COST action
(COST Action CA18216) which is to refine, harmonize and promote the VA concept, to
bring innovations in CV research from bench to bedside and to establish assessment of VA
in clinical practice [19].

Our results showed that VA has a cross-sectional relationship with AF and is also
independently associated with increased risk of incident AF. This was found for several
biomarkers of arterial structure, such as PWV as a proxy measure of AS, wave reflection,
arterial distensibility and VA-related measures of central hemodynamics such as central PP.
A visual summary of the degree of the association between each measure of VA according
to methodology questions is provided in Figure 2. Although less pronounced, there is
substantial evidence of an independent link between VA biomarkers related to arterial
function, such as brachial FMD, and AF.

The relationship between VA and AF has a profound rationale and is supported by
shared common etiological mechanisms, such as elevated BP values and several other CV
risk factors. Since BP is a surrogate marker of cardiac and arterial load, it is important to
identify which temporal relationship exists between increased AS, elevated BP and AF
and whether or at which level this process could be reverted by therapeutic approaches.
There is robust evidence to support the hypothesis that increased arterial stiffness could
precede the pathogenesis of elevated BP [64]. Therefore, measurement of arterial stiff-
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ness and VA in clinical practice could be the first ideal screening step to tackle the AF
burden by identifying and targeting interventions in individuals with elevated AS at risk
of developing hypertension and subsequent CV events, including AF. A further factor
possibly influencing the link between FA and arterial stiffness is that both contribute to
blood pressure variability, which is a potential independent risk factor for cardiovascular
complications. Both the fluctuations of blood pressure induced by FA and the aging of
vessels may cause an increased blood pressure variability in the short term [65]. In turn, an
increased blood pressure variability is associated with an increased incidence of FA [66]
and with cardiovascular outcomes among patients with FA [67], making this association a
topic of major interest for future research.

The promotion of a healthier lifestyle early in life through increasing physical activity,
healthy diet, smoking cessation, weight control, lowering stress and normalization of
sleep patterns was found to be associated with lower levels of arterial stiffness [61]. There
is also strong evidence that AF has an independent association with ED, measured by
FMD of the brachial artery. However, this association seems to be largely explained by
concomitant CV risk factors, such as hypertension, dyslipidemia and diabetes, which are
known to negatively affect the endothelial function, and it is currently unknown whether
ED could be reverted by therapeutic approaches. However, to our knowledge, no study
has investigated the role of more stringent therapeutic goals aiming at a better VA control
on AF-related outcomes.

Even though increased arterial stiffness has been described as a predictor of AF, avail-
able evidence regarding its prognostic value for CV events in patients with AF is far from
conclusive. This is due to the lack of relevant data, often originating from underpow-
ered studies with high heterogeneity in terms of arterial stiffness markers, as well as to
the methods for assessing AS. To this end, larger, prospective, community-based cohorts
with longer follow-up periods are needed. The prognostic value of ED for future CV
events is understudied in AF patients and further studies are needed specifically targeting
this population.

At the methodological level, there are still few data regarding the performance of
devices measuring arterial stiffness in detecting AF. Given that a considerable proportion
of patients with AF are undiagnosed, developing technology would help increase the
screening and the detection rates of this condition. The potential outcome of combining
screening approaches for the evaluation of VA and AF detection into one single device
needs therefore to be tested in future dedicated studies. The measurement of VA biomarkers
during irregular cardiac rhythm, as observed in AF with irregular response rate, represents
a practical challenge that is not fully overcome. As a consequence, AF patients are often
excluded from clinical trials with VA assessment. We showed that, despite preliminary
promising results provided by a few methodological studies, substantial research should
focus on technological solutions addressing this issue.

5. Conclusions

In conclusion, given the close pathophysiological link between VA and AF, it is reason-
able that measurements of arterial stiffness should be implemented in clinical practice in
all individuals at risk of developing AF and its adverse consequences to better stratify their
risk. The predictive role of both arterial stiffness and ED as CV risk factors in AF patients
still needs to be proven in dedicated studies. Future studies and upcoming technologies
will be helpful to address the gap of knowledge in this field.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/jcm13051207 /51, Table S1: Narrative review checklist.

Author Contributions: Conceptualization, A.G. (Andrea Grillo) and D.A.; methodology, G.P., A.G.
(Andrea Grillo) and D.A.; data curation, all authors; writing—original draft preparation, G.P., A.G.
(Andrea Grillo) and D.A.; writing—review and editing, all authors; visualization, all authors; super-


https://www.mdpi.com/article/10.3390/jcm13051207/s1
https://www.mdpi.com/article/10.3390/jcm13051207/s1

J. Clin. Med. 2024, 13, 1207 18 of 21

vision, D.A.; project administration, D.A.; funding acquisition, B.H., A.G. (Andrea Grillo) and C.C.M.
All authors have read and agreed to the published version of the manuscript.

