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1. Abbreviations   

3D Three-dimensional JCS  Japanese Circulation Society 
 

4D   Four-dimensional 
 

LVEF  
 

Left Ventricular Ejection Fraction 

4D flow  
MRI 

4-dimensional-flow Magnetic 
Resonance Imaging  
 

 LV 
 

Left Ventricle 

AR Aortic Regurgitation 
 

LVEDV  Left Ventricular End-Diastolic 
Volume 
 AS Aortic Stenosis  
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Left Ventricular Stroke Volume 
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AVR Aortic Valve Replacement 
 

MR  
 

Mitral Regurgitation 
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MAP 
kinase 
 

Mitogen-Activated Protein kinase 

BAV Bicuspid Aortic Valve  
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Multi-slice Computed Tomography 

BMI Body Mass Index 
 

NOP  Non-operated group 
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Body Surface Area OP  

 
Operated group 
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Phase Contrast Magnetic 
Resonance Angiogram 
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CXR  Chest X-Ray 
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Systolic Blood Pressure 

CT  Computed Tomography 
 

 TAV 
 

Tricuspid Aortic Valve 

DBP  Diastolic Blood Pressure 
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Thoracic Aortic Aneurysm 
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European Society of Cardiology TTE  Transthoracic echocardiography 

FU  
 

Follow Up study TEE  Transesophageal 
echocardiography 
 HR   

 
Heart Rate VENC  Velocity Encoding 

 IRAD  International Registry of Aortic 
Dissection 
 

 WSS 
 

Wall Shear Stress 
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2. Abstract 

Background 

Four-Dimensional Flow Magnetic Resonance Imaging (4D flow MRI) provides a 

non-invasive assessment of aortic hemodynamics and insight into blood flow 

patterns and wall shear stress (WSS). Aortic valve stenosis (AS) and bicuspid 

aortic valves (BAV) cause substantial changes in blood flow patterns and 

elevated and asymmetrically distributed WSS in the ascending aorta (1,2,3,4). 

The AS and BAV patients exhibited more helical, vortical, and eccentric flow 

(1,2). This study aimed to understand better the evolution of aortic 

hemodynamics in aortic valve pathologies. 

 Methods 

After receiving ethical approval and informed consent, 20 patients from the 

primary studies (1,3) were reevaluated using cardiovascular MRI. There were 14 

patients with BAV and 6 with stenotic tricuspid aortic valves (TAV). Between 

primary (P) and follow-up (FU) examination, 1 TAV and 6 BAV underwent aortic 

valve replacement (AVR). The patients were divided into 2 groups: non-operated 

(NOP) (n=13) and operated (OP) (n=7). The average duration from P to FU was 

4 years. The mean age at FU was 73.3±4.4 years for OP and 57.5±15.9 for NOP. 

MRI studies were performed on 1.5 T (n=4) and 3.0 T (n=16) systems. Aortic 

valve morphology, LV function, and mass were assessed using ECG-gated 

breath-hold SSFP cine imaging. Aortic dimensions were measured using non-

contrast magnetic resonance angiography in FU and axial SSFP imaging of the 

thorax in P. Standard cardiac MRI analysis was performed using cvi42. Thoracic 

aorta 4D flow MRI using ECG gating and respiratory navigators was acquired. 

Hemodynamic parameters were evaluated, including net flow, peak systolic 

velocity, WSS, and helical and vortical flow patterns. 

Results 

NOP and OP groups significantly differed in age and BMI. After surgery, LV mass 

and WSS magnitude were significantly decreased in OP in FU. WSS was 

significantly correlated with peak systolic velocity, helical flow, and LV mass. 

Peak velocity in the ascending aorta and aortic arch of OP declined significantly 

in FU but remained constant in NOP. There was a significant increase in net flow 

in certain aortic planes in OP in FU. In some cases, the helical and vortical flow 

patterns changed. 
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Conclusion 

Aortic valve pathologies can affect the left ventricle and aortic hemodynamics, 

resulting in ventricular remodeling, altered blood flow patterns, and elevated 

WSS. AVR, however, improves the parameters. Hemodynamic changes may 

contribute to aortic dilatation and dissection. Our study found that aortic WSS 

was higher in areas with the highest dissection frequency.  

The aortic disease management field strives for new parameters beyond aortic 

size to improve surgical decisions and predict dissection. We propose developing 

non-size criteria, such as WSS, as a potential parameter for individualizing aortic 

disease management. Ultimately, we have provided hypotheses for further, more 

extensive research to validate our results. 

 

 

 

Abstrakt 

Hintergrund 

Die vierdimensionale Fluss-Magnetresonanztomographie (4D-Flow-MRT) 

ermöglicht eine nicht-invasive Beurteilung der Aortenhämodynamik und bietet 

Einblick in die Blutflussmuster und die Wandschubspannung (WSS). 

Aortenklappenstenose (AS) und bikuspide Aortenklappen (BAV) verursachen 

erhebliche Veränderungen der Blutflussmuster und erhöhte und asymmetrisch 

verteilte WSS in der Aorta ascendens (1,2,3,4). Ziel der Studie war es, die 

Entwicklung der Aortenhämodynamik bei Aortenklappenpathologien besser zu 

verstehen. 

Methodik 

Nach Erhalt der ethischen Genehmigung und informierten Zustimmung wurden 

20 Patienten aus den Primärstudien (1,3) mittels CMR erneut untersucht. Es 

handelte sich um 14 Patienten mit BAV und 6 mit stenotischen trikuspidalen 

Aortenklappen (TAV). Zwischen der Erst- (P) und Nachuntersuchung (FU) 

unterzogen sich 7 Patienten einem Aortenklappenersatz (AVR). Die Patienten 

wurden in 2 Gruppen eingeteilt: nicht operiert (NOP) und operiert (OP). Die 

Dauer von P bis FU betrug circa 4 Jahre. Die MRT-Untersuchungen wurden mit 

1,5 T und 3,0 T Systemen durchgeführt. Die Aortenklappenmorphologie, LV-

Funktion und Masse wurden mittels SSFP-Cine-Bildgebung beurteilt. Die 
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Aortenabmessungen wurden mittels kontrastfreier Magnetresonanzangiographie 

bei FU und axialer SSFP-Bildgebung des Thorax bei P gemessen. Die 

Standardanalyse der kardialen MRT wurde mit cvi42 durchgeführt. Die 4D-Flow-

MRT der Aorta wurde mit EKG-Gating und Atemnavigator durchgeführt. Es 

wurden hämodynamische Parameter ausgewertet, darunter Nettofluss, 

systolische Spitzengeschwindigkeit, WSS sowie helikale und vortikale 

Flussmuster. 

Ergebnisse 

Die NOP- und OP unterschieden sich signifikant in Alter und BMI. Nach der AVR 

waren die LV-Masse und die WSS-Größe bei OP in FU signifikant verringert. Die 

WSS korrelierte signifikant mit der systolischen Spitzengeschwindigkeit, dem 

helikalen Fluss und der LV-Masse. Die Spitzengeschwindigkeit in der Aorta 

ascendens und im Aortenbogen der OP nahm in FU signifikant ab. Der 

Nettofluss in bestimmten Aortenebenen war bei OP in FU signifikant erhöht. In 

einigen Fällen veränderten sich die helikalen und vortikalen Flussmuster. 

Fazit 

Aortenklappenpathologien können die Hämodynamik des linken Ventrikels und 

der Aorta beeinträchtigen. Die AVR verbessert die Parameter. Die 

hämodynamischen Veränderungen können zur Aortendilatation und Dissektion 

beitragen. In dieser Studie wurde festgestellt, dass das WSS der Aorta in 

Gebieten mit der höchsten Dissektionshäufigkeit höher war.  

Das Management von Aortenerkrankungen sucht nach neuen Parametern, die 

über die Aortengröße hinausgehen, um chirurgische Entscheidungen zu 

verbessern und Dissektionen vorherzusagen. Wir schlagen vor, Kriterien, die 

nicht die Größe betreffen, wie das WSS, als potenziellen Parameter für die 

individuelle Behandlung von Aortenerkrankungen zu entwickeln. Letztlich haben 

wir Hypothesen für weitere, umfassendere Studien aufgestellt, um unsere 

Ergebnisse zu validieren. 
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3. Introduction 

Aortic valve stenosis is the most common primary valvular heart disease 

requiring surgical or catheter-related intervention in Europe and North America 

(5). The aging population is contributing to the increasing prevalence of aortic 

stenosis. Bicuspid aortic valve is the most common congenital heart defect, 

affecting up to two percent of the population (9).  

3.1. Aortic valve diseases 

Aortic valves are typically tricuspid. Aortic valve abnormalities include stenosis or 

regurgitation, or both. 

3.1.1. Aortic valve stenosis (AS) 

The most common primary valvular heart disease requiring surgical or catheter-

related intervention in North America and Europe is aortic stenosis (AS) (5). 

Aortic stenosis can be congenital (bicuspid or unicuspid aortic valves) or 

acquired (degenerative or rheumatic). Degenerative stenosis is Europe's most 

common acquired cause of aortic stenosis due to calcium deposition on valve 

leaflets that occurs as we age. Calcific AS affects about 2% of people aged 65 

and older. Years of valvular mechanical stress have been thought to cause 

calcific aortic stenosis; however, recent studies suggest that the disease process 

results from proliferative and inflammatory changes, lipid accumulation, 

increased angiotensin-converting enzyme activity, oxidative stress, and 

infiltration of macrophages and T lymphocytes (6,7,8). Most patients are initially 

asymptomatic; however, symptoms such as exertional dyspnea, chest pain, 

dizziness, syncope, or even sudden death may emerge as stenosis progresses. 

As a compensation mechanism to overcome stress induced by aortic valve 

narrowing, concentric left ventricular hypertrophy occurs. As a result, the 

ventricles become stiffer, which causes more blood to return to the lungs, 

resulting in more breathlessness and chest pain. 

3.1.2. Quantification of aortic valve stenosis 

Echocardiography is a crucial diagnostic tool for confirming aortic stenosis, LV 

function, and mass. It also helps in discovering other associated valvular or aortic 

pathologies. Despite being the ideal measurement for assessing the degree of 

valvular stenosis from a theoretical perspective, aortic valve area (AVA) has 

numerous technical limitations in clinical practice. Measuring the mean pressure 

gradient (MPG) across the aortic valve remains the most reliable way to quantify 

the stenosis severity. In the setting of low-gradient aortic stenosis, non-invasive 

imaging modalities such as multi-slice computed tomography (MSCT) and 
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cardiac magnetic resonance (CMR) can provide additional geometrical and 

dimensional information on the aortic root and ascending aorta, as well as 

detecting the degree of valvular calcification facilitating the quantification of 

stenosis severity. Detecting and quantifying myocardial fibrosis is another CMR 

application that provides further prognostic information. If the non-invasive 

evaluation is inconclusive, an invasive method (heart catheterization) is 

considered. 

According to the latest 2021 European Society of Cardiology (ESC) guidelines for 

the treatment of valvular heart disease, aortic valve stenosis can be classified 

into four types as listed below in Table and Figure 1 (5). 

 HG-ASa LFLG-ASb LFLG-ASc NFLG-ASd 

AVA (cm2) <1.0 <1.0 <1.0 <1.0 

MPG (mmHg) >40 <40 <40 <40 

LVEF (%) - <50 ≥50 ≥50 

SVi (ml/m2) - ≤35 ≤35 >35 

 
Table 1. Types of severe aortic stenosis based on the latest 2021 ESC guidelines for the 

management of valvular heart disease. AVA = aortic valve area, LVEF = left ventricular 

ejection fraction, MPG = mean pressure gradient, SVi = stroke volume index. a) HG-AS 

= high-gradient aortic stenosis. b) LFLG-AS = Low-flow, low-gradient aortic stenosis with 

impaired ejection fraction. c) LFLG-AS = Low-flow, low-gradient aortic stenosis with 

preserved ejection fraction. d) NFLG-AS = Normal-flow, low-gradient aortic stenosis with 

preserved ejection fraction. Note: table based on the 2021 ESC guidelines (5). 
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Figure 1. AVA = aortic valve area, LVEF = left ventricular ejection fraction, MPG = mean 

pressure gradient, SVi = stroke volume index, DSE = dobutamine stress 

echocardiography, MSCT = multi-slice computed tomography, CS = calcium scoring.  a) 

HG-AS = high-gradient aortic stenosis; regardless of LVEF and flow, severe aortic 

stenosis can be diagnosed. b) LFLG-AS = Low-flow, low-gradient aortic stenosis with 

impaired ejection fraction. In this situation, low dose dobutamine stress 

echocardiography is recommended to distinguish between true severe aortic stenosis 

and pseudo-severe aortic stenosis. AVA >1.0 cm2 with flow normalization indicates 

pseudo-severe stenosis. c) LFLG-AS = Low-flow, low-gradient aortic stenosis with 

preserved ejection fraction. Typically, this occurs in elderly patients with severe LV 

hypertrophy and small ventricular size or may also result from conditions associated with 

low stroke volume (e.g., moderate/severe mitral regurgitation, severe tricuspid 

regurgitation, severe mitral stenosis, large ventricular septal defect, and severe RV 

dysfunction). The assessment of valve calcification by MSCT is important to confirm the 

diagnosis. Calcium scoring thresholds (Agatston units) for severe aortic stenosis: men 

Suspected severe aortic stenosis 

AVA <1 cm2  

MPG>40 mmHg 

HG-AS a 

MPG<40 mmHg 

LG-AS 

SVi ≤35 ml/m2 

LVEF≤50% b 

DSE 

AVA<1 cm2 

Severe AS 

AVA>1 cm2 

Pseudo-AS 

LVEF≥50% c 

MSCT 

CS ↑ 

Severe AS 

CS ↓ 

Severe AS 
unlikely 

SVi≥35 ml/m2 

LVEF≥50% d 

MSCT DSE 

Incease MPG  

Severe AS 

No change 
MPG 

Severe AS 
unlikely 



18 
 

>3000, women >1600 = highly likely; men >2000, women >1200 = likely; men <1600, 

women <800 = unlikely. d) NFLG-AS = Normal-flow, low-gradient aortic stenosis with 

preserved ejection fraction. This group of patients is most likely to have moderate aortic 

stenosis. Stress echocardiography is usually recommended to confirm or rule out the 

diagnosis. A rise in mean pressure gradient during exercise indicates significant aortic 

valve stenosis. Note: figure based on the 2021 ESC guidelines (5). 

