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Introduction

For a comprehensive characterization of changes in aortic morphology, flow, and hemodynamics associated with aging and disease, accurate and reproducible quantitative methods are needed.

Magnetic resonance imaging (MRI) has the unique ability to provide non-invasive, accurate and reproducible measurements of aortic stiffness measures such as aortic strain, distensibility, and pulse wave velocity (PWV), as well as aortic geometry measures such as aortic diameter, area or volume [START_REF] Dietenbeck | 3D aortic morphology and stiffness in MRI using semi-automated cylindrical active surface provides optimized description of the vascular effects of aging and hypertension[END_REF][START_REF] Dietenbeck | Quantitative magnetic resonance imaging measures of three-dimensional aortic morphology in healthy aging and hypertension[END_REF] , length, and curvature [START_REF] Noda | Reproducibility of functional aortic analysis using magnetic resonance imaging: the MESA[END_REF] .

Importantly, MRI allows non-invasive imaging of the proximal aorta and aortic arch that have pivotal roles in the central cardiocirculatory system. Such exploration includes both 2D and 3D anatomy and dynamics as well as time-resolved 2D (2D+t) and 3D (3D+t) flow patterns, allowing for precise local measurements without geometrical assumptions. This chapter describes the methodology and prospects of MRI for the assessment of aortic stiffness and hemodynamics.

Aortic Stiffness Assessed by MRI Aortic strain and distensibility

Aortic distensibility-defined as the relative change in aortic lumen area during cardiac cycle (aortic strain) divided by local pulse pressure-is commonly used as a measure of local aortic stiffness in population studies [START_REF] Redheuil | Proximal Aortic Distensibility Is an Independent Predictor of All-Cause Mortality and Incident CV Events: The MESA Study[END_REF][START_REF] Malayeri | Relation of aortic wall thickness and distensibility to cardiovascular risk factors (from the Multi-Ethnic Study of Atherosclerosis [MESA])[END_REF][START_REF] Turkbey | Determinants and normal values of ascending aortic diameter by age, gender, and race/ethnicity in the Multi-Ethnic Study of Atherosclerosis (MESA)[END_REF] (Figure 1). Ascending and descending aortic strain are measured using dynamic MRI images acquired in a plane at the mid-ascending aorta perpendicular to the aortic wall at the level of the right pulmonary artery. Validated semi-automated software can accurately determine changes in the aortic cross-sectional area throughout the cardiac cycle and represent them as area over time curves [START_REF] Redheuil | Proximal Aortic Distensibility Is an Independent Predictor of All-Cause Mortality and Incident CV Events: The MESA Study[END_REF] (Figure 2). Aortic strain is calculated as follows [START_REF] Laurent | Expert consensus document on arterial stiffness: methodological issues and clinical applications[END_REF] :

Aortic strain (%) = [(maximum aortic area-minimum aortic area) / (minimum aortic area)] x 100

Distensibility is then calculated as aortic strain normalized by the pulse pressure driving systolic wall stretch and diastolic recoil of the aorta [START_REF] Laurent | Expert consensus document on arterial stiffness: methodological issues and clinical applications[END_REF] .