Funding: This article is based upon work from COST Action “Network for Research in Vascular Age-
ing” (VascAgeNet, CA18216), supported by European Cooperation in Science and Technology (COST,
cost.eu). Guala A. has received funding from “la Caixa” Foundation (LCF/BQ/PR22/11920008).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

Lippi, G.; Sanchis-Gomar, F.; Cervellin, G. Global epidemiology of atrial fibrillation: An increasing epidemic and public health
challenge. Int. |. Stroke 2020, 16, 217-221. [CrossRef]

Benjamin, E.J.; Muntner, P.; Alonso, A.; Bittencourt, M.S.; Callaway, C.W.; Carson, A.P.; Chamberlain, A.M.; Chang, A.R.; Cheng,
S.; Das, S.R.; et al. Heart disease and stroke statistics—2019 update: A report from the American heart association. Circulation
2019, 139, e56—-e528. [CrossRef]

Wu, J.; Nadarajah, R.; Nakao, Y.M.; Nakao, K.; Wilkinson, C.; Mamas, M.A.; Camm, A.].; Gale, C.P. Temporal trends and patterns
in atrial fibrillation incidence: A population-based study of 3-4 million individuals. Lancet Reg. Health Eur. 2022, 17, 100386.
[CrossRef]

Hindricks, G.; Potpara, T.; Dagres, N.; Arbelo, E.; Bax, ].J.; Blomstrom-Lundqvist, C.; Boriani, G.; Castella, M.; Dan, J.-A.; Dilaveris,
P.E.; et al. The Task Force for the diagnosis and management of atrial fibrillation of the European Society of Cardiology (ESC)
Developed with the special contribution of the European Heart Rhythm Association (EHRA) of the ESC. Eur. Heart |. 2021, 42,
373-498. [CrossRef] [PubMed]

Martinez, C.; Katholing, A.; Freedman, S.B.; Martinez, C.; Katholing, A.; Freedman, S.B. Adverse prognosis of incidentally
detected ambulatory atrial fibrillation. Thromb. Haemost. 2014, 112, 276-286. [CrossRef] [PubMed]

Freedman, B.; Potpara, T.S.; Lip, G.Y.H. Stroke prevention in atrial fibrillation. Lancet 2016, 388, 806-817. [CrossRef] [PubMed]
Freedman, B. Screening for Atrial Fibrillation Using a Smartphone: Is There an App for That? J. Am. Heart Assoc. 2016, 5, €004000.
[CrossRef] [PubMed]

Climie, R.E.; Alastruey, J.; Mayer, C.C.; Schwarz, A.; Laucyte-Cibulskiene, A.; Voicehovska, J.; Bianchini, E.; Bruno, R.-M,;
Charlton, PH.; Grillo, A.; et al. Vascular ageing: Moving from bench towards bedside. Eur. J. Prev. Cardiol. 2023, 30, 1101-1117.
[CrossRef] [PubMed]

Gkaliagkousi, E.; Lazaridis, A.; Dogan, S.; Fraenkel, E.; Tuna, B.G.; Mozos, L.; Vukicevic, M.; Yalcin, O.; Gopcevic, K. Theories and
Molecular Basis of Vascular Aging: A Review of the Literature from VascAgeNet Group on Pathophysiological Mechanisms of
Vascular Aging. Int. J. Mol. Sci. 2022, 23, 8672. [CrossRef] [PubMed]

Ben-Shlomo, Y.; Spears, M.; Boustred, C.; May, M.; Anderson, S.; Benjamin, E.; Boutouyrie, P.; Cameron, J.; Chen, C.-H;
Cruickshank, J.K; et al. Aortic Pulse Wave Velocity Improves Cardiovascular Event Prediction. J. Am. Coll. Cardiol. 2014, 63,
636—646. [CrossRef] [PubMed]

Bruno, RM.; Nilsson, PM.; Engstrom, G.; Wadstrém, B.N.; Empana, ].-P.; Boutouyrie, P.; Laurent, S. Early and Supernormal
Vascular Aging: Clinical Characteristics and Association with Incident Cardiovascular Events. Hypertension 2020, 76, 1616-1624.
[CrossRef] [PubMed]

