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Abstract

:

Cardiovascular risk stratification is a cornerstone of preventive cardiology, aiming to identify individuals at a higher risk for adverse events. In line with this, aortic elastic properties have gained recognition as crucial indicators of vascular health and predictors of cardiovascular outcomes. This narrative review delves into the significance of aortic stiffness, compliance, and distensibility in risk assessment, shedding light on their associations with cardiovascular diseases, such as hypertension, atherosclerosis, and coronary artery disease. This review aims to provide an overview of the current knowledge regarding aortic elastic properties and their role in cardiovascular risk stratification. The exploration of potential mechanisms and clinical implications outlines the need for further research to establish precise links between aortic elasticity and cardiovascular risk. Furthermore, the integration of advanced imaging, genetic factors, and personalized medicine is suggested to refine risk assessment strategies and enhance patient care. Ultimately, this review underscores the importance of aortic elastic properties in cardiovascular risk prediction, opening avenues for future research and clinical application.
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1. Introduction


The assessment of aortic elastic properties stands at the intersection of cardiovascular research, diagnosis, and risk stratification. The aorta, a vital conduit of the circulatory system, is heavily burdened in maintaining pulsatile blood flow, buffering cardiac pulsations, and reducing afterload on the left ventricle. During each cardiac cycle, the left ventricle (LV) ejects blood into the aorta, generating a high-pressure wave. However, the pulse wave is not directly transmitted to the smaller vasculature but is initially transformed in the aorta. The elastic properties of the large arteries enable the expansion of the vessel in order to accommodate the stroke volume and attenuate e the high-pressure pulsations. This aortic distention protects the smaller arteries and capillaries from the pulsatile pressure that may injure their fragile structure.



Therefore, disturbances in aortic elastic properties, characterized by stiffness, compliance, and distensibility changes, have been considered as important factors in the pathogenesis of numerous cardiovascular pathologies [1,2]. These comprise various disorders such as arterial hypertension, atherosclerosis, acute and chronic aortic syndromes, and valvular heart diseases [1]. If the aortic elasticity is compromised, it loses its ability to diminish the high pulsatile pressure developed in the left ventricle, therefore exposing the cardiovascular system to heightened stress.



As we delve into the intricate dynamics of arterial mechanics, we were interested in unraveling the significance of aortic elastic properties in cardiovascular risk stratification.



In the recent two decades, considerable advancements in imaging techniques and measurement tools have refined our understanding of aortic elastic properties. However, translating these findings into clinical practice remains a complex challenge. The intricate interplay between genetics, aging, atherosclerosis, hypertension, and other cardiovascular risk factors complicates the assessment of aortic elasticity. Yet, it is precisely within these challenges that opportunities for improved risk stratification emerge [3]. The impairment in aortic elasticity may potentially serve as an early warning system, offering clinicians and researchers the ability to discern the subtle signs of impending cardiovascular issues.



While assessing aortic elastic properties offers valuable insights into cardiovascular risk, its integration into routine clinical practice necessitates overcoming several challenges. These include standardizing measurement techniques, establishing normative values across diverse populations, and determining the clinical relevance of altered aortic elasticity [4].



This is a narrative review that endeavors to carry out the following: (a) Provide an overview of the fundamental concepts related to aortic elastic properties. (b) Explore the evolving methodologies for assessing aortic stiffness and compliance. (c) Discuss the clinical implications of altered aortic elasticity in cardiovascular risk stratification, based on the published data. By comprehensively examining the published scientific papers, we seek to bridge the gap between research and clinical utility, offering clinicians and researchers a deeper understanding of aortic elastic properties and their significance in cardiovascular health and risk assessment.




2. Searching Strategy


Two independent reviewers (N.M. and Ts.V.) systematically searched PubMed, MEDLINE, and SCOPUS.



Studies were included in this narrative review according to the following eligibility criteria: (1) studies comprising of patients with any form of cardiovascular disease, hypertension, atherosclerosis, or cerebrovascular disease and (2) studies valuating aortic elastic properties, including aortic compliance, stiffness, or distensibility.



The main search was performed with the following Medical Subject Headings (Mesh) and free-text terms:



(“Aortic Elastic Properties” OR “Aortic Stiffness” OR “Aortic Compliance” OR “Aortic Distensibility”) AND (“Cardiovascular Risk” OR “Cardiovascular Disease” OR “Atherosclerosis” OR “Hypertension”] OR/AND (“Coronary Artery Disease”) AND (“Cardiovascular Risk Stratification” OR “Risk Assessment” OR “Risk Factors”). We conducted a modified narrative review according to recent recommendations [5]. The search was performed before 20 September 2023, and all relevant data were derived from research articles, reviews, case reports, etc. In Figure 1, we present a flowchart for the studies identified, screened, evaluated, and included in our narrative review.