Aortic distensibility (mmHg -1 •10 -3 ) = [aortic strain / pulse pressure] x 10 Central pulse pressure instead of brachial pulse pressure should be used in the calculation of local distensibility, in order to account for the highly variable pulse pressure amplification phenomenon across the age spectrum. As discussed in detail in Chapter 2, several non-invasive methods have been developed to estimate central blood pressure using pressure waveforms from the carotid, brachial or radial arteries, and calibrated for brachial cuff pressure, and which can be measured simultaneously to the aortic MRI acquisitions. SSFP cine imaging is the most commonly used dynamic sequence and is validated for measuring aortic strain and distensibility, due to its high spatial and temporal resolution and effective flow compensation minimizing flow-related artifacts [START_REF] Herment | Automated segmentation of the aorta from phase contrast MR images: validation against expert tracing in healthy volunteers and in patients with a dilated aorta[END_REF][START_REF] Herment | Automated estimation of aortic strain from steady-state free-precession and phase contrast MR images[END_REF] . Studies have also demonstrated that phase contrast MRI (PC-MRI) modulus images can be used in place of SSFP imaging. Using PC-MRI images has the practical advantage of reducing scan time since they will be also used for aortic arch PWV calculation and flow components estimation [START_REF] Herment | Automated estimation of aortic strain from steady-state free-precession and phase contrast MR images[END_REF] , without requiring additional scan time. Of note, through-plane motion of the aorta resulting from left ventricular contraction may impact the assessment of cross sectional aortic distensibility especially in the proximal aortic segments as it is measured from a fixed acquisition plane. However, this effect, more pronounced closer to the aortic root, can be minimized by measuring aortic strain at the tubular part of the ascending aorta and the descending aorta most often at the level of the center of the right pulmonary artery. In this plane, the ascending aorta is mostly cylindrical with the centerline and aortic walls remaining mostly perpendicular to the acquisition plane with a circular cross section throughout the cardiac cycle. In this location, corresponding roughly to the maximal curvature of the ascending aorta, the cross sectional strain represents the foremost deformation component, as compared to longitudinal deformation. Interestingly, the longitudinal deformation of the aortic root can be also quantified from sagittal SSFP MRI images and was proven of clinical interest in patients with Marfan syndrome [START_REF] Guala | Proximal aorta longitudinal strain predicts aortic root dilation rate and aortic events in Marfan syndrome[END_REF] .

Aortic pulse wave velocity

The most widely used measure of aortic stiffness overall is PWV, defined as the speed of propagation of the pulse wave along the arterial path, [START_REF]Reference Values for Arterial Stiffness C. Determinants of pulse wave velocity in healthy people and in the presence of cardiovascular risk factors: 'establishing normal and reference values[END_REF] as discussed in detail in Chapters 1 and 7. PWV is calculated as the ratio of the distance between two anatomical locations along the artery to the transit time required for the pressure or flow wave to cover that distance, commonly expressed in m/s. Arterial PWV is commonly measured using applanation tonometry between the carotid and femoral arteries. Carotid-femoral PWV (cf-PWV) is regarded as the reference method for arterial stiffness evaluations because it is relatively easy to use, available in large populations, and has high reliability [START_REF] Mancia | ESH/ESC guidelines for the management of arterial hypertension: the Task Force for the Management of Arterial Hypertension of the European Society of Hypertension (ESH) and of the European Society of Cardiology (ESC)[END_REF] . However, cf-PWV, measured by applanation tonometry is affected by inherent measurement errors associated with using the body surface distance as a surrogate for true arterial path length, which ignores the tortuous vessel routes [START_REF] Laurent | Expert consensus document on arterial stiffness: methodological issues and clinical applications[END_REF] . Such errors are increased in obese (increased body surface) or elderly (increased aortic tortuosity) individuals [START_REF] Joly | Pulse wave velocity assessment by external noninvasive devices and phase-contrast magnetic resonance imaging in the obese[END_REF] . Furthermore, cf-PWV ignores the proximal ascending aorta segment since the proximal point of measure regards the common carotid artery. Since the proximal aorta has the majority of the buffering capacity of the arterial system, this omission may have significant consequences in understanding the impact of age and disease on the aorta.

Aortic PWV assessment by MRI is a novel method that reduces measurement error by using accurate aortic length with a three-dimensional imaging approach 1, 3 and the corresponding transit time between flow wave measurements [START_REF] Grotenhuis | Validation and reproducibility of aortic pulse wave velocity as assessed with velocity-encoded MRI[END_REF][START_REF] Cavalcante | Aortic stiffness: current understanding and future directions[END_REF] in precise locations.