Cao, Q.; Li, M.; Wang, T.; Chen, Y.; Dai, M.; Zhang, D.; Xu, Y.; Xu, M,; Lu, ].; Wang, W,; et al. Association of Early and Supernormal
Vascular Aging categories with cardiovascular disease in the Chinese population. Front. Cardiovasc. Med. 2022, 9, 895792.
[CrossRef] [PubMed]

Lip, G. Does atrial fibrillation confer a hypercoagulable state? Lancet 1995, 346, 1313-1314. [CrossRef]

Cai, H.; Li, Z.; Goette, A.; Mera, E; Honeycutt, C.; Feterik, K.; Wilcox, ].N.; Dudley, S.C.; Harrison, D.G.; Langberg, J.J.; et al.
Downregulation of endocardial nitric oxide synthase expression and nitric oxide production in atrial fibrillation: Potential
mechanisms for atrial thrombosis and stroke. Circulation 2002, 106, 2854-2858. [CrossRef]

Khan, A.A.; Thomas, G.N.; Lip, G.Y.H.; Shantsila, A. Endothelial function in patients with atrial fibrillation. Ann. Med. 2020, 52,
1-11. [CrossRef] [PubMed]

Corretti, M.C.; Anderson, T.J.; Benjamin, E.J.; Celermajer, D.; Charbonneau, F.; Creager, M.A.; Deanfield, J.; Drexler, H.; Gerhard-
Herman, M.; Herrington, D.; et al. Guidelines for the ultrasound assessment of endothelial-dependent flow-mediated vasodilation
of the brachial artery: A report of the International Brachial Artery Reactivity Task Force. J. Am. Coll. Cardiol. 2002, 39, 257-265.
[CrossRef]

Thijssen, D.H.].; Bruno, R.M.; Van Mil, A.C.C.M.; Holder, S.M.; Faita, F; Greyling, A.; Zock, P.L.; Taddei, S.; Deanfield, J.E.;
Luscher, T;; et al. Expert consensus and evidence-based recommendations for the assessment of flow-mediated dilation in humans.
Eur. Heart J. 2019, 40, 2534-2547. [CrossRef]

Xu, Y.; Arora, R.C.; Hiebert, B.M.; Lerner, B.; Szwajcer, A.; McDonald, K.; Rigatto, C.; Komenda, P.; Sood, M.M.; Tangri, N.
Non-invasive endothelial function testing and the risk of adverse outcomes: A systematic review and meta-analysis. Eur. Heart .
Cardiovasc. Imaging 2014, 15, 736-746. [CrossRef]

Climie, R.E.; Mayer, C.C.; Bruno, R.M.; Hametner, B. Addressing the Unmet Needs of Measuring Vascular Ageing in Clinical
Practice—European COoperation in Science and Technology Action VascAgeNet. Artery Res. 2020, 26, 71-75. [CrossRef]


https://doi.org/10.1177/1747493019897870
https://doi.org/10.1161/CIR.0000000000000659
https://doi.org/10.1016/j.lanepe.2022.100386
https://doi.org/10.1093/eurheartj/ehaa612
https://www.ncbi.nlm.nih.gov/pubmed/32860505
https://doi.org/10.1160/TH4-04-0383
https://www.ncbi.nlm.nih.gov/pubmed/24953051
https://doi.org/10.1016/S0140-6736(16)31257-0
https://www.ncbi.nlm.nih.gov/pubmed/27560276
https://doi.org/10.1161/JAHA.116.004000
https://www.ncbi.nlm.nih.gov/pubmed/27444507
https://doi.org/10.1093/eurjpc/zwad028
https://www.ncbi.nlm.nih.gov/pubmed/36738307
https://doi.org/10.3390/ijms23158672
https://www.ncbi.nlm.nih.gov/pubmed/35955804
https://doi.org/10.1016/j.jacc.2013.09.063
https://www.ncbi.nlm.nih.gov/pubmed/24239664
https://doi.org/10.1161/HYPERTENSIONAHA.120.14971
https://www.ncbi.nlm.nih.gov/pubmed/32895017
https://doi.org/10.3389/fcvm.2022.895792
https://www.ncbi.nlm.nih.gov/pubmed/36035913
https://doi.org/10.1016/S0140-6736(95)92339-X
https://doi.org/10.1161/01.CIR.0000039327.11661.16
https://doi.org/10.1080/07853890.2019.1711158
https://www.ncbi.nlm.nih.gov/pubmed/31903788
https://doi.org/10.1016/S0735-1097(01)01746-6
https://doi.org/10.1093/eurheartj/ehz350
https://doi.org/10.1093/ehjci/jet256
https://doi.org/10.2991/artres.k.200328.001