3. Physiology of Large Arteries


One of the main characteristics of the elastic arteries is that their medial layer is rich in collagen and elastin filaments. This quality enables the stretch in response to ventricular contractions [6]. It has been revealed that the thoracic aorta contains up to 40% elastic filaments. However, the amount of elastin decreases with the reduction of the vessel size in peripheral circulation [7]. Reduced elasticity has been proved in the segments of the aorta from the proximal to the distal vessel parts [8]. The elastic arteries during systole store almost half of the LV stroke volume. In contrast, in diastole, the aortic wall elastic forces release this residual volume to the periphery vessels continuously, ensuring a stable peripheral circulation. This hemodynamic process has been described as the Windkessel effect [9]. During LV systole, the heart ejects about 60–100 mL of blood into the aorta and arteries, with relatively 50% of the stroke volume being forwarded directly to peripheral circulation. However, the aorta acts as an elastic reservoir, storing the other 50% of the stroke volume [7]. With the fall in aortic pressure in diastole, the aorta recoils gradually, and the stored blood volume is ejected into peripheral circulation. Therefore, pressure and blood flow are maintained throughout diastole, and a relatively continuous peripheral flow is provided despite the pulsatile myocardial contractions. Thus, the elastic properties of the large arteries enable the sustained pressure in the arteries despite the alternating left ventricular ejection and the pulsatile blood flow. Apart from peripheral circulation, this physiologic process also affects the heart, by reducing the LV afterload, which leads to an improvement in coronary blood flow and left ventricular relaxation [10]. One other mechanism necessary for maintaining adequate diastolic pressure is that, usually, in a healthy organism, the pulse wave velocity in the large arteries is rather slow. The reflection of this signal in peripheral circulation, and the return of the wave to the ascending aorta forms the dicrotic wave during early diastole [11].



The Windkessel effect depends on the elastic properties of the aorta [9]. The physics definition of elastic materials are substances that readopt their initial shape after the application of an external force. During a myocardial contraction, the ejected stroke volume kinetic energy is first converted into potential energy within the ballooned aortic wall [9]. Afterwards, the stored potential energy is transformed into kinetic energy during diastole when the aorta gradually recoils [10]. Therefore, despite the diastolic cessation of the heart’s contraction, the amount of blood within the peripheral arteries does not reach a diastolic halt, and blood pressure does not decrease to null.




4. Concept of Elasticity, Stiffness, and Compliance


The aortic elastic properties include both the ability to distend due to the increased pressure and the ability to recoil gradually to the initial vessel size as the blood pressure reduces in diastole. The vessels’ elastic resistance (elastance) explains the resistance in which the large arteries push against their distention in a situation where an additional volume is ejected and when the intraarterial pressure rises.



Furthermore, the elastic modulus (Young’s modulus), E, is used in physics to define the elastic resistance of materials [12]. E is quantified as the association between the pressure applied and the distension achieved. To determine E of the aorta, the thickness of the arterial wall needs to be considered. In humans, we can derive the aortic E’ from the absolute change in pulse pressure, calculated as the difference between systolic and diastolic blood pressure (AP), linked to the related alterations in volume (AV): E’ = AP/AV [6]. Compliance (C) can be considered as the volume distensibility of a vessel, and is the reciprocal of elastic resistance: C = 1/E’ = AV/AP. The elasticity of the vessel wall is impaired when the intravascular pressure is increased and/or when the arterial stiffness intensifies with the aging of the individual [13].