Aortic PWV assessment using blood flow waves derived from PC-MRI has been well validated in comparison to invasive, intra-aortic pressure assessment [START_REF] Grotenhuis | Validation and reproducibility of aortic pulse wave velocity as assessed with velocity-encoded MRI[END_REF] and to cf-PWV [START_REF] Dogui | Consistency of aortic distensibility and pulse wave velocity estimates with respect to the Bramwell-Hill theoretical model: a cardiovascular magnetic resonance study[END_REF] , as well as through the Bramwell-Hill theoretical model [START_REF] Westenberg | Bramwell-Hill modeling for local aortic pulse wave velocity estimation: a validation study with velocity-encoded cardiovascular magnetic resonance and invasive pressure assessment[END_REF] . MRI PWV assessment can also provide regional aortic stiffness in different segments of the aorta, including the ascending aorta, aortic arch, thoracic descending, and abdominal aorta [START_REF] Hickson | The relationship of age with regional aortic stiffness and diameter[END_REF] . Arch PWV is most commonly measured using 2D PC-MRI due to its simple acquisition and high temporal and spatial resolution during a single breath-hold of two PC-MRI planes with a velocity encoding gradient in the through-plane direction [START_REF] Redheuil | Reduced ascending aortic strain and distensibility: earliest manifestations of vascular aging in humans[END_REF][START_REF] Ohyama | Ten-year longitudinal change in aortic stiffness assessed by cardiac MRI in the second half of the human lifespan: the multi-ethnic study of atherosclerosis[END_REF] , making it suitable for routine protocols. To measure aortic arch PWV, images of the ascending and descending aorta are obtained simultaneously in the transverse plane perpendicular to the aortic centerline, at the level of the right pulmonary artery. Specific software for aortic analysis provide an estimate of the transit time between the two flow waves after automated segmentation of the modulus and velocity PC-MRI images [START_REF] Ohyama | Association of Aortic Stiffness With Left Ventricular Remodeling and Reduced Left Ventricular Function Measured by Magnetic Resonance Imaging: The Multi-Ethnic Study of Atherosclerosis[END_REF] (Figure 3).

The disadvantage of MRI for PWV assessment is its relatively lower temporal resolution (10-30 ms, according to breath holding capability and R-R interval) compared to echocardiography and to applanation tonometry. The foot-to-foot method is well established in studies using tonometry to estimate transit time between pressure waves since it avoids the early reflected pressure waves [START_REF] Laurent | Expert consensus document on arterial stiffness: methodological issues and clinical applications[END_REF] . Transit time estimation using the foot-to-foot method requires high temporal resolution to identify an accurate upstroke time, making this approach unsuitable for flow wave analysis in PC-MRI.

Therefore, different methods to estimate the transit time using PC-MRI have been described to overcome such drawback [START_REF] Grotenhuis | Validation and reproducibility of aortic pulse wave velocity as assessed with velocity-encoded MRI[END_REF][START_REF] Boonyasirinant | Aortic stiffness is increased in hypertrophic cardiomyopathy with myocardial fibrosis: novel insights in vascular function from magnetic resonance imaging[END_REF][START_REF] Zhao | Quantification of aortic compliance in mice using radial phase contrast MRI[END_REF][START_REF] Dogui | Measurement of aortic arch pulse wave velocity in cardiovascular MR: comparison of transit time estimators and description of a new approach[END_REF] . In addition to the foot-to-foot approach, the methods to measure transit time by PC-MRI can be classified into 2 different strategies: (1) point-based methods, using systolic peak-to-systolic peak or maximal upslope acceleration-to-maximal upslope acceleration [START_REF] Groenink | Changes in aortic distensibility and pulse wave velocity assessed with magnetic resonance imaging following beta-blocker therapy in the Marfan syndrome[END_REF][START_REF] Kraft | Rapid measurement of aortic wave velocity: in vivo evaluation[END_REF] , and (2) wave-based methods using similarity criteria such as cross-correlation as well as Fourier or wavelet analysis to calculate phase differences between two flow curves from different aortic sites [START_REF] Bargiotas | Estimation of aortic pulse wave transit time in cardiovascular magnetic resonance using complex wavelet cross-spectrum analysis[END_REF][START_REF] Meloni | Robust estimation of pulse wave transit time using group delay[END_REF] . While point-based methods have been shown to be robust on pressure waves, it has the disadvantage in MRI of the relatively low temporal resolution of PC-MRI flow curves [START_REF] Dogui | Measurement of aortic arch pulse wave velocity in cardiovascular MR: comparison of transit time estimators and description of a new approach[END_REF] . Applying the wave-based methods to the whole cardiac cycle can be plagued by the presence of wave reflections that occur in late systole, affecting the morphology of the systolic downslope 7 . To overcome these issues, recent wave-based techniques have been proposed that focus only on the systolic upslope of the PC-MRI flow curves [START_REF] Grotenhuis | Validation and reproducibility of aortic pulse wave velocity as assessed with velocity-encoded MRI[END_REF][START_REF] Redheuil | Reduced ascending aortic strain and distensibility: earliest manifestations of vascular aging in humans[END_REF][START_REF] Dogui | Measurement of aortic arch pulse wave velocity in cardiovascular MR: comparison of transit time estimators and description of a new approach[END_REF] . These methods have been shown to be more robust for low temporal resolution, especially when performed in the frequency domain using a wavelet approach [START_REF] Bargiotas | Estimation of aortic pulse wave transit time in cardiovascular magnetic resonance using complex wavelet cross-spectrum analysis[END_REF] . Nevertheless, a limited temporal resolution remains the main limitation of MRI, particularly for short arterial path lengths and for patients with highly stiff aortas (and thus very short transit times).