J. Clin. Med. 2024, 13, 1207 19 of 21

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Caluwé, R.; De Vriese, A.S.; Van Vlem, B.; Verbeke, F. Measurement of pulse wave velocity, augmentation index, and central pulse
pressure in atrial fibrillation: A proof of concept study. J. Am. Soc. Hypertens. 2018, 12, 627-632. [CrossRef]

Skalidis, E.I.; Zacharis, E.A.; Tsetis, D.K.; Pagonidis, K.; Chlouverakis, G.; Yarmenitis, S.; Hamilos, M.; Manios, E.G.; Vardas,
P.E. Endothelial cell function during atrial fibrillation and after restoration of sinus rhythm. Am. J. Cardiol. 2007, 99, 1258-1262.
[CrossRef] [PubMed]

Chen, S.-C.; Lee, W.-H.; Hsu, P.-C.; Lin, M.-Y.; Lee, C.-S.; Lin, T.-H.; Voon, W.-C.; Lai, W.-T.; Sheu, S.-H.; Su, H.-M. Association
of Brachial-Ankle Pulse Wave Velocity with Cardiovascular Events in Atrial Fibrillation. Am. J. Hypertens. 2015, 29, 348-356.
[CrossRef]

Shchetynska-Marinova, T.; Liebe, V.; Papavassiliu, T.; Fernandez, A.d.F,; Hetjens, S.; Sieburg, T.; Doesch, C.; Sigl, M.; Akin, I;
Borggrefe, M.; et al. Determinants of arterial stiffness in patients with atrial fibrillation. Arch. Cardiovasc. Dis. 2021, 114, 550-560.
[CrossRef]

Chen, L.Y; Tai, B.C.; Foo, D.C.; Wong, R.C.; Adabag, A.S.; Benditt, D.G.; Ling, L.H. Carotid-femoral pulse wave velocity is
associated with N-terminal pro-B-type natriuretic peptide level in patients with atrial fibrillation. Heart Asia 2011, 3, 55-59.
[CrossRef] [PubMed]

Perri, L.; Pastori, D.; Pignatelli, P.; Violi, F.; Loffredo, L. Flow-mediated dilation is associated with cardiovascular events in
non-valvular atrial fibrillation patients. Int. |. Cardiol. 2015, 179, 139-143. [CrossRef] [PubMed]

Zhang, J.; Tan, Q.; Lina, W.; Zhaogian, Z. Endothelial dysfunction predicted cardiovascular events in patients with paroxysmal
atrial fibrillation. SciVee 2022, 43, 708-714. [CrossRef]

Chen, L.Y,; Leening, M.].G.; Norby, EL.; Roetker, N.S.; Hofman, A.; Franco, O.H.; Pan, W.; Polak, J.E.; Witteman, J.C.; Kronmal,
R.A.; et al. Carotid Intima-Media Thickness and Arterial Stiffness and the Risk of Atrial Fibrillation: The Atherosclerosis Risk in
Communities (ARIC) Study, Multi-Ethnic Study of Atherosclerosis (MESA), and the Rotterdam Study. J. Am. Heart Assoc. 2016, 5,
€002907. [CrossRef]

Almuwaqgqat, Z.; Claxton, J.S.; Norby, F.L.; Lutsey, P.L.; Wei, J.; Soliman, E.Z.; Chen, L.Y.; Matsushita, K.; Heiss, G.; Alonso, A.
Association of arterial stiffness with incident atrial fibrillation: A cohort study. BMC Cardiovasc. Disord. 2021, 21, 247. [CrossRef]
Shaikh, A.Y.; Wang, N.; Yin, X.; Larson, M.G.; Vasan, R.S.; Hamburg, N.M.; Magnani, ].W.; Ellinor, PT.; Lubitz, S.A.; Mitchell, G.E;
et al. Relations of Arterial Stiffness and Brachial Flow—Mediated Dilation with New-Onset Atrial Fibrillation: The Framingham
Heart Study. Hypertension 2016, 68, 590-596. [CrossRef]

Nagayama, D.; Fujishiro, K.; Nakamura, K.; Watanabe, Y.; Yamaguchi, T.; Suzuki, K.; Shimizu, K.; Saiki, A.; Shirai, K. Cardio-
Ankle Vascular Index is Associated with Prevalence and New-Appearance of Atrial Fibrillation in Japanese Urban Residents: A
Retrospective Cross-Sectional and Cohort Study. Vasc. Health Risk Manag. 2022, 18, 5-15. [CrossRef]