5. Degenerative Changes in Large Arteries


A change in the aortic elastic properties is registered with human aging [14]. Being the largest artery in the organism, the aorta is the most susceptible to pathological stiffening after being cumulative exposed to CV risk factors (Figure 2). The ascending aorta has been proven to be the most elastic segment of the vessel. Therefore, it displays the earliest alterations with aging [15]. The main determinant for the increasing aortic stiffness is the medial layer of the aortic wall [16]. This vascular damage provokes vessel wall inflammation, followed by elastin degeneration and collagen deposition. Genetics play a significant role in the reduction of aortic elasticity. Previously published data revealed that gene modifications in the matrix metalloprotein-9 gene are independent predictors of reduced aortic elasticity [17]. Furthermore, inherited elastic tissue diseases, such as Marfan and Ehlers–Danlos syndrome, are related to increased aortic wall stiffness from early age [18]. On the other hand, there is an abundance of data demonstrating the relation between diabetes and vessel stiffness [19,20]. Patients with reduced kidney function are characterized with dysregulated mineral metabolism. An enhanced inflammatory biomarkers’ synthesis—such as C-reactive protein, tumor necrosis factor (TNF)α, and interleukin (IL-)6—has been registered [21]. Moreover, patients with chronic kidney disease are more prone to electrolyte disbalance, which could lead to increased arterial stress [22]. On the other hand, in the case of chronic aortic regurgitation, arterial compliance and distensibility are aggravated. The latter phenomenon is probably a result of a compensatory mechanism to counteract the extensive stroke of the heart [23]. The absence of elevated arterial compliance is linked to rapid hemodynamic deterioration and disease progression [24].




6. Methods for Evaluation Arterial Elastic Properties


Several different methods to assess arterial compliance have been documented [25,26,27,28].



6.1. Pulse Wave Velocity


Evaluation of arterial pulsed wave velocity is one of the most widespread approaches for the noninvasive evaluation of arterial stiffness. Oscillometric pulse wave velocity (o-PWV) emerges as an attractive, operator-independent, and non-invasive technique for assessing arterial stiffness. It leverages the measurement of arterial pressure oscillations to offer valuable insights into arterial rigidity, contributing a vital component to cardiovascular risk assessment.



After it has been proven as a simple and accurate method, to predict adverse CV outcomes [29,30,31], the latest clinical recommendations have included the measurement of PWV as the gold standard method for screening and CV risk stratification in patients with arterial hypertension [32]. Pulse wave velocity may be obtained by acquiring the transit time of the pulse from the pressure waveforms at two different sites of a current vascular segment. Carotid–femoral pulse wave velocity (CFPWV) represents a global estimate of the arterial stiffness through the entire aorta and, as such, it is a currently widely accepted method for evaluating aortic elasticity [33]. This method is easily applied because of the superficial site of the common carotid and femoral arteries. However, the measurement of arterial pulse waveforms may be technically cumbersome in patients who are overweight. Another technique for assessing arterial elasticity is the cardiac–ankle vascular index (CAVI). To determine the CAVI, phonocardiography data together with brachial and ankle pulse waveforms are required [34]. The heart-to-ankle transit time is determined as the period between the pulse onset at the heart and the upstroke of the ankle pulse waveform. A probable pitfall is the insertion of a long muscular arterial segment (femoral to ankle), which may lead to inaccuracies. Although easily applicable and reproducible, the method of PWV is a surrogate marker, which integrates an estimate of aortic elasticity along the entire vessel length. Therefore, it does not offer data on segmental aortic stiffness. Previous data have revealed that separate vessel segments have different compliance and do not stiffen uniformly. Hence, the difference in the elastic properties of the distinct vessel segments may have an important impact on the overall cardiovascular risk [35].




6.2. Echocardiography


Transthoracic echocardiography is an omnipresent method, widely applicable in current clinical practice. Aortic elasticity may be determined by obtaining vessel diameters or cross-sectional area in systole and diastole [35]. On the other hand, transesophageal echocardiography (TOE) is a more specialized imaging modality requiring more experience. Aortic measurements obtained from TOE may be more accurate due to the proximity of the esophagus and the aorta [36].




6.3. Magnetic Resonance Imaging


With the technology advent in recent years, cardiac magnetic resonance imaging has enabled us to obtain accurate vessel pulse wave velocity. The method allows us to acquire wave velocity simultaneously at two or more arterial locations. Furthermore, the distance between the two vessel segments can be measured with high accuracy without any approximation [37].




6.4. Computed Tomography Angiography


In recent decades, the improvement of technology has made the acquisition of computed tomography cardiac images possible with high temporal resolution [36,37,38]. Previously published data revealed that arterial elasticity measurements acquired using electrocardiographically gated CT were feasible in phantom, porcine specimens, and aortic models of polydimethylsiloxane [39,40]. Advantages of computed tomography over other imaging modalities are its high spatial resolution and capability to characterize atherosclerotic plaque. Furthermore, CT allows us to compare regional aortic elasticity [41]. A previous study revealed a negative association between age and ascending aortic elasticity by using electrocardiographically (ECG) gated dual-source (DS) CT [42]. It is worth mentioning that the protocols for the evaluation of aortic elastic properties used in the various studies with CT are different and not standardized. In some studies, to calculate the aortic distensibility, a cross-sectional area (CSA) was measured by paralleling the body axis [43,44,45,46]. On the other hand, others obtained CSA perpendicular to the aortic center line [42]. To the best of our knowledge, there is no comparison of the different methods to understand which technique provides the most accurate measurements, Figure 3.