Aging and aortic stiffness measurements in MRI

The relationship of aortic distensibility with age is non-linear [START_REF] Redheuil | Reduced ascending aortic strain and distensibility: earliest manifestations of vascular aging in humans[END_REF] . Recent MRI studies have demonstrated a marked decrease in local aortic strain and distensibility before the fifth decade among asymptomatic general population volunteers [START_REF] Redheuil | Reduced ascending aortic strain and distensibility: earliest manifestations of vascular aging in humans[END_REF] . Ascending aortic distensibility measured using central pulse pressure was on average 7.4 ± 2.3 mmHg -1 •10 -3 between 20 and 30 years of age, 1.8 ± 0.7 mmHg -1 •10 -3 between 50 and 60 years of age, and 1.0 ± 0.6 mmHg -1 •10 -3 after 70 years (Figure 4). Furthermore, aortic distensibility was the most sensitive and strongest marker of age compared to the following peripheral aortic stiffness measures: carotid distensibility, cf-PWV, and augmentation Index (AIx, which is a surrogate marker of wave reflection) [START_REF] Laurent | Expert consensus document on arterial stiffness: methodological issues and clinical applications[END_REF] . This interesting finding of a dramatic decrease in aortic strain and distensibility-when changes in blood pressure are not yet apparent-is consistent with the mechanical hypothesis of a decline in aortic elasticity in the third decade of life, which results from thinning and fragmentation of elastin fibers caused by repeated deformation and stretch induced by pulsatile stress, among various other biologic processes (discussed in Chapters 19-25) [START_REF] Mf | Mechanical factors in arterial aging: a clinical perspective[END_REF] . cf-PWV increases progressively with aging, from approximately 7 m/s at 30 years of age to 12 m/s at 70 years of age [START_REF]Reference Values for Arterial Stiffness C. Determinants of pulse wave velocity in healthy people and in the presence of cardiovascular risk factors: 'establishing normal and reference values[END_REF] . A recent study from the Multi-Ethnic Study of Atherosclerosis (MESA) reports arch PWV assessed by MRI in a multi-ethnic population aged 45-85 years [START_REF] Ohyama | Aortic Arch Pulse Wave Velocity Assessed by Magnetic Resonance Imaging as a Predictor of Incident Cardiovascular Events[END_REF] . MESA is a prospective study designed to evaluate risk factors and mechanisms that underlie the development and progression of subclinical CVD among asymptomatic individuals using MRI to assess cardiovascular structure and function [START_REF] Bild | Multi-ethnic study of atherosclerosis: objectives and design[END_REF] .

In that study, arch PWV assessed by PC-MRI increased pronouncedly between participants aged 45-54 years and those aged 54 years and older. Another recent study using PC-MRI has shown that age has different impacts on regional aortic stiffness [START_REF] Hickson | The relationship of age with regional aortic stiffness and diameter[END_REF] .

The distal aorta exhibited the greatest age-related increase in regional PWV and the aortic arch had the least, whereas the aortic arch had the greatest increase in aortic diameter and length, which may, in part, help offset an increase in wall stiffness by maintaining the capacity of the aorta to store volume during systole. Heterogeneity of structural and functional changes with aging as well as of atherosclerotic burden throughout the arterial tree causes differential regional aortic stiffening.