 

● The indications for intervention in symptomatic and asymptomatic aortic 

stenosis according to the 2021 ESC guidelines for the management of 

valvular heart disease (5) 

A) Patients with symptomatic aortic stenosis should undergo intervention 
if: 

Class a 

Severe high-gradient aortic stenosis [peak velocity ≥4.0 m/s, mean gradient 
≥40 mmHg, and valve area ≤1.0 cm2 (or valve area index ≤0.6 cm2/m2)]. 

I  

Severe low-flow (SVi ≤35 ml/m2), low-gradient (<40 mmHg) aortic stenosis with 
reduced ejection fraction (<50%), and evidence of contractile reserve. 

I  

Low-flow, low-gradient (<40 mmHg) aortic stenosis with normal ejection fraction 
after confirmation that the aortic stenosis is severe. 

IIa  

Low-flow, low-gradient severe aortic stenosis and reduced ejection fraction 
without contractile reserve. 

IIa  

Intervention is not recommended in patients with severe comorbidities when 
the intervention is unlikely to improve quality of life or prolong survival >1 year. 

III  

B) Patients with asymptomatic severe aortic stenosis should undergo 
intervention if: 

 

Impaired LV systolic function (LVEF<50%) without another cause. I  

Symptoms on exercise testing. I  

Impaired LV systolic function (LVEF<55%) without another cause. IIa  

LVEF >55% and a normal exercise test if there is a low procedural risk and one 
of the following parameters:                                                                                       
• Very severe aortic stenosis (mean gradient ≥60 mmHg or Vmax >5 m/s). 
• Severe valve calcification (determined by CCT) and Vmax progression ≥0.3 
m/s/year. 
• Significantly elevated BNP levels without another explanation.  

IIa  

aClass = class of recommendation, CCT = cardiac computed tomography, BNP = brain 

natriuretic peptide. Note: table based on the 2021 ESC guidelines (5). 
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3.1.3. Aortic valve regurgitation 

Aortic regurgitation is recurrent blood flow from the aorta into the left ventricle 

during diastole. The most common etiology of aortic regurgitation in Western 

countries is degenerative (10). Infective and rheumatic endocarditis are other 

possible causes. Aortic regurgitation can either be acute or chronic. Aortic 

dissection and infective endocarditis can both lead to acute aortic regurgitation. 

Chronic aortic regurgitation usually remains asymptomatic for years thanks to the 

left ventricular compensatory mechanisms (dilating its cavity and increasing its 

myocardial thickness). As soon as the ventricle fails, heart failure symptoms such 

as shortness of breath or chest tightness manifest. Untreated severe chronic 

aortic regurgitation may result in irreversible left ventricular myocardial damage, 

even without symptoms. When it comes to diagnosing and quantifying aortic 

regurgitation and understanding the underlying mechanisms, echocardiography 

is unsurpassed. Whenever echocardiography is inconclusive, CMR can quantify 

the regurgitant fraction. Asymptomatic patients who do not meet surgical criteria 

could benefit from frequent follow-up and exercise testing to identify borderline 

symptoms as early as possible. In addition, it is essential to perform regular 

echocardiographic assessments to determine the best time for intervention. 

Finally, if LV dilatation or systolic dysfunction develops, early intervention is 

recommended to prevent irreversible myocardial damage from volume overload. 

 

● The indications for intervention in severe aortic regurgitation according 

to the 2021 ESC guidelines for the management of valvular heart disease 

(5) 

Patients with severe aortic regurgitation should undergo intervention if: Class a 

Symptomatic regardless of LV function. I  

Asymptomatic patients with LVESD >50 mm or LVESD >25 mm/m2 BSA or 
resting LVEF ≤50%. 

I  

Asymptomatic patients with LVESD >20 mm/m
2
 BSA or resting LVEF ≤55%, 

if surgery is at low risk. 

IIb  

Symptomatic and asymptomatic patients with severe aortic regurgitation 
undergoing CABG or surgery of the ascending aorta or of another valve. 

I  

Aortic valve repair may be considered in selected patients at experienced 
centres when durable results are expected. 

IIb  

aClass = class of recommendation, BSA = body surface area, CABG = coronary artery 

bypass graft surgery. Note: table based on the 2021 ESC guidelines (5). 
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3.1.4. Bicuspid aortic valve  

Bicuspid aortic valve is the most common congenital heart disease (9). In 
patients younger than 70, it accounts for more than 50% of aortic stenosis cases 
(10). The bicuspid aortic valve has unequal-sized cusps that create turbulence in 
blood flow. Turbulent blood flow increases the likelihood of calcium deposition on 
the valve, which can result in stenosis or regurgitation. Patients with normally 
functioning bicuspid aortic valves usually remain asymptomatic for years. 
However, once they develop significant valvular dysfunction, the cardiac 
compensatory mechanisms fail with time, and the symptoms manifest. Moreover, 
bicuspid aortic valve patients are more likely to develop infective endocarditis 
and ascending aortic aneurysms. An ascending aortic aneurysm can lead to two 
life-threatening complications: aortic rupture and dissection.  

The cornerstone of diagnosing bicuspid aortic valves is transesophageal 
echocardiography (TEE). In addition, MSCT and CMR are valuable 
investigations, especially if an aortic aneurysm or dissection is suspected. 

● The indications for intervention in bicuspid aortic valve according to the 
2021 ESC guidelines for the management of valvular heart disease (5) 

Indications for surgery in patients with bicuspid aortic valve Class a 

AVR is recommended for patients with bicuspid aortic valves if they 
have symptomatic severe valvular dysfunction, either stenosis or 
regurgitation.                                                                                                            

I 

  

Ascending aortic surgery should be considered in patients with 
bicuspid aortic valve with maximal aortic diameter ≥55 mm or ≥50 mm 
with additional risk factors b or coarctation.       

IIa 

aClass = class of recommendation, AVR = aortic valve replacement.                                                                            

bRisk factors= family history of aortic dissection, severe aortic or mitral regurgitation, 
desire for pregnancy, uncontrolled systemic arterial hypertension, and aortic size 
increase >3 mm/year. Note: table based on the 2021 ESC guidelines (5). 
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3.2. LV remodeling in aortic valve stenosis 

Left ventricle hemodynamics are severely affected by aortic stenosis. Typically, 

aortic valve stenosis has an indolent course due to the left ventricular 

compensatory mechanisms. However, symptoms develop once the left ventricle 

decompensates. The initial response of the left ventricle to aortic stenosis is 

adaptive remodeling, which may start as a compensation mechanism. However, 

it evolves into a maladaptive process that causes inappropriate hypertrophy, 

interstitial fibrosis, and reduced contractility (11). Myocardial fibrosis occurs as 

the remodeling process proceeds, with potentially irreversible effects on diastolic 

and systolic function, clinical manifestations, and outcome. According to recent 

studies, fibrosis plays a crucial role in the development of symptoms in patients 

with severe aortic stenosis (11,12,14). Unfortunately, fibrosis usually appears 

before symptoms are evident and, when severe, can persist for years following 

an aortic valve replacement, significantly reducing its clinical benefit (13). 

Maladaptive remodeling is relatively irreversible and appears to correlate to 

clinical outcomes. Non-invasive measures that can assess the extent of 

maladaptive left ventricular remodeling and predict its reversal are urgently 

needed. Such measures would be very helpful in selecting the optimal timing of 

valve replacement for patients with severe aortic stenosis. The benefits of early 

valve replacement for asymptomatic patients with maladaptive left ventricular 

remodeling must be assessed through further research.  

According to long-term follow-up studies of patients who underwent aortic valve 

replacement due to symptomatic aortic valve stenosis, changes within the 

myocardial extracellular matrix are not entirely resolved following surgery. In 

contrast, residual changes in the myocardial extracellular matrix often lead to 

diastolic dysfunction, contributing to persistent symptoms and increased mortality 

after surgery (13). 

As an early marker of left ventricular decompensation, myocardial fibrosis is 

becoming increasingly important in asymptomatic patients with aortic stenosis. 

Myocardial fibrosis is divided into two types: irreversible, which is called 

replacement fibrosis and can be detected using late gadolinium enhancement on 

CMR; and the second type is diffuse fibrosis, which occurs earlier and is 

potentially reversible and can be detected with CMR T1 mapping techniques 

(12).     

CMR-based myocardial imaging in aortic stenosis shows promising results, but 

more clinical trials are needed to improve patient care. 
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3.3. Thoracic Aortic Aneurysms (TAA) 

Thoracic aortic aneurysms (TAAs) are among the leading causes of death in 

adults (16). TAA is a multifactorial condition incorporating genetic and 

environmental factors (15). TAAs have become more common over time, but it is 

unclear whether this is due to increased detection or incidence (16). A TAA is 

life-threatening due to the risk of potential complications, such as aortic 

dissection and rupture (acute vascular complications) and aortic regurgitation 

(chronic valvular complication). In general, TAAs grow at a slow rate - around 

one millimeter a year. Unless an imaging study is conducted, a TAA usually 

progresses silently. Therefore, it is vital to extirpate pathologically dilated thoracic 

aortas before ruptures or dissections occur. 

3.3.1. Background 

The ascending aorta is home to over half of all TAAs (17). Aortic aneurysms 

occur when the aorta exceeds 50% of its predicted size (18). A woman's 

ascending aorta diameter at 75 is 3.6–3.7 cm, and a man's is 4.1–4.2 cm (27). 

There is still no definite cutoff diameter for defining an aortic aneurysm. It is, 

therefore, crucial to correlate the ascending aortic size with the patient's size and 

gender (19). 

3.3.2. Pathophysiology and etiology 

The aorta comprises three layers: the intima, media, and adventitia. An internal 

elastic lamina lies between the intima and media. Throughout the cardiac cycle, 

blood is continuously propelled forward by the elastic medial layer. During 

systole, elastic fibers store the kinetic energy that the left ventricular contractions 

produce as potential energy. During diastole, potential energy is converted into 

kinetic energy, which causes blood to travel distally. Age causes aortic wall 

elastic fibers to break down and smooth muscles thin out. Amorphous materials 

replace them in a process called cystic medial degeneration. This results in stiffer 

and weaker aortic walls that can lead to aortic dilation. Laplace's law states that 

aortic dilatation increases wall tension, leading the vascular wall to remodel and 

dilate even further (21). 

TAAs are either caused by structural changes in the aorta or changes in 

intracellular signaling cascades that maintain vascular wall integrity. 

Transforming growth factor-beta is believed to be primarily responsible for 

causing this disease since it activates matrix degradation by releasing 

plasminogen activators and matrix metalloproteinases (21). Cystic medial 

degeneration can either be inherited or acquired. There is a high incidence of 

ascending TAAs in connective tissue disorders, such as Marfan syndrome (22), 
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and congenital diseases, such as bicuspid aortic valves (23). Smoking and 

hypertension may speed up the process by increasing elastase enzymes in the 

aortic medial layer (22). Atheromatous plaques have traditionally been thought to 

be another cause of aortic aneurysms, damaging elastin fibers and destroying 

smooth muscle cells, leading to aortic wall weakening. Recent research has 

questioned the validity of this theory, however. According to recent research, 

atherosclerosis develops concurrently within the diseased aortic medial layer 

rather than being the primary cause (22). 

 3.3.3. Diagnosis 

Transthoracic echocardiography is a simple, non-invasive method for assessing 

the morphology and function of the aortic valve, aortic root, ascending aorta, and 

left ventricle. The aortic dimensions are measured using a leading-to-leading 

edge approach (24). Even though transesophageal echocardiography (TEE) can 

visualize nearly the entire thoracic aorta, it is not routinely used for follow-up and 

screening due to its semi-invasive nature. 

CT scanning can be used to define the anatomy of the aorta as it is readily 

accessible and provides rapid results (25). There are, however, several 

disadvantages associated with CT scanning, including radiation exposure, 

contrast-induced nephropathy, teratogenicity, and carcinogenicity. Nonetheless, 

it is the preferred method of diagnosing complications associated with TAAs. 

MR angiography can measure and define aortic anatomy precisely. 