6.5. Intravascular Ultrasound Imaging of the Aorta


The intravascular ultrasound (IVUS) was used for the first time in 1990 by Weintraub to evaluate a patient with aortic dissection [47]. Afterwards, there have been a few reports and published studies considering the use of IVUS for the imaging of aortic pathology [48,49,50]. In 1985, Hughes et al. published data about an in vivo experiment with dogs, analyzing the application of intravascular ultrasonic catheter with a simultaneous evaluation of intra-aortic pressure [51]. This study revealed that the acquisition of arterial dimensions with this ultrasonic system may lay the foundations of a new method for aortic elastic properties evaluation. Almost 10 years later, another group performed a study assessing the aortic distensibility in six patients using intravascular ultrasound imaging [52]. It was shown that IVUS may provide an accurate in vivo evaluation of human aortic compliance. In a small study including 12 patients with enlarged ascending aorta who underwent both CT angiography and IVUS, we did not find a significant difference between the measurements and aortic elastic parameters among the two modalities [53].





7. Hemodynamic Effects of Increased Aortic Stiffness


As previously discussed, an elastic aorta in a young, healthy person can effectively shield excess pulsatility triggered by intermittent left ventricular ejection and exhibit a slow PWV [54]. In this normal hemodynamic condition, the reflected pulse waves arrive at the left ventricle in its diastole. This leads to an increase in coronary perfusion pressure but does not cause a systolic overload [55]. On the other hand, with the gradual reduction in aortic elasticity, there is an elevation in forward wave amplitude and PWV. This leads to an earlier arrival of the reflected waves—in systole instead of diastole. This, in turn, leads to systolic pressure augmentation which may aggravate left ventricular oxygen demand and reduce the coronary perfusion pressure [56]. Therefore, aortic stiffening plays a crucial role in a vicious cycle of hemodynamic consequences, provoking arteria hypertension, myocardial remodeling and heart failure [35]. Notably, the reduction in aortic compliance may be damaging to other tissues and organs, not just the heart. Transmission of pulsatile energy with excessive shear forces into smaller vessels may damage organs in low resistance beds (i.e., brain, kidney) [23].




8. Aortic Elasticity and Clinical Consequences


8.1. Aortic Elasticity and Arterial Hypertension


Data revealed that a reduced aortic elasticity increases systolic blood pressure (SBP) and simultaneously results in a reduction in the diastolic blood pressure (DBP), therefore causing a wide pulse pressure [57]. Prior studies demonstrated that aortic compliance declines in patients with hypertension [58,59]. Importantly, in patients with hypertension, the main structural alteration of the vessel wall is the hypertrophy of the arterial tunica media [60]. This medial hypertrophy is a result of the accumulation of extracellular matrix of the media and even the adventitia. This pathophysiologic process decreases the elasticity and distensibility independently of the BP level [61]. Thus, an increase in aortic stiffness and a reduction in aortic distensibility may be an early predictor for coronary atherosclerosis and show end-organ injury in patients with hypertension. A study found that and the arterial distensibility is decreased in patients with a hypertensive response to treadmill exercise testing compared to those with a normal BP response to exercise and that patients suggestive of a hypertensive response to treadmill exercise testing have higher left ventricular mass (LVM) when compared to those with a normal BP response to exercise [62]. Furthermore, LVM was inversely associated with aortic distensibility but was positively correlated with aortic stiffness in patients, indicating a hypertensive response to exercise. An extended follow-up study showed that increased stiffness for a period longer than 5 years is more marked in patients receiving anti-hypertension treatment compared to normotensives patients [63]. Three factors were linked to a faster progression of aortic stiffness in hypertensive patients on therapy: not well-controlled BP values, elevated HR, and increased serum creatinine [63].