Cardiovascular Risk factors, Left Ventricular Function, and Aortic Stiffness

Longitudinal studies from MESA have shown that age, high blood pressure at baseline, increase in blood pressure during follow-up, and smoking history were independently associated with the increase over 10 years in aortic stiffness, with a decrease in aortic distensibility, and an increase in arch PWV [START_REF] Ohyama | Ten-year longitudinal change in aortic stiffness assessed by cardiac MRI in the second half of the human lifespan: the multi-ethnic study of atherosclerosis[END_REF] . In this study, reduction of blood pressure to an adequate level during the follow-up period was associated with less aortic stiffening. In addition, the use of calcium channel blockers was associated with less decrease in ascending aortic distensibility; while other drugs including ACE-I/ARB, beta-blockers, and diuretics did not have the same relationship with aortic stiffness.

Recent data demonstrated an improvement in aortic distensibility in first-time marathon trainers and completers including older participants, shedding light on the possibility to partially reverse this age-related vascular aging phenotype [START_REF] Bhuva | Training for a First-Time Marathon Reverses Age-Related Aortic Stiffening[END_REF] as LV structure in the MESA cohort. In that study, higher arch PWV was associated with LV remodeling and reduced LV systolic and diastolic function, and this association had a significant gender interaction [START_REF] Ohyama | Association of Aortic Stiffness With Left Ventricular Remodeling and Reduced Left Ventricular Function Measured by Magnetic Resonance Imaging: The Multi-Ethnic Study of Atherosclerosis[END_REF] . In women, greater arch PWV was associated with LV concentric remodeling, worse LV diastolic function, and preserved ejection fraction (EF) with maintained torsion. In contrast, reduced LV systolic function demonstrated as impaired LV circumferential strain and torsion as well as reduced LV concentric remodeling were related to elevated arch PWV in men. This gender difference in the relationship between aortic arch stiffness and LV structure and function may be mediated by hormonal factors and may explain the higher incidence of heart failure with preserved EF among women.

Prognostic Value of Proximal Aortic Stiffness Measures

A recent study from MESA showed that decreased ascending aortic distensibility assessed by MRI significantly predicted hard CV events including myocardial infarction, resuscitated cardiac arrest, stroke, and cardiovascular death, and all-cause mortality in individuals without overt CV disease [START_REF] Redheuil | Proximal Aortic Distensibility Is an Independent Predictor of All-Cause Mortality and Incident CV Events: The MESA Study[END_REF] . The hazard ratio for death and hard CV events over 8.5 years was 2.7 and 2.2 for the 20% of individuals with the stiffest aortas, independent of traditional risk factors. The predictive value of ascending aortic distensibility for CV events was highest in those with low-to-moderate baseline individual risk.

Another study using the MESA cohort showed that arch PWV had incremental predictive value for incident CVD events above traditional CVD risk factors in participants aged 45-54 years in the general population. Arch PWV was not associated with incident CVD events in those aged above 55 years [START_REF] Ohyama | Aortic Arch Pulse Wave Velocity Assessed by Magnetic Resonance Imaging as a Predictor of Incident Cardiovascular Events: The MESA (Multi-Ethnic Study of Atherosclerosis)[END_REF] . These findings on the age interaction between arch PWV and events were somewhat consistent with those previously documented regarding the association between PWV and age in meta-analyses [START_REF] Ben-Shlomo | Aortic pulse wave velocity improves cardiovascular event prediction: an individual participant meta-analysis of prospective observational data from 17,635 subjects[END_REF] . Indeed, the marked increase in predictive power among MESA participants aged 45-54 years compared to those aged over 54 years may reflect the greater predictive value of arch PWV in younger compared to older populations, similar to distensibility. Furthermore, considering the regional heterogeneity of aortic structure, differences in prognostic values may be related to regional differences in the material properties of the aortic wall components and their evolution over time; however, outcome data on such regional differences are lacking.