Roetker, N.S.; Chen, L.Y,; Heckbert, S.R.; Nazarian, S.; Soliman, E.Z.; Bluemke, D.A.; Lima, J.A.; Alonso, A. Relation of Systolic,
Diastolic, and Pulse Pressures and Aortic Distensibility with Atrial Fibrillation (from the Multi-Ethnic Study of Atherosclerosis).
Am. ]. Cardiol. 2014, 114, 587-592. [CrossRef]

Valbusa, F.; Bonapace, S.; Bertolini, L.; Zenari, L.; Arcaro, G.; Targher, G. Increased Pulse Pressure Independently Predicts Incident
Atrial Fibrillation in Patients with Type 2 Diabetes. Diabetes Care 2012, 35, 2337-2339. [CrossRef]

Larstorp, A.C.K,; Ariansen, L; Gjesdal, K.; Olsen, M.H.; Ibsen, H.; Devereux, R.B.; Okin, PM.; Dahlof, B.; Kjeldsen, S.E.; Wachtell,
K. Association of pulse pressure with new-onset atrial fibrillation in patients with hypertension and left ventricular hypertrophy:
The Losartan Intervention For Endpoint (LIFE) reduction in hypertension study. Hypertension 2012, 60, 347-353. [CrossRef]
[PubMed]

Mitchell, G.E; Vasan, R.S.; Keyes, M.].; Parise, H.; Wang, T.].; Larson, M.G.; D’agostino, R.B.; Kannel, W.B.; Levy, D.; Benjamin, E.J.
Pulse pressure and risk of new-onset atrial fibrillation. JAMA 2007, 297, 709-715. [CrossRef] [PubMed]

Matsumoto, K;; Jin, Z.; Homma, S.; Elkind, M.S.; Schwartz, J.E.; Rundek, T.; Mannina, C.; Ito, K.; Sacco, R.L.; Di Tullio, M.R.
Office, central and ambulatory blood pressure for predicting incident atrial fibrillation in older adults. J. Hypertens. 2020, 39,
46-52. [CrossRef]

Shchetynska-Marinova, T.; Kranert, M.; Baumann, S.; Liebe, V.; Grafen, A.; Gerhards, S.; Rosenkaimer, S.; Akin, I.; Borggrefe, M.;
Hohneck, A.L. Recurrence of atrial fibrillation after pulmonary vein isolation in dependence of arterial stiffness. Neth. Heart ].
2021, 30, 198-206. [CrossRef] [PubMed]

Lau, D.H.; Middeldorp, M.E.; Brooks, A.G.; Ganesan, A.N.; Roberts-Thomson, K.C.; Stiles, M.K.; Leong, D.P.; Abed, H.S.; Lim,
H.S.; Wong, C.X,; et al. Aortic Stiffness in Lone Atrial Fibrillation: A Novel Risk Factor for Arrthythmia Recurrence. PLoS ONE
2013, 8, €76776. [CrossRef]

Fumagalli, S.; Giannini, I.; Pupo, S.; Agostini, F; Boni, S.; Roberts, A.T.; Gabbai, D.; Di Serio, C.; Gabbani, L.; Tarantini, F; et al.
Atrial fibrillation after electrical cardioversion in elderly patients: A role for arterial stiffness? Results from a preliminary study.
Aging Clin. Exp. Res. 2016, 28, 1273-1277. [CrossRef]

Kizilirmak, F.; Guler, G.B.; Guler, E.; Gunes, HM.; Demir, G.G.; Omaygenc, M.O.; Cakal, B.; Olgun, EE.; Kokluy, E.; Kilicaslan, F.
Impact of aortic stiff ness on the frequency of paroxysmal atrial fi brillation recurrences. Acta Cardiol. 2015, 70, 414-421. [CrossRef]
[PubMed]

Zekavat, S.M.; Roselli, C.; Hindy, G.; Lubitz, S.A.; Ellinor, PT.; Zhao, H.; Natarajan, P. Genetic Link Between Arterial Stiffness and
Atrial Fibrillation. Circ. Genom. Precis. Med. 2019, 12, €002453. [CrossRef]