Cardiovascular MRI can assess ventricular and aortic valve function and aortic 

root anatomy. Compared to CT, MRI is radiation-free and can be performed 

without contrast agent administration in patients with severe renal impairment. 

Native 3D MRA was found to be an appropriate alternative to contrast-enhanced 

MRA for evaluating the thoracic aorta (26). In contrast to CT, cardiovascular MRI 

is less accessible and time-consuming. Furthermore, although MRI is not 

absolutely contraindicated in patients with metallic parts, evaluating and 

interpreting acquired images can be challenging because of metal-induced 

artifacts. 

3.3.4. Conditions associated with thoracic aortic aneurysms 

Genetic and environmental factors contribute to the pathogenesis of thoracic 

aortic aneurysms. The following conditions are commonly associated with a 

thoracic aortic aneurysm: 

 



24 
 

3.3.4.1. Hypertension related thoracic ascending aortic aneurysms 

Hypertension predisposes to dilatation of the ascending aorta in pre-existing 

TAAs and the development of new TAAs. Aortas grow increasingly rapidly once 

they become aneurysmal (28). Aneurysmal growth rate varies by aneurysm 

location, with ascending aortic aneurysms growing slower than descending 

thoracic aneurysms (18). The likelihood of complications with hypertension-

related TAAs increases dramatically with progressively larger diameters (>6.0 

cm) (22). 

3.3.4.2. Bicuspid aortic valve (BAV) associated aortopathy 

There is a strong association between bicuspid aortic valves and ascending 

aortic dilatation (29). It has been estimated that up to eighty percent of BAV 

patients will develop dilatation of the ascending aorta (30). Furthermore, aortic 

dilatation was also observed in more than fifty percent of patients with BAV who 

had normally functioning valves (31). There is evidence that BAV patients with 

normally functioning valves experienced greater aortic dilatation progression than 

those with tricuspid aortic valves (TAVs) (32). Another study comparing BAV and 

TAV patients with similar valvular function found that BAV patients had aortic 

dilatation earlier and at a younger age than TAV patients (33). It might seem 

evident that the abnormal shape of the BAV accounts for hemodynamic changes, 

which are attributed to aortic dilatation. 

 

3.3.4.3. Marfan syndrome 

Marfan syndrome is a genetic disorder that arises due to a mutation in the FBN-1 

gene. It affects the body's connective tissues and is commonly linked to the 

dilation and dissection of the ascending aorta in approximately 80% of cases 

(34). Unfortunately, aortic dissection is the leading cause of mortality among 

individuals with Marfan syndrome (35). In addition, the growth rate of the 

ascending aorta can vary significantly among patients with this condition, and 

complications are more likely to occur in older patients with larger aortas and 

higher blood pressure (36). 

3.3.4.4. Familial thoracic aortic aneurysms and dissections (FTAAD) 

In some cases, a person's genetics can increase their likelihood of developing an 

ascending thoracic aortic aneurysm (TAA) (37). For example, those with a family 

history of aortic aneurysms, dissections, or sudden deaths are at a higher risk of 

developing TAA, accounting for around 20% of cases (38). 
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3.3.4.5. Loeys–Dietz syndrome 

 

Loeys-Dietz syndrome is a genetic disorder resulting from gene mutations that 

encode the transforming growth factor β receptors 1 and 2. It is identified by 

several physical features, including hypertelorism, a bifid uvula, and a cleft 

palate, in addition to vascular aneurysms and dissections (39). The most 

common complication of this condition is an aortic root aneurysm, which can 

occur early in life. 

 

3.3.4.6. Ehlers–Danlos syndrome (EDS) 

 

This refers to a set of connective tissue disorders that exhibit joint and skin 

looseness, with approximately one-third of patients having ascending aortic 

dilation (40). 

4. Guidelines for the management of thoracic aortic aneurysms  

Thoracic aortic aneurysms are silent yet debilitating diseases. It is rare for 

patients to exhibit symptoms before experiencing an acute aortic event, with only 

about 5% of cases presenting with symptoms beforehand (41). In 95% of cases, 

aortic dissection or rupture results in death as the first symptom. Therefore, it is 

crucial to intervene before developing aortic dissection since mortality rates are 

exceptionally high once the condition has progressed. The observation of the 

natural history of enlarged aortas has enabled the establishment of specific 

criteria to predict potential ruptures or dissections. Aortic size has specific 

"hinging points" where such occurrences may take place. Typically, when the 

ascending aorta reaches a diameter of 6 cm, about 34% of thoracic aneurysms 

will either rupture or dissect (41). Therefore, the best course of treatment for an 

aneurysmal thoracic aorta is to undergo prophylactic surgery before it reaches a 

diameter of 6 cm to prevent ruptures, dissections, and potentially fatal outcomes 

associated with aneurysms. 

Individuals with genetic causes of aortopathy may require surgery at an earlier 

point. Tables 2, 3, and 4 compare international guidelines for managing thoracic 

aortic aneurysms in diverse circumstances (5,42,43,44). Although these criteria 

apply to asymptomatic aneurysms, symptomatic aneurysms should be resected 

regardless of size.  

Although aortic diameters may be small, aortic dissection can still happen. The 

International Registry of Aortic Dissection has shown that 60% of aortic 

dissections occur in aortas less than 5.5 cm in diameter and 40% in those less 
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than 5.0 cm. These findings highlight the importance of having more stringent 

criteria for elective repair (20). Due to these findings, some experts developed 

other measures to predict complications more accurately, especially for small or 

large BMIs, such as the aortic size index (ASI). The maximal aortic diameter 

should be divided by the body's surface area to calculate the ASI (19). 

 

JCS 2020 ACC 2013 ESC 2021 

Surgical intervention is warranted in the following situations: 
 

Aortic root or ascending aortic diameter ≥55 mm. 

Aortic root or ascending aortic 
diameter <55 mm with 
aneurysmal annual growth 
rate >5 mm.  

Aortic root or ascending aortic 
diameter <55 mm with 
aneurysmal annual growth 
rate >5 mm. 

Aortic root or ascending aortic 
diameter ≥45 mm for patients 
who have an indication for 
aortic valve 
replacement/repair. Aortic root or ascending aortic 

diameter ≥50 mm for patients 
who have an indication for 
aortic valve 
replacement/repair. 
 

 Aortic root or ascending aortic 
diameter ≥45 mm for patients 
who have an indication for 
aortic valve 
replacement/repair. 
 

 

Table 2. International guidelines for the management of TAA in patients without a 

genetic predisposition. JCS = Japanese Circulation Society, ACC = American College of 

Cardiology, ESC = European Society of Cardiology. 
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JCS 2020 

 
ACC 2020 ESC 2021 

The following situations warrant surgical intervention: 
 

Aortic root or ascending aortic diameter ≥55 mm. 

Aortic root or ascending aortic diameter ≥50 mm with one of the following risk factors: 
 

1. Family history of dissection. 
2. Aortic coarctation. 
3. Annual growth rate >3 mm. 
4. Arterial hypertension. 
5. Severe MR or AR. 
6. Desire for pregnancy. 

1. Family history of dissection. 
2. Aortic coarctation. 
3. Annual growth rate >5 mm. 
 
 
 

1. Family history of dissection.  
2. Aortic coarctation. 
3. Annual growth rate >3 mm. 
4. Arterial hypertension. 
5. Severe MR or AR. 
6. Desire for pregnancy. 

Aortic root or ascending aortic diameter ≥45 mm when AVR is planned. 

 

Table 3. International guidelines for the management of TAA in patients with BAV. JCS 

= Japanese Circulation Society, ACC = American College of Cardiology, ESC = 

European Society of Cardiology. MR = Mitral Regurgitation, AR = Aortic Regurgitation. 

 

JCS 2020 
 

ACC 2013 ESC 2021 

The following situations warrant surgical intervention: 

Aortic root or ascending aortic diameter ≥50 mm. 

 Aortic root or ascending aortic 
diameter ≥45 mm with one of the 
following risk factors: 
1. Family history of dissection. 
2. Arterial hypertension. 
3. Annual growth rate >3 mm. 
4. Severe AR or MR. 
 

Aortic root or ascending aortic 
diameter <50 mm with one of 
the following risk factors: 
1. Family history of dissection. 
2. Annual growth rate >5 mm. 
3. Severe AR. 

Aortic root or ascending aortic 
diameter ≥45 mm with one of 
the following risk factors: 
1. Family history of dissection. 
2. Arterial hypertension. 
2. Annual growth rate >3 mm. 
3. Severe AR or MR. 
 

Women contemplating pregnancy with aortic diameter: 

≥45 mm ≥40 mm ≥45 mm 

 

Table 4. International guidelines for the management of TAA in patients with Marfan 

syndrome. JCS = Japanese Circulation Society, ACC = American College of Cardiology, 

ESC = European Society of Cardiology. MR = Mitral Regurgitation, AR = Aortic 

Regurgitation. 
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5. Basic physics of hemodynamics  

5.1. Introduction 

The study of vascular hemodynamics investigates the factors that impact blood 

flow in the circulatory system. This flow can potentially harm the walls of blood 

vessels because of the force the blood exerts (45,46). The force is called wall 

shear stress (WSS). 

 

5.2. Vessel wall shear stress 

Shear stress is the force required per unit area to change the shape of blood. It is 

calculated by multiplying viscosity and shear rate. Shear rate is the rate of 

change of shear deformation over time, which is determined by the gradient of 

blood flow velocity perpendicular to the wall of a vessel. When blood velocity at 

the vessel's wall is zero, a phenomenon called wall shear stress (WSS) occurs 

(50). When blood flows through a vessel, its speed changes. The velocity profile 

across the vessel's diameter takes on a parabolic shape. To find the shearing 

stress on the vessel walls caused by the flowing blood, multiply this velocity 

gradient by the blood's viscosity (46). 

 

5.3. Laminar and turbulent blood flow 

5.3.1. Laminar flow 

Blood flow in the body is mostly laminar, which means that blood travels down a 

blood vessel in parallel layers while maintaining a constant distance from the 

vessel's wall. This flow type creates a parabolic velocity profile, with the highest 

velocity in the middle and the lowest at the vessel wall. While laminar blood flow 

is usually non-turbulent, it can sometimes become slightly disturbed, resulting in 

energy loss and turbulent flow (51,52). 

 

5.3.2. Turbulent flow and the Reynolds number 

Turbulent flow differs from laminar flow because it has swirling eddy currents that 

cause higher flow resistance. Turbulent flow occurs when a laminar flow 

becomes faster, such as after stenotic lesions or sudden changes in vessel 

diameter. The turbulence in the flow is directly related to vessel diameter, flow 

velocity, and blood density, but inversely related to blood viscosity. The Reynolds 

number is a parameter used to express this relationship. A laminar flow becomes 
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turbulent when the Reynolds number exceeds a specific value. This value is 

typically between 2000 and 2200 for smooth-walled vessels. Flows with a 

Reynolds number above 4000 are usually turbulent, while those below 2300 are 

typically laminar. Flows with a Reynolds number ranging from 2300 to 4000 are 

known as transitions (51,52). 

5.4. Helical and vortical blood flow 

When fluids have helical flow, they rotate around an axis parallel to the main flow 

direction. A vortex is created when the flow of a fluid revolves around a curved or 

straight axis. Vortices are an essential element of turbulent flows. Typically, the 

flow velocity is highest near the vortex's axis, while it decreases away from it. 

Vortices can move, stretch, twist, and interact in complex ways and carry 

momentum, energy, and mass (53,54). 

6. The effect of hemodynamics on aortic wall and cardiac remodeling 

Blood vessels experience cyclical mechanical strain due to shear stress and 

pulsatile blood flow. Any stretch or shear stress alteration impacts the vessel 

wall, which then adjusts to new conditions and eventually returns to its original 

tensile and shear stress levels. Vascular cells contain numerous receptors that 

detect and respond to mechanical pressure and shear stress. The cytoskeleton 

and other structural components translate and modulate tension in a cell through 

focal adhesion sites, integrins, cell junctions, and extracellular matrix. Mechanical 

forces can also initiate signal transduction cascades that affect cellular function 

and initiate structural changes. Flow or stretch can activate many intracellular 

pathways, including the MAP kinase cascade, which triggers transcription factor 

activation and gene expression through sequential phosphorylations (55,56). 

6.1. The role of blood flow turbulence in atherosclerosis 

It is crucial to understand how cells like endothelial, smooth muscle, and 

fibroblasts sense and respond to hemodynamic forces like shear stress. This 

knowledge can help prevent the development and progression of vascular 

diseases. Endothelial cells control vessel function by sending signals to smooth 

muscle cells and fibroblasts in response to changes in blood flow. When 

endothelial cells are damaged, smooth muscle cells are directly exposed to shear 

stress from blood flow. To prevent atherosclerosis, it is essential to better 

understand how smooth muscle cells and fibroblasts react to stress caused by 

blood flow (75). 
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6.2. The role of blood flow turbulence in the formation of aortic aneurysms 

An aortic aneurysm is caused by weak aortic walls that cause dilatation of the 

aorta accompanied by atherosclerosis, chronic inflammation, and hemodynamic 

changes. Aortic aneurysms are caused by an imbalance between matrix 

metalloproteinases (MMPs) and their tissue inhibitors (TIMPs). The mechanisms 

are not yet completely understood. Inflammatory cells and turbulent blood flow 

are thought to be responsible for aneurysms of the aorta. In a study published in 

2013, a model was developed where turbulent blood flow and inflammation were 

combined to induce aneurysms. A cascade of events was found to cause the 

aortic wall to dilate. Endothelial dysfunction caused by turbulent flow likely 

promotes MMP activity. MMPs destroy elastin fibers, resulting in significant 

arterial wall remodeling and aneurysmal formation (75,65). 