Advanced methodology to assess pulsatile aortic properties using MRI Flow analysis

PC-MRI analysis can separate global aortic flow into two components: forward and backward flow. It should be noted that here, we refer to the direction of blood flow in a given region of an aortic cross section due to vortical flow, rather than forward or backward traveling waves which impact net measured pressure and flow (as discussed in chapters 1, 3 and 11). It has been shown that the magnitude of ascending aorta backward flow increases with age and its onset during a cardiac cycle occurs earlier with aging [START_REF] Bensalah | Geometry is a major determinant of flow reversal in proximal aorta[END_REF] . Such changes are strongly associated with geometric changes of the aortic arch such as dilation and elongation, that lead to changes in local pressure gradients and local rotating blood vortices [START_REF] Bensalah | Geometry is a major determinant of flow reversal in proximal aorta[END_REF] . These flow modifications, which might lead to increased LV load and a loss in circulatory system efficiency, partially explain age-related vascular alterations and their potential clinical implications regarding increased CVD risk.

It is also important to note that in PC-MRI through-plane velocity data, the backward flow crossing the ascending aorta section for a single phase of the cardiac cycle includes both backward flow going back toward the heart and locally rotating blood vortices, which reorganize into forward flow in the following phases. These flow patterns can be confirmed using 4D flow MRI, as further discussed in this chapter.

Combining pressure and flow

According to the American Heart Association's (AHA) statement on scientific principles of arterial stiffening, the ascending aortic input impedance (Z in ) spectrum is the most comprehensive measurement of vascular load in relation to aortic stiffness [START_REF] Townsend | Recommendations for Improving and Standardizing Vascular Research on Arterial Stiffness: A Scientific Statement From the American Heart Association[END_REF] . Analyses of pressure flow relations are discussed in detail in Chapters 1, 3, 11 and 17. Z in is derived from simultaneous pressure and flow assessments, and characteristic impedance (Z c ) can be estimated in the either frequency or time domain using tonometry and PC-MRI [START_REF] Bollache | How to estimate aortic characteristic impedance from magnetic resonance and applanation tonometry data?[END_REF][START_REF] Bargiotas | MR and applanation tonometry derived aortic impedance: association with aging and left ventricular remodeling[END_REF] or Doppler echocardiography velocity data. Flow assessment by MRI with non-invasive pressure assessment can provide more accurate aortic Zc compared to measures derived using ultrasound flow assessment, which samples the LV outflow tract instead of the ascending aortic flow. In aging, MRI could demonstrate that stiffening of the ascending aorta was related to increased Z c , concentric LV remodeling, decreased strain and augmented cardiac work to preserve the vascular-ventricular coupling in asymptomatic individuals [START_REF] Redheuil | Left ventricular and proximal aorta coupling in magnetic resonance imaging: aging together?[END_REF] . The ability to more accurately measure ascending aortic flow and Z c would likely provide new insights into aortic function and vascular/ventricular interactions, and the opportunity to clarify the differences and similarities between patients with systolic and diastolic LV dysfunction as the cause of heart failure [START_REF] Nichols | McDonald's blood flow in arteries : theoretical, experimental and clinical principles[END_REF] .

4D flow

More comprehensive 3D cine techniques in combination with three-directional encoding of blood flow velocities (known as 3D cine PC or 4D flow MRI) over the cardiac cycle (3D+t=4D) have recently been reported and have greatly expanded clinical and research possibilities regarding the aorta [START_REF] Wentland | Aortic pulse wave velocity measurements with undersampled 4D flow-sensitive MRI: comparison with 2D and algorithm determination[END_REF][START_REF] Markl | Analysis of pulse wave velocity in the thoracic aorta by flow-sensitive four-dimensional MRI: reproducibility and correlation with characteristics in patients with aortic atherosclerosis[END_REF][START_REF] Dyverfeldt | Pulse wave velocity with 4D flow MRI: systematic differences and age-related regional vascular stiffness[END_REF][START_REF] Markl | Estimation of global aortic pulse wave velocity by flow-sensitive 4D MRI[END_REF][START_REF] Harloff | Determination of aortic stiffness using 4D flow cardiovascular magnetic resonance -a population-based study[END_REF][START_REF] Dyverfeldt | 4D flow cardiovascular magnetic resonance consensus statement[END_REF] . Immediate applications have been towards the visualization and understanding of complex aortic diseases such as aneurysms and complications such as aortic dissection with discernable multi-lumen flows (Figure 5). The most interesting feature of 4D-flow MRI is its full 4D (3D+t) spatial-temporal coverage of the vessel of interest and the acquisition of multidirectional flow at all locations in a predefined volume (Figure 6). Such volume can also include the aorta and the heart for the evaluation of their coupling when they share the same hemodynamic and loading conditions. Taking into account the unique anatomy of the thoracic aorta in individuals with complex aortic geometry without a priori is one of the advantages of the 4D-flow technique, which enables any desired a posteriori slicing of the acquired volume for local quantitative measures. 4D-flow can also evaluate regional PWV at any location of interest in the aorta 42 45, 47 and 4D magnitude images could allow the estimation of local distensibility at multiple locations with adequate post-processing software. Therefore, 4D-flow MRI could provide a comprehensive assessment of aortic structure, function, and flow simultaneously, and further elucidate the combined age-related effects of altered aortic geometry, compliance, and pressure on changes in local flow patterns, and partly explain aortic complications.