https://doi.org/10.1016/j.jash.2018.06.016
https://doi.org/10.1016/j.amjcard.2006.12.044
https://www.ncbi.nlm.nih.gov/pubmed/17478154
https://doi.org/10.1093/ajh/hpv124
https://doi.org/10.1016/j.acvd.2020.12.009
https://doi.org/10.1136/ha.2011.003756
https://www.ncbi.nlm.nih.gov/pubmed/27325994
https://doi.org/10.1016/j.ijcard.2014.10.039
https://www.ncbi.nlm.nih.gov/pubmed/25464433
https://doi.org/10.15537/smj.2022.43.7.20220214
https://doi.org/10.1161/JAHA.115.002907
https://doi.org/10.1186/s12872-021-02057-8
https://doi.org/10.1161/HYPERTENSIONAHA.116.07650
https://doi.org/10.2147/VHRM.S351602
https://doi.org/10.1016/j.amjcard.2014.05.041
https://doi.org/10.2337/dc12-0314
https://doi.org/10.1161/HYPERTENSIONAHA.112.195032
https://www.ncbi.nlm.nih.gov/pubmed/22753219
https://doi.org/10.1001/jama.297.7.709
https://www.ncbi.nlm.nih.gov/pubmed/17312290
https://doi.org/10.1097/HJH.0000000000002613
https://doi.org/10.1007/s12471-021-01644-w
https://www.ncbi.nlm.nih.gov/pubmed/34817833
https://doi.org/10.1371/journal.pone.0076776
https://doi.org/10.1007/s40520-016-0620-8
https://doi.org/10.1080/AC.70.4.3094650
https://www.ncbi.nlm.nih.gov/pubmed/26455243
https://doi.org/10.1161/CIRCGEN.118.002453

J. Clin. Med. 2024, 13, 1207 20 of 21

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Drager, L.E; Bortolotto, L.A.; Pedrosa, R.P,; Krieger, E.M.; Lorenzi-Filho, G. Left atrial diameter is independently associated with
arterial stiffness in patients with obstructive sleep apnea: Potential implications for atrial fibrillation. Int. J. Cardiol. 2010, 144,
257-259. [CrossRef] [PubMed]

Lantelme, P; Laurent, S.; Besnard, C.; Bricca, G.; Vincent, M.; Legedz, L.; Milon, H. Arterial stiffness is associated with left atrial
size in hypertensive patients. Arch. Cardiovasc. Dis. 2008, 101, 35—40. [CrossRef]

Garg, PK,; Bartz, TM.; Burke, G.; Gottdiener, ].S.; Herrington, D.; Heckbert, S.R.; Kizer, ].R.; Sotoodehnia, N.; Mukamal, K.J.
Brachial Flow-Mediated Dilation and Risk of Atrial Fibrillation in Older Adults: The Cardiovascular Health Study. Vasc. Health
Risk Manag. 2021, 17, 95-102. [CrossRef] [PubMed]

Pauklin, P;; Eha, ].; Tootsi, K.; Kolk, R.; Paju, R.; Kals, M.; Kampus, P. Atrial fibrillation is associated with increased central blood
pressure and arterial stiffness. J. Clin. Hypertens. 2021, 23, 1581-1587. [CrossRef]

Cui, R.; Yamagishi, K.; Muraki, I.; Hayama-Terada, M.; Umesawa, M.; Imano, H.; Li, Y.; Eshak, E.S.; Ohira, T.; Kiyama, M.; et al.
Association between markers of arterial stiffness and atrial fibrillation in the Circulatory Risk in Communities Study (CIRCS).
Atherosclerosis 2017, 263, 244-248. [CrossRef]

Doi, M.; Miyoshi, T.; Hirohata, S.; Iwabu, A.; Tominaga, Y.; Kaji, Y.; Kamikawa, S.; Sakane, K.; Kitawaki, T.; Kusano, K.F,; et al.
Increased Augmentation Index of the Radial Pressure Waveform in Patients with Paroxysmal Atrial Fibrillation. Cardiology 2009,
113, 138-145. [CrossRef]

Shi, D.; Meng, Q.; Zhou, X,; Li, L,; Liu, K.; He, S.; Wang, S.; Chen, X. Factors influencing the relationship between atrial fibrillation
and artery stiffness in elderly Chinese patients with hypertension. Aging Clin. Exp. Res. 2016, 28, 653-658. [CrossRef] [PubMed]
Lee, S.-H.; Choi, S.; Jung, J.-H.; Lee, N. Effects of Atrial Fibrillation on Arterial Stiffness in Patients with Hypertension. Angiology
2008, 59, 459-463. [CrossRef]

Miyoshi, T.; Doi, M.; Noda, Y.; Ohno, Y.; Sakane, K.; Kamikawa, S.; Noguchi, Y.; Ito, H. Arterial stiffness determined according to
the cardio-ankle vascular index is associated with paroxysmal atrial fibrillation: A cross-sectional study. Heart Asia 2014, 6, 59-63.
[CrossRef]