8.2. Aortic Elasticity and Atherosclerosis


Arterial distensibility can be used as an essential marker of coronary artery disease risk in humans. The aorta elastic properties, carotid intimal media thickness, and endothelial functions can be impacted by risk factors for coronary artery disease (CAD), such as hypercholesterolemia, hypertension, diabetes mellitus, sex, age, and smoking. A reduction of aortic elastic properties may be related to the presence of atherosclerosis and coronary artery disease [64]. It has been demonstrated that decreased aortic distensibility, which indicates a damage to the aortic elastic structure, is associated with CAD [65,66]. Recent data showed that LDL oxidative modification and vascular wall remodeling provoked by hyperglycemia may play a critical role in decreasing arterial distensibility. Furthermore, the aortic distensibility reduced with cumulative cardiovascular risk factors [67,68,69]. A study evaluating aortic elastic properties with coronary computed tomography (CTA) measured aortic distensibility, and the results revealed that distensibility decreased proportionally with the severity of coronary artery disease and the calcium score independently of the cardiovascular risk factor [43]. Additionally, aortic distensibility improved the ability to detect a high calcium score [43].




8.3. Aortic Elasticity and Valve Pathology


Previously published data, analyzing the aortic elastic assets in an experimental model of aortic regurgitation reveals that augmented distensibility in the aorta leads to a decrease in its attribute impedance after the incident of valvar regurgitation [51]. Therefore, the higher elasticity of the aorta is accepted as an adaptation process to the acute expansion of total systolic volume. This hemodynamic adaptation in patients with chronic aortic regurgitation was described by Devlin et al. [23,70], who reported a reduced arterial distensibility in patients with decreased LV contractility and preserved ejection fraction (EF). On the other hand, patients with impaired contractility and reduced LV EF had an increase in the LV afterload. Therefore, this maladaptation mechanism may contribute to increasing the dysfunction of the LV in chronic aortic regurgitation [24]. Another study has revealed that coronary flow reserve and aortic distensibility in the descending aorta are impaired in patients with aortic stenosis [71]. Meanwhile, Leung et al. revealed that aortic distensibility has a straightforward effect on resting and hyperemic coronary blood flow, and, hence, the aortic stress in aortic stenosis could be an important factor determining coronary perfusion [72].





9. Aortic Stress and Cardiovascular Outcomes


Aortic elastic properties may have a critical influence on cardiovascular health. Aortic stress is increasingly used as a risk stratification tool. In recent years, the European Society of Hypertension/European Society of Cardiology guidelines for the management of arterial hypertension proposed the evaluation of arterial PWV [32]. A large body of evidence documented the predictive value of artery stress for prognosing cardiovascular events [73,74,75,76]. Arterial stiffness has been proven as an important predictor of mortality [63], coronary artery disease, and stroke in the general population [77]. A previously published study evaluated the predictive value of arterial elastic properties on coronary heart disease in more than a thousand patients with arterial hypertension. The risk evaluation of coronary heart disease was performed using the Framingham risk score considering gender, age, smoking, BP, diabetes, cholesterol, etc. After performing multi-regression analysis, PWV remained significantly associated with coronary events after a correction of the Framingham score. This study revealed that reduced aortic elasticity is an independent predictor of primary coronary events in patients with essential hypertension [61]. Moreover, reduced arterial distensibility has been correlated with higher morbidity and both all-cause and CV mortality in patients with hypertension [74,78,79]. The authors observed that factors such as advanced age, male sex, higher BMI, diabetes mellitus, lower HDL, higher mean BP, and heart rate correlated with a lower PWV ratio. A meta-analysis that included more than 17,000 patients from prospective studies revealed that enhanced arterial stiffness strongly predicts coronary heart disease, stroke, and overall CV disease [31]. Furthermore, a meta-regression analysis was used to determine the influence of constant study moderators such as age, duration of follow-up, and baseline aortic PWV on the overall heterogeneity. The compelling predictor of the degree of the log RR for outcomes in subjects with high aortic PWV was age at enrollment. However, there were variations in the study subjects. For example, age was contrariwise correlated to the predictive character of high aortic PWV for CV mortality only in patients with ESRD, suggesting that aortic PWV is a stronger prognostic factor in younger patients with ESRD. On the contrary, no relationship between age and aortic PWV was found in patients with hypertension and the general population. This suggested that stiffness preserves its prognostic value independently of age. No reliable robust link between the predictive capacity of high aortic PWV and the duration of follow-up or the value of aortic PWV at enrollment. Haluska et al. assessed the relationship between arterial distensibility and long-term clinical outcomes of 719 patients. They found that impaired arterial distensibility alone correlated with poor outcomes in patients with variable cardiovascular risk. Moreover, arterial distensibility could detect patients at risk of future adverse events (i.e., fatal and non-fatal) [80].