One of the main drawbacks of 4D-flow is its currently low temporal resolution (30-40ms). Low precision in the assessment of timing has an impact on the precision of the PWV estimate, especially in short aortic segments. To compensate for the low temporal resolution, the time of travel between two planes is routinely calculated by including all intermediate analysis planes, and by linear fitting of the systolic upslope of the resulting series of flow curves to derive the PWV [START_REF] Markl | Analysis of pulse wave velocity in the thoracic aorta by flow-sensitive four-dimensional MRI: reproducibility and correlation with characteristics in patients with aortic atherosclerosis[END_REF] . Several studies have been dedicated to methods comparison for an optimal estimation of aortic PWV from 4D flow data while comparing to tonometric PWV as well as to the Bramwell-Hill model-derived PWV [START_REF] Dyverfeldt | Pulse wave velocity with 4D flow MRI: systematic differences and age-related regional vascular stiffness[END_REF] , corroborating the value of considering all intermediate planes rather than two extreme planes, but also the 2D PC-MRI findings in terms of robustness of transit time estimation [START_REF] Houriez-Gombaud-Saintonge | Comparison of different methods for the estimation of aortic pulse wave velocity from 4D flow cardiovascular magnetic resonance[END_REF] . The 4D flow also provides complex hemodynamic measures, such as helical and vortical blood flow [START_REF] Von Spiczak | Quantitative Analysis of Vortical Blood Flow in the Thoracic Aorta Using 4D Phase Contrast MRI[END_REF] , flow eccentricity [START_REF] Sigovan | Comparison of four-dimensional flow parameters for quantification of flow eccentricity in the ascending aorta[END_REF] , estimates wall shear stress (WSS) [START_REF] Barker Alex | Bicuspid Aortic Valve Is Associated With Altered Wall Shear Stress in the Ascending Aorta[END_REF] and intra-aortic pressure gradients [START_REF] Bouaou | Analysis of aortic pressure fields from 4D flow MRI in healthy volunteers: Associations with age and left ventricular remodeling[END_REF] . Abnormal blood flow patterns, flow eccentricity, and increased WSS have been reported in patients with aortic stenosis and may be associated with LV remodeling [START_REF] Von Knobelsdorff-Brenkenhoff | Evaluation of Aortic Blood Flow and Wall Shear Stress in Aortic Stenosis and Its Association With Left Ventricular Remodeling[END_REF][START_REF] Garcia | The Role of Imaging of Flow Patterns by 4D Flow MRI in Aortic Stenosis[END_REF] . These hemodynamic measures could also provide useful quantitative description of aortic hemodynamics in patients with other cardiovascular diseases including aortic aneurysm [START_REF] Ziegler | Visualizing and quantifying flow stasis in abdominal aortic aneurysms in men using 4D flow MRI[END_REF] or congenital heart disease [START_REF] Vasanawala | Congenital heart disease assessment with 4D flow MRI[END_REF] .

Especially, WSS, that is the tangential force exerted by blood flow on the vessel wall acting on the endothelial cells [START_REF] Reneman | Wall Shear Stress -an Important Determinant of Endothelial Cell Function and Structure -in the Arterial System in vivo[END_REF] , can be readily estimated through 4D flow MRI [START_REF] Potters | Volumetric arterial wall shear stress calculation based on cine phase contrast MRI[END_REF][START_REF] Van Ooij | A methodology to detect abnormal relative wall shear stress on the full surface of the thoracic aorta using four-dimensional flow MRI[END_REF] .