Fumagalli, S.; Gabbai, D.; Nreu, B.; Roberts, A.T.; Boni, S.; Ceccofiglio, A.; Fracchia, S.; Baldasseroni, S.; Tarantini, F.; Marchionni,
N. Age, left atrial dimension and arterial stiffness after external cardioversion of atrial fibrillation. A vascular component in
arrhythmia maintenance? Results from a preliminary study. Aging Clin. Exp. Res. 2014, 26, 327-330. [CrossRef]

Chung, G.E.; Park, H.E.; Lee, H.; Choi, S.-Y. Clinical significance of increased arterial stiffness associated with atrial fibrillation,
according to Framingham risk score. Sci. Rep. 2021, 11, 4955. [CrossRef]

Heshmat-Ghahdarijani, K.; Jangjoo, S.; Amirpoor, A.; Najafian, J.; Khosravi, A.; Heidarpour, M.; Hekmat, M.; Shafie, D.
Endothelial dysfunction in patients with lone atrial fibrillation. ARYA Atheroscler. 2020, 16, 278-283. [CrossRef]

Guazzi, M.; Belletti, S.; Tumminello, G.; Fiorentini, C.; Guazzi, M.D. Exercise hyperventilation, dyspnea sensation, and ergoreflex
activation in lone atrial fibrillation. Am. J. Physiol. Circ. Physiol. 2004, 287, H2899-H2905. [CrossRef] [PubMed]

Borschel, C.S.; Rilbsamen, N.; Ojeda, EM.; Wild, P.S.; Hoffmann, B.A.; Prochaska, J.H.; Gori, T.; Lackner, K.J.; Blankenberg, S.;
Zeller, T.; et al. Noninvasive peripheral vascular function and atrial fibrillation in the general population. J. Hypertens. 2019, 37,
928-934. [CrossRef] [PubMed]

Khan, A.A,; Junejo, R.T.; Alsharari, R.; Thomas, G.N,; Fisher, J.P; Lip, G.Y.H. A greater burden of atrial fibrillation is associated
with worse endothelial dysfunction in hypertension. J. Hum. Hypertens. 2021, 35, 667—-677. [CrossRef]

Polovina, M.; Potpara, T.; Giga, V.; Stepanovic, J.; Ostojic, M. Impaired endothelial function in lone atrial fibrillation. Vojnosanit.
Pregl. 2013, 70, 908-914. [CrossRef]

Spronck, B.; Heusinkveld, M.H.; Vanmolkot, FH.; Roodt, J.O.; Hermeling, E.; Delhaas, T.; Kroon, A.A.; Reesink, K.D. Pressure-
dependence of arterial stiffness: Potential clinical implications. J. Hypertens. 2015, 33, 330-338. [CrossRef]

Franklin, S.S.; Gustin, W.; Wong, N.D.; Larson, M.G.; Weber, M.A; Kannel, W.B.; Levy, D. Hemodynamic patterns of age-related
changes in blood pressure: The Framingham Heart Study. Circulation 1997, 96, 308-315. [CrossRef]

Yu, S.; McEniery, C.M. Central Versus Peripheral Artery Stiffening and Cardiovascular Risk. Arter. Thromb. Vasc. Biol. 2020, 40,
1028-1033. [CrossRef] [PubMed]

Charlton, P.H.; Paliakaité, B.; Pilt, K.; Bachler, M.; Zanelli, S.; Kulin, D.; Allen, J.; Hallab, M.; Bianchini, E.; Mayer, C.C.; et al.
Assessing hemodynamics from the photoplethysmogram to gain insights into vascular age: A review from VascAgeNet. Am. J.
Physiol. Heart Circ. Physiol. 2022, 322, H493-H522. [CrossRef]

Chan, P; Wong, C.; Poh, Y.C.; Pun, L.; Leung, WW.; Wong, Y.; Wong, M.M.; Poh, M.; Chu, D.W.; Siu, C,; et al. Diagnostic
Performance of a Smartphone-Based Photoplethysmographic Application for Atrial Fibrillation Screening in a Primary Care
Setting. J. Am. Heart Assoc. 2016, 5, €003428. [CrossRef]

Park, S.-H.; June, K.J.; Choi, Y.-K. Predictive validity of automated oscillometric blood pressure monitors for screening atrial
fibrillation: A systematic review and meta-analysis. Expert Rev. Med. Devices 2019, 16, 503-514. [CrossRef] [PubMed]

Koo, TK.; Li, M.Y. A Guideline of Selecting and Reporting Intraclass Correlation Coefficients for Reliability Research. J. Chiropr.
Med. 2016, 15, 155-163. [CrossRef] [PubMed]