 

7. Cardiovascular magnetic resonance imaging 

Cardiovascular Magnetic Resonance imaging (CMR) is a group of methods that 

provide information about the heart's structure, function, blood flow, and tissue 

properties. However, the movement of the heart and lungs during CMR can 

cause problems. Therefore, methods such as breath-holding or cardiorespiratory 

gating are implemented to avoid motion artifacts. 

7.1. Basic principles of magnetic resonance imaging (MRI) 

7.1.1. Pulse sequence 

A pulse sequence is a set of radiofrequency (RF) pulses that generate an MR 

signal. Different sequences can produce a variety of signals based on imaging 

parameters and the tissue's natural T1 and T2 values. Each pulse sequence 

gives a unique image contrast (59). 

 

7.1.2. Gradient-echo (GRE) sequence 

The GRE technique involves using a weak RF pulse to move the magnetization 

away from the +z direction. The resulting echo signal is called a gradient echo. 

Compared to spin-echo sequences, GRE sequences require less scan time. RF 

pulses with small flip angles are used instead of 90-degree angles to decrease 

the longitudinal relaxation time. Furthermore, bipolar refocusing gradients 

remove the need for 180 RF pulses. Fast GRE sequences can capture images in 

mere milliseconds, making them valuable for dynamic imaging of the left ventricle 

and flow estimation (59). 
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7.1.3. Cine MRI 

Cine MRI employs a balanced steady-state free precession (bSSFP) technique 

that involves retrospective ECG gating. This fast gradient-echo (GRE) sequence 

uses the T1/T2 contrast to create high tissue contrast in the blood and 

myocardium. Cine MRI is the preferred method for evaluating left ventricular 

systolic function due to its exceptional accuracy and reproducibility. It is widely 

considered the gold standard in this field (59). 

 

7.1.4. Flow imaging 

 7.1.4.1. Physical basics of Phase-Contrast cine 

Phase-contrast cine is a technique that captures images of the heart during its 

cycle by using cardiac gating. To display flow velocity, both magnitude and phase 

images are required. This method measures the phase shift caused by blood 

flow by using bipolar velocity-encoding gradients and cardiac-gated GRE 

sequences. The phase shift is proportional to flow velocity. In phase-contrast 

cine, flowing blood appears either white or black, depending on its direction, 

while stationary tissues appear gray. To avoid artifacts, the magnitude of the 

velocity-encoding gradient must be adjusted based on the estimated maximum 

velocity of the target vessel. The through-plane flow velocity can be measured by 

applying gradients perpendicular to the imaging plane, and flow velocity can be 

measured in three dimensions with phase-contrast techniques. In addition, virtual 

flow lines generated from acquired data can represent blood flow. The primary 

purpose of phase-contrast cine is to quantify vessel flow by calculating the lumen 

area's average velocity (59). 

7.1.4.2. Basics of 4D flow cardiovascular MRI 

Traditionally, phase-contrast flow MRI has been used to assess one-way flow in 

each slice of two spatial dimensions. However, 4D flow MRI has gained 

popularity as it can evaluate complex blood flow patterns in a 3D volume with full 

3D cine coverage in a reasonable amount of time. The only downside is that 

volumetric data acquisition is slower than traditional 2D-cine PC, taking up to 20 

minutes, which makes breath-holding during exams impossible. To reduce 

artifacts, respiratory gating is typically used during free breathing, with bellows 

reading and navigator gating being the most commonly used methods (61,62). In 

each case, a set of diaphragm positions can be predefined as acceptable. One 

way to indirectly track diaphragm position and breathing during a bellows reading 

is by monitoring the movement of the upper abdominal circumference. Another 
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method involves regularly monitoring the diaphragm position using navigator 

gating. This technique only accepts data collected within a predetermined end-

expiratory or end-inspiratory window, with any data outside of this range being 

rejected and the acquisition repeated. However, this can result in a longer 

examination time than non-respiratory-gated acquisitions, as approximately half 

of the data may be rejected. Phase encoding can reduce the amount of data 

rejection by about one-third (63,64). Different tools are available to analyze flow 

data and visualize complex three-dimensional blood flow patterns. A thorough 

analysis of heart and blood vessel hemodynamics can be conducted through 

retrospective quantification. Flow volumes and velocities, wall shear stress, 

energy loss, and blood flow patterns can be measured and analyzed.  (60) 

 

8. Aim of the study 

The non-invasive visualization of aortic hemodynamics in 4D flow has provided 

insights into blood flow patterns and wall shear stress. Evidence showed that 

aortic valve stenosis and BAV are associated with altered flow patterns and 

elevated WSS in the ascending aorta. Patients with AS or BAV have more helical 

and vortical flow formation than healthy subjects. Additionally, there is a strong 

association between the aortic valve orifice area and left ventricular (LV) 

remodeling.  

This study aimed to examine how aortic hemodynamics change over time in 

patients with aortic valve stenosis or BAV and how this affects the left ventricle 

and aorta. LV parameters were assessed over time, including left ventricular 

ejection fraction and mass. LV mass was anticipated to regress after surgery as 

an indicator of reverse cardiac remodeling after AVR. Furthermore, this study 

assessed the evolution of hemodynamic parameters, such as WSS magnitude 

and pattern, peak systolic velocity, and net flow throughout the thoracic aorta. 

The change in blood flow patterns, including helical and vortical flow, was also 

evaluated using a semi-quantitative approach. 

9. Methods 

9.1. Patient recruitment 

Patient recruitment was begun following approval from the Ethics Committee of 

Charité University Berlin. A total of 20 patients were recruited (about 41% of the 

baseline target). The baseline target number was 48 patients from the previous 

two primary studies.  
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28 of the target 48 patients could not be enrolled in our follow-up study due to 

one of the following factors: 

Cause of exclusion N 

No interest in the follow-up study 5 

Inability to contact them after moving to a new address 5 

Severe comorbidity that requires immediate attention 3 

Contraindications to MRI (mostly after pacemaker implantation) 6 

Mechanical aortic valve replacement due to associated artifacts 6 

Death 3 

 

Table 5. n = number of patients. N.B. Aortic dissection was not the primary cause 

of death for any of the patients who died. 

 9.2. Patient characteristics 

An overall total of 20 patients from our primary two studies (1,3) were 

reevaluated as part of a follow-up study (FU) following ethical approval and 

written informed consent. From the aortic stenosis study (1), 16 of 37 patients 

(43%) were enrolled and from the BAV study (3), 4 out of 11 patients (36%). The 

20 patients consisted of 14 with BAV and 6 with stenotic TAV. The 20 patients 

were categorized into non-operated (NOP) and operated (OP). Thirteen patients 

were included in the non-operated group (NOP), including 8 BAV patients and 5 

TAV patients (8 males and 5 females). In the NOP group, 7 patients had dilated 

ascending aortas (1 TAV/6 BAV). An ascending aorta with a diameter indexed by 

body surface area >2.1 cm/m2 was considered dilated. The aortic dimensions 

were measured at the level of the main pulmonary bifurcation. Meanwhile, there 

were seven patients in the operated group: 1 patient with TAV and 6 patients with 

BAV (6 males and 1 female). Between the primary examination (P) and the 

follow-up examination (FU), the operated group underwent aortic valve 

replacement ± ascending aorta reconstruction. Detailed characteristics of NOP 

and OP patients are presented in Table 6 and Figure 2. 

For the non-operated group (NOP) and the operated group (OP), the mean 

duration from P to FU was 4.4±1.5 years and 4.3±1.4 years, respectively. The 

mean age at FU was 57.5±15.9 years for NOP and 73.3±4.4 years for OP. 
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 FU study (n) = 20 patients  

NOP = 13 (8m/5f) OP = 7 (6m/1f) 

8 BAV 5 TAV 6 BAV 1 TAV 

RL RN  RL RN  

6 2  5 1  

N AS 
III 

AI 
II 

AS II 
+AI II 

AS I 
+AI II 

AS I 
+AI I 

AI II AS I AS II   AS III 

1 1 1 1 1 1 2 4 1 5 1 1 

 

Table 6. Patient characteristics regarding aortic valve morphology, pathology and lesion 

severity. FU = follow-up, n = number of patients, NOP = non-operated group, OP = 

operated group, BAV = bicuspid aortic valve, TAV = tricuspid aortic valve, RL = right-left 

coronary cusps fusion, RN = right-non-coronary cusps fusion, N = normal, AS = aortic 

stenosis, AI = aortic insufficiency, I = mild, II = moderate, III = severe.  

 

 

Figure 2. Patient characteristics regarding aortic valve morphology, pathology and 

lesion severity. FU = follow-up, n = number, NOP = non-operated group, OP = operated 

group, m = male, f = female, BAV = bicuspid aortic valve, TAV = tricuspid aortic valve, 

RL = right-left coronary cusps fusion, RN = right-non-coronary cusps fusion, AS = aortic 

stenosis, AI = aortic insufficiency, I = mild, II = moderate, III = severe.  

FU study             
n=20 Patients 

NOP = 13 
(8m+5f)  

8 BAV 

6 RL 

1 (normal) 

1 (AS III) 

1 (AI II) 

1 (AS II+AI II) 

1 (AS I+AI II) 

1 (AS I+AI I)  

2 RN 2 (AI II) 

5 TAV 
4 (AS I) 

1 (ASII) 

OP = 7 
(6m+1f) 

1 TAV AS III 

6 BAV 
1 (RN) 

5 (RL) 
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9.3. Collection and analysis of MR data 

9.3.1. Data acquisition 

MRI studies were performed on systems of both 1.5 T at the Helios Klinikum 

Berlin Buch (MAGNETOM Avanto, Siemens Healthcare, Erlangen, Germany) 

(n=4) and 3 T at the Berlin ultrahigh field facility (B.U.F.F) (MAGNETOM Verio, 

Siemens Healthcare, Erlangen, Germany) (n=16). A 12 channel receive surface 

RF Coil was used. For imaging, patients were placed in the standard head-first 

supine position. ECG-gated, breath-hold SSFP cine imaging and 

echocardiography were performed to assess aortic valve morphology, lesion 

severity, and LV systolic function and mass. Aortic dimensions were measured 

using non-contrast magnetic resonance angiography (NC-MRA). At P, aortic size 

measurements were obtained from the thorax axial SSFP imaging. In addition, a 

research 4D flow MRI of the thoracic aorta was acquired using a sagittal oblique 

3D volume with prospective ECG-gated imaging and a respiratory navigator 

placed on the lung-liver interface. Velocity encoding (VENC) was adjusted to 

minimize velocity aliasing; a typical VENC value for non-stenotic subjects was 

1.5 m/s and 2.0-3.0 m/s for stenotic subjects. 

9.3.2. MRI Protocol for LV function, aortic valve area and thoracic aorta 

diameter 

A series of SSFP cine images acquired in standard long-axis planes were used 

to evaluate left ventricular function and mass (Figure 3: taken from reference 

122). Representative 1.5T scan parameters were: slice thickness = 6 mm; Echo 

Time (TE) = 2.3-3.4 ms; Repetition Time  (TR) = 4.8-6.6 ms; bandwidth = 440-

490 Hz/pixel; Flip Angle (FA) α = 7°, resulting in temporal resolutions of 38.4-52.5 

ms; Field of View (FOV) = 340-400x200-300 mm with a voxel size of 1.8-2.1 x 

1.8-2.1 x 2.0-2.8 mm3; and 30 phases per R-R interval. Representative 3.0T 

scans used a slice thickness = 6 mm; TE = 1.3 ms; TR = 3.1 ms; bandwidth = 

704 Hz/pixel; Flip Angle (FA) α = 45°, resulting in temporal resolutions of 40.8 

ms; FOV = 276×340 mm with a voxel size of 2.7×2.3×2.6 mm3; and 30 phases 

per R-R interval. Short axes covering the entire left ventricle were acquired (slice 

thickness = 7 mm, gap = 3 mm) (66).  

ECG gating and parallel imaging were used to assess the aortic valve area, with 

cine images recorded at steady-state free-precession during expiratory breath-

holds. Slice thickness = 5 mm without a gap. The 3-chamber view was used to 

obtain a stack of slices perpendicular to the transvalvular jet by positioning two 

subsequent planes in the direction of the jet. In one frame, planimetry of the 

largest systolic orifice area was performed using cvi42 (circle cardiovascular 

imaging, Calgary, Canada) (Figure 4) (66).  
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In our primary studies, we used a transverse 2D-CMR to assess the ascending 

aortic diameter. The entire thorax was imaged by fast, non-contrast-enhanced, 

non-breathing-hold, steady-state free precession (SSFP) sequences (slice 

thickness 7 mm, gap 1.8 mm, scan time 10-15 seconds). The aortic diameter 

was measured in the transverse plane at the level of the pulmonary artery 

bifurcation (67) (Figure 5). In the follow-up study, non-contrast magnetic 

resonance angiography (NC-MRA) was used in place of transverse 2D-CMR 

(SSFP) sequences for measuring aortic dimensions. Similarly, the ascending 

aortic diameter was measured transversely at the level of pulmonary artery 

bifurcation. 