WSS direction and magnitude can be obtained from spatial derivatives of 3D spatial velocities at the vessel wall from 4D flow MRI [START_REF] Potters | Volumetric arterial wall shear stress calculation based on cine phase contrast MRI[END_REF] . Recent studies have shown that regions of aortic wall with an elevated estimated WSS correlate with dysregulation of the extracellular matrix and degeneration of the elastic fibers in patients with bicuspid aortic valve [START_REF] Bollache | Aortic valve-mediated wall shear stress is heterogeneous and predicts regional aortic elastic fiber thinning in bicuspid aortic valve-associated aortopathy[END_REF][START_REF] Guzzardi | Valve-Related Hemodynamics Mediate Human Bicuspid Aortopathy: Insights From Wall Shear Stress Mapping[END_REF][START_REF] Rodriguez-Palomares | Aortic flow patterns and wall shear stress maps by 4D-flow cardiovascular magnetic resonance in the assessment of aortic dilatation in bicuspid aortic valve disease[END_REF] . Other studies have shown that patients with Marfan syndrome have differences in estimated WSS despite similar aortic dimensions compared to controls.

Together with the fact that aortic distensibility is also reduced in such patients irrespective of aortic dimensions [START_REF] Teixido-Tura | Aortic biomechanics by magnetic resonance: Early markers of aortic disease in Marfan syndrome regardless of aortic dilatation?[END_REF] , these novel findings implicate that estimated WSS might be useful in prediction of disease progression even in earlier and less severe stages.

It should be noted that current methods of 4D flow acquisition require rather long, although rapidly improving, scan times (5-20 min), in addition to the complexity of post-processing that requires specific software, resulting in its still limited use in large populations. However, recent studies showed that compressed sensing could shorten 4D flow scan times drastically to less than half [START_REF] Pathrose | Highly accelerated aortic 4D flow MRI using compressed sensing: Performance at different acceleration factors in patients with aortic disease[END_REF][START_REF] Cheng | Comprehensive motion-compensated highly accelerated 4D flow MRI with ferumoxytol enhancement for pediatric congenital heart disease[END_REF] . Furthermore, deep learning enables fast and automated 3D aortic segmentation form 4D flow MRI angiograms [START_REF] Berhane | Fully automated 3D aortic segmentation of 4D flow MRI for hemodynamic analysis using deep learning[END_REF] 
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  . Future investigations are needed to assess the beneficial effects of different pharmacological and non-pharmacological interventions on aortic function. MRI has the ability to assess ventricular geometry and myocardial deformation as well as central aortic stiffness simultaneously in a single examination. A recent study on vascular-ventricular interaction has shown the relationship between aortic arch PWV assessed by MRI and left ventricular (LV) deformation assessed by tagged MRI as well

  . Such parallel improvements in both 4D flow pulse sequences and post-processing methods with expanded calculation power can lead to rapid increase in clinical research use and potential translation to routine clinical use. Conclusions MRI has recently been optimized to enable quantification of aortic function and structure with the aim of improving medical diagnosis and risk prediction. The precision and excellent reproducibility of MRI measurements could allow for the assessment of longitudinal variations of aortic parameters with aging as well as the effect of pharmacological and non-pharmacological interventions on aortic function. In practice, aortic flow and functional assessment both visual and quantitative could be added to clinical routine cardiovascular MRI as a comprehensive imaging modality performed primarily for the noninvasive evaluation of LV geometry and function. Advanced imaging such as 4D flow could further provide noninvasive access to elucidate aortic properties. Further methodological developments and research including acceleration in acquisition sequences, large population studies with normative values with longitudinal follow-up, fast and robust image processing tools possibly relying on machine learning are needed for a more complete understanding of changes in aortic stiffness and hemodynamics in response to aging and disease processes.
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 4 Figure 4. The change in ascending aortic distensibility with aging. (A) Ascending aorta

Figure 5 .

 5 Figure 5. 4D-flow streamlines depicting aortic dissection Stanford type B with a local
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