Najjar, S.S.; Scuteri, A.; Shetty, V.; Wright, ].G.; Muller, D.C.; Fleg, J.L.; Spurgeon, H.P.; Ferrucci, L.; Lakatta, E.G. Pulse Wave
Velocity Is an Independent Predictor of the Longitudinal Increase in Systolic Blood Pressure and of Incident Hypertension in the
Baltimore Longitudinal Study of Aging. J. Am. Coll. Cardiol. 2008, 51, 1377-1383. [CrossRef] [PubMed]


https://doi.org/10.1016/j.ijcard.2009.01.018
https://www.ncbi.nlm.nih.gov/pubmed/19211166
https://doi.org/10.1016/S1875-2136(08)70253-5
https://doi.org/10.2147/VHRM.S297720
https://www.ncbi.nlm.nih.gov/pubmed/33737810
https://doi.org/10.1111/jch.14323
https://doi.org/10.1016/j.atherosclerosis.2017.06.918
https://doi.org/10.1159/000177951
https://doi.org/10.1007/s40520-015-0455-8
https://www.ncbi.nlm.nih.gov/pubmed/26386864
https://doi.org/10.1177/0003319707309305
https://doi.org/10.1136/heartasia-2014-010503
https://doi.org/10.1007/s40520-013-0173-z
https://doi.org/10.1038/s41598-021-84311-9
https://doi.org/10.22122/ARYA.V16I6.2095
https://doi.org/10.1152/ajpheart.00455.2004
https://www.ncbi.nlm.nih.gov/pubmed/15284065
https://doi.org/10.1097/HJH.0000000000002000
https://www.ncbi.nlm.nih.gov/pubmed/30444837
https://doi.org/10.1038/s41371-020-0383-8
https://doi.org/10.2298/VSP110429016P
https://doi.org/10.1097/HJH.0000000000000407
https://doi.org/10.1161/01.CIR.96.1.308
https://doi.org/10.1161/ATVBAHA.120.313128
https://www.ncbi.nlm.nih.gov/pubmed/32188277
https://doi.org/10.1152/ajpheart.00392.2021
https://doi.org/10.1161/JAHA.116.003428
https://doi.org/10.1080/17434440.2019.1620102
https://www.ncbi.nlm.nih.gov/pubmed/31095424
https://doi.org/10.1016/j.jcm.2016.02.012
https://www.ncbi.nlm.nih.gov/pubmed/27330520
https://doi.org/10.1016/j.jacc.2007.10.065
https://www.ncbi.nlm.nih.gov/pubmed/18387440

J. Clin. Med. 2024, 13, 1207 21 of 21

65. Parati, G.; Bilo, G.; Kollias, A.; Pengo, M.; Ochoa, J.E.; Castiglioni, P.; Stergiou, G.S.; Mancia, G.; Asayama, K.; Asmar, R.; et al.
Blood pressure variability: Methodological aspects, clinical relevance and practical indications for management-a European
Society of Hypertension position paper. J. Hypertens. 2023, 41, 527-544. [CrossRef] [PubMed]

66. Kaze, A.D.; Yuyun, M.E; Fonarow, G.C.; Echouffo-Tcheugui, J.B. Blood Pressure Variability and Risk of Atrial Fibrillation in
Adults with Type 2 Diabetes. JACC Adv. 2023, 2, e100382. [CrossRef]

67. Proietti, M.; Romiti, G.F.; Olshansky, B.; Lip, G.Y. Systolic Blood Pressure Visit-to-Visit Variability and Major Adverse Outcomes
in Atrial Fibrillation: The AFFIRM Study (Atrial Fibrillation Follow-Up Investigation of Rhythm Management). Hypertension
2017, 70, 949-958. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1097/HJH.0000000000003363
https://www.ncbi.nlm.nih.gov/pubmed/36723481
https://doi.org/10.1016/j.jacadv.2023.100382
https://doi.org/10.1161/HYPERTENSIONAHA.117.10106

	Introduction 
	Structural Arterial Properties: The Arterial Stiffness 
	Functional Arterial Properties: The Endothelial Dysfunction 

	Materials and Methods 
	Results 
	Question 1—Are VA Biomarkers Associated with AF? 
	Question 2—Does VA Predict the Occurrence of AF Better Than Chronological Aging? 
	Question 3—Is Early VA a Risk Enhancer for the Occurrence of CV Events in AF Patients? 
	Question 4—Are Devices Measuring VA Suitable to Perform Subclinical AF Detection? 
	Question 5—Does Atrial-Fibrillation-Related Rhythm Irregularity Have a Negative Impact on the Measurement of Vascular Age? 

	Discussion 
	Conclusions 
	References