The predictive worth of arterial stiffness relies on its pathophysiological importance for arterial and overall CV performance [81,82,83]. Large artery stiffening expands left ventricular afterload [10] and correlates with hypertrophy of the left ventricle [61] and weakened coronary perfusion [84,85]. Thus, the coronary perfusion and/or myocardial demand equilibrium is dysregulated. Moreover, the stiffening of large arteries is involved in the pathogenesis of hypertension [81]. This implies that arterial stiffness may depend not only on a genetic background [86] but also on the cumulative harm of CV risk factors that act on the arterial wall over time. In contrast, the person’s risk factors can vary over time; thus, when recorded at the time of risk evaluation, the CV risk factors may not display their actual effects on the arterial wall. Nevertheless, aortic PWV may correspond to a surrogate endpoint, indicating in which patients the traditional CV risk factors convert into true risk.




10. Clinical Implications


Research on aortic elasticity has several important applications in clinical practice, particularly in the field of cardiovascular medicine. Firstly, research on aortic elastic properties provides valuable insights into an individual’s cardiovascular risk profile. As previously discussed, changes in aortic stiffness and compliance are associated with an increased risk of cardiovascular events. Clinicians can use this information to identify patients at a higher risk and tailor preventive measures and treatment strategies accordingly. Aortic properties can be integrated into risk stratification models for cardiovascular diseases. These models provide a more accurate assessment of an individual’s risk, enabling more targeted interventions and monitoring. Aortic elasticity research allows for the development of more personalized treatment plans. Clinicians can use aortic properties to tailor medication regimens and lifestyle recommendations to individual patients, improving the effectiveness of treatment and reducing adverse effects. Research in this area can help assess overall arterial health beyond the aorta. Measurements of aortic elasticity can be indicative of the health of other arteries in the body, providing a more comprehensive view of a patient’s vascular health. Furthermore, research on aortic elasticity is essential for the early detection of aortic aneurysms, which can be life-threatening if left untreated. Monitoring aortic distensibility can help identify patients at risk and guide the timing of surgical interventions. In summary, aortic elasticity research plays a critical role in improving cardiovascular risk assessment, guiding treatment decisions, and tailoring interventions to individual patients. It offers a more comprehensive view of vascular health and has the potential to enhance clinical practice in the field of cardiovascular medicine.




11. Limitations


Our narrative review on aortic elasticity is a valuable endeavor for synthesizing the existing knowledge and providing insights into this important topic. However, such a review may have certain limitations that should be acknowledged. As a narrative review, our study is prone to selection and publication bias. The articles and studies included in this review may not be entirely representative of the entire body of literature on aortic elastic properties. Furthermore, published studies may not represent the full spectrum of research conducted. Negative or null findings are often underreported, potentially skewing the overall understanding of aortic elastic properties. Moreover, this review’s quality depends on the quality of the studies it includes. If there are many low-quality studies that were selected from the literature, this could affect the overall reliability of this review. Lastly, the findings from this narrative review may be based on a synthesis of existing evidence and may not be as generalizable as those from a systematic review or meta-analysis. Studies on aortic elastic properties may not always account for all potential confounding variables, which can affect the validity of their findings.




12. Conclusions


In conclusion, this narrative review has highlighted the critical role of aortic elastic properties in cardiovascular risk stratification. Aortic stiffness, compliance, and distensibility are valuable biomarkers for assessing vascular health and predicting adverse cardiovascular outcomes. The associations between altered aortic elasticity and conditions such as hypertension, atherosclerosis, and coronary artery disease underscore their clinical relevance. The exploration of potential mechanisms and clinical implications outlines the need for further research to establish precise links between aortic elasticity and cardiovascular risk. Furthermore, the integration of advanced imaging, genetic factors, and personalized medicine is suggested to refine risk assessment strategies and enhance patient care.



Despite substantial progress in understanding these associations, several avenues for future research and clinical applications remain unexplored. A further investigation is needed to elucidate the precise mechanisms linking aortic elastic properties to cardiovascular risk, potentially paving the way for more targeted interventions. Integrating advanced imaging techniques, genetic factors, and personalized medicine approaches can enhance risk assessment and inform tailored preventive strategies. Overall, continued research in this field promises to refine our ability to stratify cardiovascular risk and ultimately improve patient care and outcomes.
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