 

 

 

Figure 3. a) Left ventricular 2 chambered view in diastole. b) Left ventricular 2 

chambered view in systole. c) Left ventricular 4 chambered view in diastole.                   

d) Left ventricular 4 chambered view in systole. (e and f) Definition of endocardial and 

epicardial contours in diastole and systole in 2 chambered view. (g and h) Definition of 

endocardial and epicardial contours in diastole and systole in 4 chambered view. The LV 

mass is calculated by subtracting the epicardial volume from the EDV and multiplying it 

by the density of the myocardium. Figure taken from reference 122. 
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Figure 4. The method to position slices for the purpose of CMR planimetry of the aortic 

valve orifice. a) Left ventricular outflow tract (LVOT) view shows the placement of the 

plane centrally through the transvalvular jet. b) Long-axis view of the LVOT and the 

proximal aorta with positioning of the next plane centrally through the transvalvular jet. 

(c) The LVOT view shows slices perpendicular to the jet from inferior to the aortic valve 

up to the sinotubular level to cover the aortic valve during cardiac motion. The optimal 

slice is selected with cusp closure in diastole. Figure taken from reference 66. 

 

Figure 5. Transverse 2D CMR of the entire thorax, measuring the diameter of the 

ascending aorta at the level of pulmonary artery bifurcation. Figure taken from reference 

67. 
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9.3.3. Quantification of LV function, aortic valve area and thoracic aorta 

diameter 

A standard CMR analysis to assess left ventricular ejection fraction, end-systolic 

and diastolic diameter (LVESD, LVEDD) and index (LVESDI, LVEDDI), left 

ventricular mass (LVM) and mass index (LVMI), ascending aortic dimensions, as 

well as aortic valve area (AVA), was performed using cvi42 (circle cardiovascular 

imaging, Calgary, Canada) (Figures 3,4,5). 

Using to the latest European Society of Cardiology guidelines, the severity of the 

valvular lesion was categorized as mild, moderate, and severe. Based on the 

data from transthoracic echocardiography (mean pressure gradient across the 

aortic valve; area of the aortic valve using planimetry and continuity equation) or 

from CMR (planimetry of the orifice area), or both, the lesion severity was 

assigned. Severe AS was defined as AVA <1 cm2 or AVA indexed by body 

surface area <0.6 cm2/m2, with moderate AS being 1 to 1.5 cm2, and mild AS 

being >1.5 cm2. A non-contrast magnetic resonance angiography (NC-MRA) was 

used to measure the ascending aortic diameter. The ascending aortic diameter 

was measured in axial images at the level of the main pulmonary artery 

bifurcation. A dilated ascending aorta is defined as having a diameter of >2.1 

cm/m2 indexed by body surface area. 

9.3.4. Protocol of 4D flow sequence  

In this study, a four-dimensional flow MRI was acquired in a sagittal oblique 3D 

volume covering the thoracic aorta with prospective ECG-gated imaging and a 

respiratory navigator placed on the lung-liver interface in late diastole. The late 

diastolic navigator signal of the lung–liver interface was used for prospective 

respiration estimation, enabling measurements to be performed during free 

breathing (68). Velocity encoding (VENC) was adjusted to minimize velocity 

aliasing; typical VENC values were 1.5 m/s for non-stenotic subjects and 2.0-3.0 

m/s for stenotic subjects.  

The scan parameters were as follows: TE = 2.4 – 2.5 ms, TR = 4.9 – 5.1 ms, Flip 

Angle = 7°/10°/15°, temporal resolution = 39.2– 40.8 ms, spatial resolution = 2.0 

– 2.6 × 1.7 – 2.1 × 2.0 – 3.0 mm3, Bandwidth = 480 Hz/pixel, and rectangular 

FOV= 360 x 270 mm. 4D flow MRI data acquisition time ranged from 20 to 25 

min (69). 

 

 



39 
 

 

9.4. Post-processing of flow data 

9.4.1. Data preparation 

9.4.1.1. Data preprocessing using Matlab tool 

All 4D phase-contrast flow MRI data were corrected for eddy currents, Maxwell 

terms, gradient field inhomogeneities, and velocity aliasing using the 

experimental software tool Velomap (© Jelena Bock, Universitätsklinik Freiburg) 

based on Matlab (Mathworks, Natick, MA, USA). The data after correction is 

converted to the EnSight (Apex, NC) flow velocity data format using the same 

Velomap software (70). Commercial software (Mimics, Materialise, Leuven, 

Belgium) was used to manually segment the thoracic aorta based on 

preprocessed data, which was also utilized to calculate a 3D phase-contrast MR 

angiogram (PC-MRA). Based on the 4D flow scan's time-averaged velocity 

magnitude data, the PC-MRA was calculated (71). 

 

Figure 6. Velomap tool (© Jelena Bock, Universitätsklinik Freiburg). 
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Figure 7. a) image before and after noise masking. b) before and after aliasing 

correction. c) before and after Eddy current correction. The yellow color represents static 

tissue. e) simulation of the 3D phase contrast angiogram. 

9.4.1.2. Segmentation of the aorta using Mimics 

The 3D PC-MRA data were used to segment the aortic lumen in 3D manually 

(Mimics, Materialise, Leuven, Belgium). Segmentation of the aorta is relatively 

time-consuming (up to 40 minutes) depending on the 3D PC-MRA image quality. 

9.4.2. Processing the 4 D flow data using EnSight 10 

Following the preprocessing of 3D PC-MRA with Mimics, the 4D flow CMR data 

were imported into 3D visualization software (EnSight 10, CEI, Apex, North 

Carolina). To start with, a centerline was defined and adjusted precisely in the 

middle along the course of the thoracic aorta, then eight planes (P) were 

manually placed perpendicular to and along the centreline as follows (Figures 

8,9): 
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P1  at the sinus of Valsalva. 

P2  at the proximal ascending aorta just distal to the sinotubular  junction. 

P3  at the mid ascending aorta. 

P4  at the distal ascending aorta just proximal to the brachiocephalic trunk. 

P5  at the mid aortic arch just distal to the common carotid artery. 

P6  just distal to left subclavian artery. 

P7  at the proximal descending aorta. 

P8  at the distal descending aorta. 

 

Figure 8. The level of the 8 planes of analysis throughout the thoracic aorta. 

 

Figure 9. The position of the 8 analysis planes along the centerline of the thoracic aorta. 

P1: Sinus of Valsalva, P2: proximal ascending aorta, P3: mid ascending aorta, P4: distal 

ascending aorta, P5: mid aortic arch, P6: distal aortic arch, P7: proximal descending 

aorta, P8: distal descending aorta. 

 

The most common techniques for visualizing 4D flow are streamlines and 

pathlines (72). Velocity magnitude is indicated by color-coding. The streamlines 

are instantaneous traces tangent to the local velocity vectors showing the blood 

flow directions at a given point in time (73). A time-resolved pathline is a path 

taken by a virtual massless particle over time, which allows for the flow 
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visualization over time (74). Multiple flow parameters such as helicity and vorticity 

can be visualized using streams or pathlines. 

4D flow CMR quantifies flow volume and retrograde flow in the same way as 

conventional cine PC-CMR. In contrast, the volumetric coverage of 4D flow CMR 

allows flow volume measurements to be acquired retrospectively at any location 

within the acquired data volume (75). 

 

9.5. Analysis of blood flow patterns and parameters throughout the 

thoracic aorta 

 

9.5.1. Blood flow visualisation using pathlines or streamlines 

After the placement of planes, the blood flow was visualized by creating pathline 

movies or static streamlines to evaluate helical and vortical blood flow formations 

in the thoracic aorta. 

9.5.2. Semi-quantitative analysis of blood flow pattern in thoracic aorta 

Helical flow occurs when a fluid moves parallel to the vessel's longitudinal axis in 

a corkscrew-like motion. Helical flow formations were semiquantitatively graded 

as (76):  

- 0 (no helical flow) 

- 1 mild helical flow (<360°) 

- 2 moderate helical flow (>360°)  

- 3 severe helical flow (>360° with flow acceleration within the helix)   
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Figure 10. The visualization of helical flow formation in the thoracic aorta of a patient 

with stenotic BAV using streamlines from different angles of view. a) anterolateral view. 

b) anteromedial view. c) anterior view. d) axial view.  

 

When particles rotate around a point inside the vessel in a direction that is more 

than 90° away from the physiological flow direction, a vortex flow formation 

occurs. Vortical flow was semiquantitatively graded as:  

- 0 (no vortical flow) 

- 1 (vortical flow is present) 
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Figure 11. Vortical flow formation visualization in the thoracic aorta using streamlines. 

 

9.6. Quantitative analysis of blood flow parameters in different planes in the 

thoracic aorta  

Two hemodynamic parameters were quantified in each of the eight planes of 

analysis throughout the thoracic aorta using EnSight 10. At each plane, both net 

flow and peak systolic velocity were evaluated. In addition, using the velocity 

mapping tool from Matlab (vel mip gui), systolic peak velocities (PVs) were also 

calculated in 3 regions of interest: ascending aorta, aortic arch, and descending 

aorta. 
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Figure 12. Calculation of the peak systolic velocity in 3 regions of interest (ascending 

aorta, aortic arch, and descending aorta) using Matlab-based tool (vel mip gui). 

 

9.6.1. Wall shear stress 

9.6.1.1. Three-dimensional wall shear stress calculation 

Peak systolic 3D wall shear stress (WSSpeak in N/m2) was calculated along the 

entire thoracic aorta in an 18-segment model using a Matlab-based tool (The 

Mathworks Inc., USA). The thoracic aorta was divided into 18 segments, 

ascending aorta: 6 segments, aortic arch: 6 segments, and descending aorta: 6 

segments. Nine segments represented the outer thoracic aortic curvature, and 

nine represented the inner curvature. Segments with odd numbers 

(1,3,5,7,9,11,13,15 and 17) represented the outer curvature. Segments with even 



46 
 

numbers (2,4,6,8,10,12,14,16 and 18) represented the inner curvature. Peak 

WSS was calculated in each of the 18 segments, ascending aorta, aortic arch, 

descending aorta, and along the outer and inner aortic curvatures. 

Segment 1 outer proximal ascending aorta. 

Segment 2 inner proximal ascending aorta. 

Segment 3 outer mid ascending aorta. 

Segment 4 inner mid ascending aorta. 

Segment 5 outer distal ascending aorta. 

Segment 6 inner distal ascending aorta. 

Segment 7 outer proximal aortic arch. 

Segment 8 inner proximal aortic arch. 

Segment 9 outer mid aortic arch. 

Segment 10 inner mid aortic arch. 

Segment 11 outer distal aortic arch. 

Segment 12 inner distal aortic arch. 

Segment 13 outer proximal descending aorta. 

Segment 14 inner proximal descending aorta. 

Segment 15 outer mid descending aorta. 

Segment 16 inner mid descending aorta. 

Segment 17 outer distal descending aorta. 

Segment 18 inner distal descending aorta. 

 

 

Figure 13. Peak systolic 3D wall shear stress calculated along the entire thoracic aorta 

in 18-segment model using a Matlab-based tool. 
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10. Statistical analysis  

Statistical data analysis was conducted using SPSS statistics 25 (IBM, Armonk, 

NY) and Microsoft Excel (Microsoft Office 2010). The graphs were created using 

Microsoft Excel 2010 and Microsoft Paint (Microsoft Windows 2010). The data 

were expressed as a mean value ± standard deviation. Normal data distribution 

was tested with SPSS Statistics 25. An independent t-test was performed to 

compare the NOP and OP results, and a paired t-test was used to compare the 

primary and follow-up data. A p value < 0.05 was considered significant. This is a 

hypothesis-generating study; therefore, an adjustment of the alpha error (e.g., 

according to Bonferroni) has been omitted, and the results found should be 

replicated in subsequent larger studies. Linear regression analysis was 

conducted to assess significant correlations. 

 

11. Results 

11.1. Baseline characteristics of the patients 

Our follow-up (FU) study comprised 20 patients divided into two groups. The 

non-operated group (NOP) included 13 patients: 8 males (62%) and 5 females 

(38%). The operated group (OP) included 7 patients: 6 males (86%) and 1 

female (14%) (Figure 14). 

 

 

Figure 14. The difference between NOP and OP regarding gender. 

 

The OP and NOP differed significantly in age (NOP: 57.5±15.9 years, OP: 

73.2±4.4 years, p value: 0.004) and BMI (NOP: 27.8±3.1 kg/m2, OP: 24.9±2.05 

kg/m2, p value: 0.026), with OP being older with a lower BMI (Figures 15,16). 
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There was no statistical difference between NOP and OP regarding systolic 

blood pressure, diastolic blood pressure, and heart rate at follow-up (p value for 

systolic blood pressure (SBP): 0.2, diastolic blood pressure (DBP): 0.4, heart 

rate: 0.3) (Table 7). 

 Unit NOP OP p value 

Age year 57.5±15.9 73.2±4.4 0.004 

Height cm 172.6±9.5 170.7±7.7 0.637 

Weight kg 83.2±13.6 72.8±8.5 0.052 

BMI kg/m2 27.8±3.1 24.9±2.05 0.026 

BSA m2 1.9±0.2 1.85±0.14 0.053 

SBP mm Hg 125.7±17.5 136±17.9 0.239 

DBP mm Hg 75.7±13.5 72.2±7.06 0.469 

Heart rate bpm 68.7±13.04 64±10.04 0.385 

Table 7. Baseline characteristics of the patients at follow-up study. 

Regarding the non-operated group (NOP), there was no statistical difference 

between primary (P) and follow-up (FU) regarding LVEDV (P: 153±32.9 ml, FU: 

151.5±31.6 ml, p value: 0.756), LVSV (P: 91.9±16.9 ml, FU: 92.5±18.1 ml, p 

value: 0.824), LVEF (P: 60.8±5.7%, FU: 61.7±5.6%, p value: 0.341) and LV mass 

(P: 151.5±41.2 g, FU: 148.8±39.5 g, p value: 0.578). However, we observed a 

Figure 15. The difference between NOP 

and OP regarding age. 

Figure 16. The difference between NOP 

and OP regarding BMI. 

p value 0.004 p value 0.02 
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statistically significant increase in the maximal aortic diameter over time (P: 

39.8±6.8 mm, FU: 40.3±6.1 mm, p value: 0.045) (Table 8). 

On the other hand, regarding the operated group (OP), there was a significant 

statistical difference (significant decrease) between primary (P) and follow-up 

(FU) regarding LVSV (P: 91.9±6.2 ml, FU: 83.3±6.2 ml, p value: 0.047), LVEF (P: 

69±5.7%, FU: 63.7±4.9%, p value: 0.034) and LV mass (P:203.3±90.1 g, FU: 

153.4±46.7 g, p value: 0.023). The maximal aortic diameter did not differ 

statistically significantly after surgery. However, in one case with BAV, we 

observed an increase in the maximal aortic diameter even after aortic valve 

replacement (aortic diameter P: 37 mm and FU: 40 mm) (Table 9). 

 

NOP Unit P FU p value 

Aortic diameter mm 39.8±6.8 40.3±6.1 0.045 

LVEDV ml 153±32.9 151.5±31.6 0.756 

LVEDV index ml/cm 0.88±0.16 0.87±0.16 0.932 

LVSV ml 91.9±16.9 92.5±18.1 0.824 

LVEF % 60.8±5.7 61.7±5.6 0.341 

LV mass g 151.5±41.2 148.8±39.5 0.578 

LV mass index g/cm 0.87±0.21 0.86±0.22 0.903 

 
Table 8. Baseline characteristics of the non-operated group. 

 

OP Unit P FU p value 

Aortic diameter mm 38.6±4.8 37±4 0.196 

LVEDV ml 133.1±13.6 131.1±13.5 0.331 

LVEDV index ml/cm 0.78±0.07 0.77±0.06 0.310 

LVSV ml 91.9±6.2 83.3±6.2 0.047 

LVEF % 69±5.7 63.7±4.9 0.034 

LV mass g 203.3±90.1 153.4±46.7 0.023 

LV mass index g/cm 1.18±0.48 0.89±0.25 0.022 
 
 

Table 9. Baseline characteristics of the operated group. 
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Figure 17. The difference between the LVEF in P and FU studies in NOP. 

 

 

Figure 18. The difference between the LV EF in P and FU studies in OP. 

 

p value 0.34 

p value 0.03 



51 
 

 

Figure 19. The difference between the LV mass in P and FU studies in NOP. 

 

Figure 20. The difference between the LV mass in P and FU studies in OP. 

 

p value 0.57 

p value 0.045 
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Figure 21. The difference between the LV mass index in P and FU studies in NOP. 

 

 

Figure 22. The difference between the LV mass index in P and FU studies in OP. 

 

 

 

 

 

p value 0.9 

p value 0.02 
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LV mass and WSS exhibited a statistically significant positive correlation.    

                                        

 

Figure 23. The positive correlation between the LV mass and the mean WSS in the 

thoracic aorta in P. WSS = wall shear stress, LV = left ventricle, P = primary. 

 

 

Figure 24. The positive correlation between the LV mass and the mean WSS in the 

thoracic aorta in FU. WSS = wall shear stress, LV = left ventricle, FU = follow-up. 

 

Furthermore, there was no significant correlation between LVEF and WSS in 

both P (r = 0.25, p value: 0.29), and FU (r = 0.012, p value: 0.96). Neither P (r = 

0.09, p value: 0.69) nor FU (r = 0.30, p value: 0.19) showed a significant 

correlation between the aortic diameter and WSS. The correlations between 

WSS and gender (P: r = 0.26, p value: 0.27; FU: r = 0.15, p value: 0.51), blood 

pressure (SBP: r = 0.24, p value: 0.29; DBP: r = 0.08, p value: 0.74) and heart 

rate (r = 0.24, p value: 0.31) did not reach significance. WSS tended to negatively 
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correlate with age (P: r = 0.31, p value: 0.092; FU: r = 0.41, p value: 0.038). The 

correlation between BMI and WSS, however, was not significant (r = 0.07, p 

value: 0.77). 

11.2. Net flow in thoracic aorta 

We used the EnSight program to calculate the net flow along the thoracic aorta in 

8 planes. The analysis was conducted at three levels. Level 1: a mean flow of 

the entire thoracic aorta was obtained by summating the results from all eight 

planes. At level 2, the thoracic aorta was divided into three regions: ascending 

aorta, aortic arch, and descending aorta. In order to calculate the mean net flow 

in the ascending aorta, we added the results of P1 to 4. Plane 4 is situated in the 

transitional zone or border between the ascending aorta and aortic arch. By 

adding P5 and 6, we can obtain a mean flow in the aortic arch. A mean flow in 

the descending aorta is calculated by adding P7 and 8. At Level 3, we analyzed 

the net flow at each plane separately. Across all levels of analysis, we did not 

observe any significant changes in the net flow over time in the NOP. In contrast, 

we noticed a significant increase in the mean net flow of the thoracic aorta after 

surgery in the OP group. We observed increased mean net flow in the ascending 

aorta at the second analytical level, but no change in the mean net flow in the 

aortic arch and descending aorta. At the third level of analysis, net flow 

significantly increased in planes 1, 2 and 6 in OP (plane 1: P: 18.5±29.38 ml, FU: 

55.36±12.7 ml, p value: 0.02; plane 2: P: 12.99±38.69 ml, FU: 63.67±21.61 ml, p 

value: 0.007; plane 6: P: 39.81±5.01 ml, FU: 42.64±4.6 ml, p value: 0.049). 

Level 1 of Analysis: 

The net flow from all eight analysis planes was added together to obtain a mean 

net flow for the entire thoracic aorta. There was no significant change in the net 

flow in the NOP (P: 56.66±17.87 ml, FU: 56.05±17.93 ml, p value: 0.81). In 

contrast, there was a significant increase in the mean net flow in the whole 

thoracic aorta in OP (P: 39.82±23.38 ml, FU: 51.23±15.62 ml, p value: 0.007). 
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Figure 25. The difference between P and FU regarding the mean net flow in the entire 

thoracic aorta in NOP. 

 

Figure 26. The difference between P and FU regarding the mean net flow in the entire 

thoracic aorta in OP. 

Level 2 of analysis: 

The NOP ascending aorta's net flow did not change significantly over time (P: 

68.34±12.1 ml, FU: 64.35±13.41 ml, p value: 0.31).  In contrast, OP showed a 

significant increase in ascending aortic mean net flow after surgery (P: 

35.22±29.92 ml, FU: 60.81±11.09 ml, p value: 0.01). 

p value 0.8 

p value 0.007 
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Figure 27. The difference between P and FU regarding the mean net flow in the entire 

ascending aorta in NOP.  

 

Figure 28. The difference between P and FU regarding the mean net flow in the entire 

ascending aorta in OP.  

 

In both NOP and OP, the mean net flow in the aortic arch did not change 

significantly (NOP: P: 45.75±5.81 ml, FU: 49.01±2.48 ml, p value: 0.24; OP: P: 

41.66±3.59 ml, FU: 43.5±3.31 ml, p value: 0.13).  

 

p value 0.31 

p value 0.004 
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Figure 29. The difference between P and FU regarding the mean net flow in the entire 

aortic arch in NOP. 

 

Figure 30. The difference between P and FU regarding the mean net flow in the entire 

aortic arch in OP. 

Because plane 4 is in the transition zone between the ascending aorta and the 

aortic arch, a reanalysis was conducted, and plane 4 was considered to be the 

first part of the aortic arch. As a result, it was added to planes 5 and 6 to 

represent the aortic arch. In both NOP and OP, however, there was no significant 

change in the aortic arch net flow over time (NOP: P: 51.80±11.66 ml, FU: 

55.13±11.10 ml, p value: 0.19; OP: P:47.74±10.98 ml, FU:49.33±10.40 ml, p 

value: 0.16). 

p value 0.24 

p value 0.13 
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In both NOP and OP, the mean net flow in the descending aorta did not differ 

significantly (NOP: P:42.86±4.33 ml, FU:40.29±7.65 ml, p value: 0.43; OP 

P:35.04±3.45 ml, FU:34.2±4.29 ml, p value: 0.74). 

 

Figure 31. The difference between P and FU regarding the mean net flow in the entire 

descending aorta in NOP.  

 

Figure 32. The difference between P and FU regarding the mean net flow in the entire 

descending aorta in OP.  

Level 3 of analysis: 

Net flow significantly increased in planes 1, 2 and 6 in OP (plane 1: P: 

18.5±29.38 ml, FU: 55.36±12.7 ml, p value: 0.02; plane 2: P: 12.99±38.69 ml, 

P value 0.43 

p value 0.74 
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FU: 63.67±21.61ml, p value: 0.007; plane 6: P: 39.81±5.01 ml, FU: 42.64±4.6 ml, 

p value: 0.049). However, there were no significant changes in net flow in any 

plane in NOP. 

 

Figure 33. The difference between P and FU regarding the net flow at each individual 

plane throughout the thoracic aorta in NOP. There was no significant change in net flow 

over time. 

 

Figure 34. The difference between P and FU regarding the net flow in each individual 

plane throughout the thoracic aorta in OP. A significant increase was observed in net 

flow in planes 1, 2, and 6 over time. 
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Figure 35. Summary of the results of net flow in both NOP and OP. AAo = ascending 

aorta, Arch = aortic arch, DAo = descending aorta. 
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thoracic aorta 
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Figure 36. There is an increase in the 

mean net flow in planes 1, 2 and 6 (the 

red colored ones) in OP.    

Figure 37. An increase in the mean net 

flow in OP's ascending aorta (the red-

colored segment). 
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Net flow and WSS 

 

A significant negative correlation was observed between the net flow in the 

ascending aorta and the WSS (all patients together, NOP and OP). The WSS 

increases when the net flow decreases (as in aortic stenosis). FU showed a trend 

toward a negative correlation; however, it was not statistically significant. This 

may be related to the fact that almost all the patients in FU have normal blood 

flow, either because there is no relevant aortic valve stenosis or because the 

blood flow after surgery has been normalized. 

In the aortic arch, there was a trend toward a significant positive correlation 

between net flow and WSS in P, while in FU, the positive correlation became 

statistically significant. 

In the descending aorta, a statistically significant positive correlation was 

observed between net flow and WSS in both P and FU. 

 

 

Figure 38. The negative correlation between the net flow and the WSS in the ascending 

aorta in P. NF = Net Flow, AAo = ascending aorta. 
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Figure 39. The correlation between the net flow and the WSS in the ascending aorta in 

FU. NF = Net Flow, AAo = ascending aorta. 

 

Figure 40. The correlation between the net flow and the WSS in the aortic arch in P. 

 

Figure 41. The correlation between the net flow and the WSS in the aortic arch in FU. 
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Figure 42. The correlation between the net flow and the WSS in the descending aorta in 

P. DAo = descending aorta. 

 

 

Figure 43. The correlation between the net flow and the WSS in the descending aorta in 

FU. DAo = descending aorta. 

 

11.3. Wall shear stress (WSS) in thoracic aorta 

For the purpose of analyzing the WSS, the thoracic aorta was divided into 18 

segments. Ascending aorta, aortic arch, and descending aorta were divided into 

6 segments each. The WSS was calculated at four levels. In the first level of 

analysis, the results of 18 segments were added together to calculate the mean 

WSS for the entire thoracic aorta. In the second level of analysis, the thoracic 

aorta was divided into ascending, arch, and descending aorta. A mean WSS in 

the ascending aorta was obtained by adding the results of segments 1 to 6. A 

mean WSS for the aortic arch was obtained by adding the WSS results of 
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segments 7 to 12. The mean WSS in the descending aorta was obtained by 

adding the results of segments 13 to 18. At the third level of analysis, WSS 

results for segments with odd numbers (1,3,5,7,9,11,13,15,17) were added to 

derive the mean WSS for the outer aortic curvature and WSS results for 

segments with even numbers (2,4,6,8,10,12,14,16,18) were added to derive the 

mean WSS for the inner aortic curvature. The addition of segments (1,3,5) 

yielded a mean WSS for ascending aorta outer curvature. Adding the WSS 

results of segments (7,9,11) yielded a mean WSS in the aortic arch outer 

curvature. Adding the WSS results of segments (13,15,17) gave a mean WSS in 

the descending aorta outer curvature. The mean WSS in ascending aorta inner 

curvature was obtained by adding WSS results from segments (2,4,6). A mean 

WSS in the aortic arch inner curvature was calculated by adding the WSS results 

of segments (8,10,12). Adding the WSS results of segments (14,16,18) resulted 

in the mean WSS in the descending aorta. The fourth level was to calculate WSS 

at each segment separately. 

Level 1 of analysis: 

The mean WSS in the entire thoracic aorta significantly decreases in OP (P: 

1.07±0.54 N/m2, FU:0.88±0.39 N/m2, p value: 0.02), with no significant change in 

NOP (P: 0.998±0.36 N/m2, FU:0.978±0.34 N/m2, p value: 0.61) over time.  

 

Figure 44. The difference between P and FU regarding the WSS in the whole thoracic 

aorta in NOP. 

p value 0.61 
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Figure 45. The difference between P and FU regarding the WSS in the whole thoracic 

aorta in OP. 

Level 2 of analysis: 

WSS significantly decreased in OP group in the ascending aorta (P: 1.61±0.57 

N/m2, FU: 1.33±0.32 N/m2, p value: 0.03). There was a borderline decrease in 

the aortic arch (P: 0.93±0.15 N/m2, FU: 0.71±0.09 N/m2, p value: 0.05) and a 

significant decrease in the descending aorta (P: 0.67±0.13 N/m2, FU: 0.6±0.11 

N/m2, p value: 0.03). In NOP, there was no significant change in WSS over time 

in either ascending aorta (P: 1.33±0.39 N/m2, FU: 1.28±0.33 N/m2, p value: 0.39), 

aortic arch (P: 0.82±0.13 N/m2, FU: 0.87±0.15 N/m2, p value: 0.55) or descending 

aorta (P: 0.85±0.14 N/m
2
, FU: 0.79±0.14 N/m

2
, p value: 0.13). 

 

Figure 46. The difference between P and FU regarding the WSS in the ascending aorta 
in NOP.  
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Figure 47. The difference between P and FU regarding the WSS in the ascending aorta 

in OP.  

 

Figure 48. The difference between P and FU regarding the WSS in the aortic arch in 

NOP. 

 

p value 0.03 
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Figure 49. The difference between P and FU regarding the WSS in the aortic arch in 

OP. 

 

 

Figure 50. The difference between P and FU regarding the WSS in the descending 

aorta in NOP.  
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Figure 51. The difference between P and FU regarding the WSS in the descending 

aorta in OP.  
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Figure 52. On the left side: summary of WSS results in thoracic aorta in both NOP and OP. On 

the right side: Color-coded representation of the WSS changes in OP; a significant decrease in 

the mean WSS in ascending and descending aorta (yellow-colored segments) with a borderline 

significant decrease in WSS in the aortic arch (the orange-colored segment). 
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NOP did not show a significant change in the mean WSS throughout the thoracic 

aorta's outer curvature (P: 0.96±0.34 N/m2, FU: 0.98±0.35 N/m2, p value: 0.75). 

There was, however, a significant decrease in the mean WSS throughout the 

outer curvature of the thoracic aorta in OP (P: 1.11±0.59 N/m2, FU: 0.89±0.42 

N/m2, p value: 0.02). 

 

Figure 53. The difference between P and FU regarding the mean WSS throughout the 

outer curvature of the whole thoracic aorta in NOP. 

 

Figure 54. The difference between P and FU regarding the mean WSS throughout the 

outer curvature of the whole thoracic aorta in OP. 

 

p value 0.75 

p value 0.02 
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The mean WSS throughout the inner curvature of the thoracic aorta did not 

change significantly in NOP (P: 1.04±0.38 N/m2, FU: 0.98±0.34 N/m2, p value: 

0.16). On the other hand, there was a borderline decrease in the mean WSS 

throughout the inner curvature of the whole thoracic aorta in OP (P: 1.02±0.48 

N/m2, FU: 0.87±0.37 N/m2, p value: 0.06). 

 

Figure 56. The difference between P and FU regarding the mean WSS throughout the 

inner curvature of the whole thoracic aorta in NOP. 

 

Figure 55. In OP, a significant decrease in the 

mean WSS along the outer aortic curvature (the 

yellow-colored segment) was observed. 

P value 0.16 
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Figure 57. The difference between P and FU regarding the mean WSS throughout the 

inner curvature of the whole thoracic aorta in OP. 

In NOP, the mean WSS in the outer curvature of the ascending aorta did not 

change significantly (P: 1.29±0.26 N/m2, FU: 1.3±0.24 N/m2, p value: 0.86). 

There was, however, a significant decrease in mean WSS in the outer curvature 

of the ascending aorta in OP (P: 1.76±0.49 N/m2, FU: 1.39±0.33 N/m2, p value: 

0.02). Interestingly, there was a significant decrease in mean WSS in the inner 

curvature of the ascending aorta in NOP (P: 1.37±0.48 N/m2, FU: 1.25±0.42 

N/m2, p value: 0.048). In contrast, the mean WSS in the inner curvature of the 

ascending aorta in the OP did not significantly change (P: 1.46±0.53 N/m2, FU: 

1.27±0.32 N/m2, p value: 0.17). 

 

Figure 58. The difference between P and FU as well as the difference between outer 

and inner aortic curvature regarding the mean WSS in the ascending aorta in both NOP 

and OP. Outer = outer aortic curvature, Inner = inner aortic curvature. 

P value 0.06 
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There was no significant change in mean WSS in the outer curvature of the aortic 

arch in NOP (P: 0.77±0.13 N/m2, FU: 0.85±0.18 N/m2, p value: 0.17). However, a 

significant decrease in mean WSS was found in the outer curvature of the aortic 

arch in OP (P: 0.93±0.17 N/m2, FU: 0.7±0.10 N/m2, p value: 0.03). 

There was no significant change in mean WSS in the inner curvature of the aortic 

arch in NOP (P: 0.87±0.09 N/m2, FU: 0.89±0.08 N/m2, p value: 0.75). Likewise, 

there was no significant change in mean WSS in the inner curvature of the aortic 

arch in OP (P: 0.92±0.12 N/m2, FU: 0.72±0.08 N/m2, p value: 0.09).  

 

Figure 59. The difference between P and FU as well as the difference between outer 

and inner aortic curvature regarding the mean WSS in the aortic arch in both NOP and 

OP. 

NOP showed no significant change in mean WSS in the outer curvature of the 

descending aorta (P: 0.83±0.14 N/m2, FU: 0.78±0.16 N/m2, p value: 0.22). 

Likewise, there was no significant change in mean WSS in the outer curvature of 

the descending aorta in OP (P: 0.64±0.11 N/m2, FU: 0.59±0.10 N/m2, p value: 

0.08). In addition, there was no significant change in mean WSS in the inner 

curvature of the descending aorta in NOP (P: 0.86±0.15 N/m2, FU: 0.80±0.13 

N/m2, p value: 0.13). However, the mean WSS in the inner curvature of the 

descending aorta significantly decreased in OP (P: 0.70±0.14 N/m2, FU: 

0.61±0.11 N/m2, p value: 0.04).   
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Figure 60. The difference between P and FU as well as the difference between outer 

and inner aortic curvature regarding the mean WSS in the descending aorta in both NOP 

and OP.  
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Figure 62. In OP, a significant decrease 

in the mean WSS along the outer 

curvature of the ascending aorta (yellow-

colored segment) was observed. 

Figure 61. In NOP, a significant 

decrease in the mean WSS along the 

inner curvature of the ascending aorta 

(yellow-colored segment) was observed. 
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In the ascending aorta, WSS along the outer curvature was significantly higher 

than the inner curvature as the aortic valve disease progressed (OP group in the 

primary study) (p value: 0.09). However, there was no difference between outer 

and inner curvatures in the aortic arch or descending aorta. 

 

 
Out (NOP) Inn (NOP) p value Out (OP) Inn (OP) p value 

AAo (P) 1.29±0.26 1.37±0.48 0.2 1.76±0.49 1.46±0.53 0.09 

AAo (FU) 1.3±0.24 1.25±0.42 0.4 1.39±0.33 1.27±0.32 0.2 

Arch (P) 0.77±0.13 0.87±0.09 0.18 0.93±0.17 0.92±0.12 0.5 
Arch (FU) 0.85±0.18 0.89±0.08 0.4 0.7±0.10 0.72±0.08 0.4 

DAo (P) 0.83±0.14 0.86±0.15 0.4 0.64±0.11 0.7±0.14 0.3 

DAo (FU) 0.78±0.16 0.8±0.13 0.4 0.59±0.10 0.61±0.11 0.4 
 

Table 10. The comparison between the outer and inner aortic curvatures regarding the 

mean WSS in the ascending aorta, aortic arch and descending aorta in P and FU. Out = 

outer curvature, Inn = inner curvature, AAo = ascending aorta, Arch = aortic arch, DAo = 

descending aorta. 

 

Figure 63. In OP, a significant 

decrease in the mean WSS in the 

outer curvature of aortic arch was 

observed. 

Figure 64. In OP, a significant 

decrease in mean WSS in the inner 

curvature of the descending aorta was 

observed. 
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Figure 65. A summary of WSS results in the thoracic aorta in both outer and inner aortic 

curvatures in NOP and OP. 

Analysis of the WSS of each segment in the 18-segment model revealed the 

following results: 

In NOP, there was a change in 2 out of 18 segments over time. There was a 

significant increase in mean WSS in segment 7 (P: 0.82±0.29 N/m2, FU: 

1.01±0.38 N/m2, p value: 0.03) and a significant decrease in mean WSS in 

segment 14 (P: 1.00±0.46 N/m2, FU: 0.90±0.37 N/m2, p value: 0.03) (Table 11).   

In OP, there was a significant decrease in 5 out of 18 segments, all of them along 

the outer aortic curvature. There was a significant decrease in mean WSS in 

segment 3 (P: 2.14±0.59 N/m2, FU: 1.57±0.47 N/m2, p value: 0.01), segment 7 

(P: 1.06±0.32 N/m2, FU: 0.78±0.17 N/m2, p value: 0.02), segment 9 (P: 0.96±0.32 

N/m2, FU: 0.70±0.25 N/m2, p value: 0.04), segment 11 (P: 0.78±0.24 N/m2, FU: 

0.62±0.19 N/m2, p value: 0.03), and segment 15 (P: 0.62±0.23 N/m2, FU: 

0.55±0.19 N/m2, p value: 0.04) (Table 12). 
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Table 11. Mean WSS along the thoracic aorta in 18-segment model in NOP. WSS = wall 

shear stress, NOP = non-operated group, P = primary, FU = follow-up, SD = standard 
deviation. 

 

 

 

 

 

 

 

 

 

WSS (NOP) 

Segments 

Mean P Mean FU SD P SD FU p value 

1 1.38 1.39 0.43 0.40 0.92 

2 1.83 1.69 0.62 0.58 0.33 

3 1.29 1.26 0.39 0.40 0.80 

4 1.27 1.09 0.40 0.39 0.14 

5 1.19 1.25 0.34 0.45 0.47 

6 1.01 0.97 0.35 0.27 0.62 

7 0.82 1.01 0.29 0.38 0.03 

8 0.87 0.91 0.35 0.36 0.51 

9 0.74 0.78 0.21 0.23 0.45 

10 0.85 0.89 0.29 0.31 0.44 

11 0.76 0.77 0.28 0.23 0.85 

12 0.89 0.85 0.28 0.24 0.38 

13 0.93 0.89 0.63 0.55 0.35 

14 1.00 0.90 0.46 0.37 0.03 

15 0.84 0.75 0.36 0.22 0.23 

16 0.86 0.81 0.42 0.28 0.51 

17 0.72 0.69 0.19 0.17 0.39 

18 0.74 0.70 0.18 0.16 0.07 
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WSS (OP) 

segments 
Mean P Mean FU SD P SD FU p value 

1 1.44 1.32 0.57 0.26 0.21 

2 1.80 1.50 0.77 0.33 0.20 

3 2.14 1.57 0.59 0.47 0.01 

4 1.52 1.37 0.36 0.56 0.28 

5 1.70 1.29 0.57 0.39 0.06 

6 1.06 0.95 0.48 0.30 0.27 

7 1.06 0.78 0.32 0.17 0.02 

8 0.99 0.74 0.48 0.24 0.09 

9 0.96 0.70 0.32 0.25 0.04 

10 0.90 0.73 0.40 0.26 0.15 

11 0.78 0.62 0.24 0.19 0.03 

12 0.88 0.68 0.31 0.18 0.05 

13 0.72 0.65 0.24 0.28 0.23 

14 0.82 0.69 0.28 0.17 0.09 

15 0.62 0.55 0.23 0.19 0.04 

16 0.62 0.54 0.20 0.08 0.09 

17 0.57 0.59 0.18 0.16 0.37 

18 0.65 0.60 0.17 0.12 0.24 

 
Table 12. Mean WSS along the thoracic aorta in 18-segment model in OP. WSS = wall 

shear stress, OP = operated group, P = primary, FU = follow-up, SD = standard 

deviation. 
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Figure 66. The difference between P and FU regarding the mean WSS along the 
thoracic aorta in 18-segment model in NOP. Yellow arrows depict segments that have 
undergone statistically significant change over time. 

 

 

Figure 67. The difference between P and FU regarding the mean WSS along the 

thoracic aorta in 18-segment model in NOP. There was a significant increase in the 

mean WSS in segment 7 and a significant decrease in segment 14. Yellow arrows depict 

segments that have undergone statistically significant change over time. 
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Figure 68. The difference between P and FU regarding the mean WSS along the 

thoracic aorta in 18-segment model in OP. Yellow arrows depict segments that have 

undergone statistically significant change over time. 

 

 

Figure 69. The difference between P and FU regarding the mean WSS along the 

thoracic aorta in 18-segment model in OP. There was a significant decrease in the mean 

WSS in segments 3, 7, 9, 11 and 15. Yellow arrows depict segments that have 

undergone statistically significant change over time. 
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Figure 72. The difference between P and FU regarding the mean WSS along the 

thoracic aorta in 18-segment model in both NOP and OP. The blue color represents the 

mean WSS in P, and the red represents the mean WSS in FU. There was no significant 

change in mean WSS in NOP, and a significant decrease in OP over time is noted. 
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Figure 70. In NOP, there was a 

significant increase in mean WSS in 

segment 7 (the red-colored segment) 

and a decrease in mean WSS in 

segment 14 (the yellow-colored 

segment). 

Figure 71. In OP, there was a 

significant decrease in mean WSS 

in segments 3, 7, 9, 11, and 15 

(yellow-colored segments). 

NOP OP 
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WSS distribution 

Tables 13 and 14 show the distribution of the WSS and the segments with the 

highest and lowest WSS values. In NOP in P, the top 6 segments with the 

highest WSS values are arranged from highest to lowest: 2,1,3,4,5,6. Note that 

the top 6 segments are the same 6 segments representing the ascending aorta. 

Segment 2 represents the proximal aortic inner curvature and has the highest 

WSS value. In comparison, the lowest 6 segments are 15, 7, 11, 9, 18, and 17. 

Segment 17 - representing the outer curvature of the distal descending aorta - 

has the lowest WSS value. The segments with the lowest WSS values are all 

along the outer curvature of the aortic arch and descending aorta. In NOP in FU, 

the top 6 segments with the highest WSS values arranged from highest to lowest 

are: 2,1,3,5,4,7. Five out of the six segments are in the ascending aorta, and the 

sixth segment represents the proximal outer aortic arch, while the lowest 6 

segments are 16,9,11,15,18,17. The segment with the lowest WSS value 

remains the same as in P: 17.  

In OP at P, the top 6 segments with the highest WSS values arranged from 

highest to lowest are: 3,2,5,4,1,6. Note that the top 6 segments are the 6 

representing the ascending aorta. The segments are the same as in NOP, but 

the distribution is different. The segment with the highest WSS value is segment 

3, representing the mid-outer curvature of ascending aorta, while the lowest 6 

segments are 11,13, 18,15,16,17. The segment with the lowest WSS value is 

segment 17, representing the outer curvature of the distal descending aorta. All 

the segments with the lowest WSS values are in the descending aorta, except 

segment 11, representing the distal outer curvature of the aortic arch. In OP in 

FU, the top 6 segments with the highest WSS values arranged from highest to 

lowest are: 3,2,4,1,5,6. They are the same segments as at P but with different 

rankings. Note that the top 2 segments with the highest WSS remained the same 

after surgery, while the lowest 6 segments were 13,11,18,17,15,16. Once again, 

these were the same segments as at P but with a different distribution. The 

segment with the lowest WSS value is segment 16. 
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 WSS 

(NOP)   

WSS 

(OP) 

 

Rank 
Seg     

P 

Mean 

P 

Seg 

FU 

Mean 

FU 
Rank 

Seg             

P 

Mean 

P 

Seg 

FU 

Mean 

FU 

1 S 2 1.83 S 2 1.69 1 S 3 2.14 S 3 1.57 

2 S 1 1.38 S 1 1.39 2 S 2 1.8 S 2 1.5 

3 S 3 1.29 S 3 1.26 3 S 5 1.7 S 4 1.37 

4 S 4 1.27 S 5 1.25 4 S 4 1.52 S 1 1.32 

5 S 5 1.19 S 4 1.09 5 S 1 1.44 S 5 1.29 

6 S 6 1.01 S 7 1.01 6 S 6 1.06 S 6 0.95 

7 S 14 1.00 S 6 0.97 7 S 7 1.06 S 7 0.78 

8 S 13 0.93 S 8 0.91 8 S 8 0.99 S 8 0.74 

9 S 12 0.89 S 14 0.9 9 S 9 0.96 S 10 0.73 

10 S 8 0.87 S 10 0.89 10 S 10 0.9 S 9 0.7 

11 S 16 0.86 S 13 0.89 11 S 12 0.88 S 14 0.69 

12 S 10 0.85 S 12 0.85 12 S 14 0.82 S 12 0.68 

13 S 15 0.84 S 16 0.81 13 S 11 0.78 S 13 0.65 

14 S 7 0.82 S 9 0.78 14 S 13 0.72 S 11 0.62 

15 S 11 0.76 S 11 0.77 15 S 18 0.65 S 18 0.6 

16 S 9 0.74 S 15 0.75 16 S 15 0.62 S 17 0.59 

17 S 18 0.74 S 18 0.7 17 S 16 0.62 S 15 0.55 

18 S 17 0.72 S 17 0.69 18 S 17 0.57 S 16 0.54 

 

Table 13. Ranking of the 18 segments representing the thoracic aorta regarding the 

WSS values. Seg = segment, S = segment, P = primary, FU = follow-up, NOP = non-

operated group, OP = operated group. 
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WSS 

(NOP) 

 WSS 

(OP) 

 

AAo R S 

P 

Mean P S 

FU 

Mean FU AAo R S 

P 

Mean P S 

FU 

Mean FU 

1 S 2 1.83 S 2 1.69 1 S 3 2.14 S 3 1.57 

2 S 1 1.38 S 1 1.39 2 S 2 1.8 S 2 1.5 

3 S 3 1.29 S 3 1.26 3 S 5 1.7 S 4 1.37 

4 S 4 1.27 S 5 1.25 4 S 4 1.52 S 1 1.32 

5 S 5 1.19 S 4 1.09 5 S 1 1.44 S 5 1.29 

6 S 6 1.01 S 6 0.97 6 S 6 1.06 S 6 0.95 

 
Arch 1 S 12 0.89 S 7 1.01 Arch 1 S 7 1.06 S 7 0.78 

2 S 8 0.87 S 8 0.91 2 S 8 0.99 S 8 0.74 

3 S 10 0.85 S 10 0.89 3 S 9 0.96 S 10 0.73 

4 S 7 0.82 S 12 0.85 4 S 10 0.9 S 9 0.7 

5 S 11 0.76 S 9 0.78 5 S 12 0.88 S 12 0.68 

6 S 9 0.74 S 11 0.77 6 S 11 0.78 S 11 0.62 

 
DAo 1 S 14 1.00 S 14 0.9 DAo 1 S 14 0.82 S 14 0.69 

2 S 13 0.93 S 13 0.89 2 S 13 0.72 S 13 0.65 

3 S 16 0.86 S 16 0.81 3 S 18 0.65 S 18 0.6 

4 S 15 0.84 S 15 0.75 4 S 15 0.62 S 17 0.59 

5 S 18 0.74 S 18 0.7 5 S 16 0.62 S 15 0.55 

6 S 17 0.72 S 17 0.69 6 S 17 0.57 S 16 0.54 

 

Table 14. Ranking of the segments representing the ascending aorta, aortic arch and 

descending aorta regarding the WSS values. S = segment, AAo = ascending aorta, Arch 

= aortic arch, DAo = descending aorta. 
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Figure 73. The figure shows the WSS distribution in the 18-segment model for the WSS 

analysis, drawn manually in Microsoft Paint. The aorta is divided into 3 parts: ascending 

aorta, aortic arch, and descending aorta. Each part is divided into six segments. The 

segments in each part are color-coded to represent the segments with the highest and 

those with the lowest WSS (red color represents the segment with the highest WSS, and 

dark blue represents the segment with the lowest WSS). Red = rank 1, orange = rank 2, 

yellow = rank 3, green = rank 4, sky blue = rank 5, dark blue = rank 6. 
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It should be taken into account that we actually have four groups: NOP (P) is 

composed of patients with mild to moderate aortic stenosis, NOP (FU) is 

composed of the same patients with almost no significant progression in aortic 

valve disease except for only one patient, OP (P) is composed of patients with 

severe aortic stenosis, and OP (FU) includes the same patients after surgery. We 

can consider that those four groups represent different aortic valve disease 

course stages. NOP (P) represents patients with mild to moderate aortic valve 

stenosis. NOP (FU) represents the same patients at follow-up with overall stable 

valvular disease, OP (P) represents patients with severe aortic valve stenosis 

before surgery, and OP (FU) represents the same patients after surgery. 

In NOP, the distribution of the top 3 WSS segments in the ascending aorta was 

identical in both P and FU. The top 3 segments were confined to the proximal 

and mid ascending aorta (the top 2 segments represent the proximal ascending 

aorta, with segment 2 representing the inner proximal ascending aorta in first 

place and segment 3 in third place representing the outer mid ascending aorta). 

The distribution of the bottom 3 segments in ascending aorta changed in FU, 

where segments 4 and 5 exchanged their places, leading to a slightly higher 

WSS in the distal outer ascending aorta than in P. 

The only change between P and FU in the aortic arch was that segments 7 and 

12 had exchanged their places (the segment with the highest WSS in the aortic 

arch changed from the inner distal to the outer proximal aortic arch). The second 

and third place segments remained unchanged. In the descending aorta, the 

distribution of both the top and bottom three segments was precisely the same in 

both P and FU. Note that the top 2 segments in the descending aorta were 14 

and then 13. 

In the OP group in P, the distribution of the top 3 WSS segments in the 

ascending aorta was markedly changed compared to the NOP group in P. The 

top 3 OP (P) segments were distributed along the entire ascending aorta, 

whereas in NOP (P), they were confined only to the proximal and mid ascending 

aorta. The first place segment was segment 3 (outer mid ascending aorta), the 

second segment was segment 2 (inner proximal ascending aorta), and the third 

place went to segment 5 (outer distal ascending aorta). We can refer to the 

change in the distribution of WSS top 3 segments in the ascending aorta from 

being confined to the proximal and mid ascending aorta in NOP (P) to extending 

to the distal ascending aorta in OP (P) as a distal displacement of the WSS 

distribution. This distal displacement of the WSS distribution might signify aortic 

valvular disease progression.  
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The WSS distribution changed once again in OP in FU (i.e., after aortic valve 

replacement). We noticed an apparent regression of the previously described 

distal displacement of the WSS distribution. The top 3 segments after surgery 

were once again confined to the proximal and mid ascending aorta instead of 

reaching the distal ascending aorta. Interestingly, the top 2 segments kept their 

places even after surgery, with lower WSS values. The regression of the WSS 

distribution distal displacement (WDDD) may signify hemodynamic improvement 

after surgery.  

In the aortic arch in the OP in P, the top 3 segments were confined to the 

proximal and mid arch. In comparison to the other three groups, we found that: 

segment 8, representing the inner proximal aortic arch, kept second place in all 

four groups. The difference in the top 3 segments in the aortic arch was confined 

to segments 1 and 3. In NOP (P), the top 3 segments in the aortic arch were 12, 

8 and 10, respectively. All of the top 3 WSS segments in NOP (P) were confined 

to the inner aortic arch curvature. In NOP (FU), we observed that segment 7 

(outer proximal arch) took the lead from segment 12 (inner distal arch), while 

segments 10 and 8 (inner mid and proximal arch) kept their places. In OP (P), 

both the first and second segments kept their places, while segment 9 (mid outer 

arch) took third place. That means that two out of the three top 3 segments are 

located in the outer aortic arch (outer proximal and mid arch). Comparing this 

WSS distribution in NOP to WSS distribution in OP, we observed a tendency to 

an outer displacement of WSS distribution (outer aortic arch) over time (i.e., with 

disease progression). Therefore, WSS distribution outer displacement (WDOD) 

might also signify aortic valve disease progression. Another interesting finding in 

the WSS distribution of the aorta arch was WSS in segment 7 (the outer proximal 

aortic arch). In NOP (P), it was in fourth place. In NOP (FU), even though the 

patients in this group showed no obvious overall aortic valve disease 

progression, segment 7 showed a marked increase in the WSS, taking the lead 

in the aortic arch from segment 12, and it also kept the lead in OP (P) and (FU). 

Therefore, increasing WSS in segment 7 might be an early sign of aortic valve 

disease progression. 

In descending aorta OP, in both P and FU, the most interesting finding was that 

segments 14 and 13 kept their places as the top 2 segments in descending aorta 

not only in OP (P) and (FU) but also in NOP (P) and (FU). The third top segment 

(segment 18) kept its place in OP in both P and FU. 
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11.4. Peak systolic velocity in thoracic aorta 

Analysis of the peak systolic velocity in 8 planes along the thoracic aorta using 

the EnSight program provided the following results: 

In NOP, there was no significant change in peak systolic velocity in any plane       

(P1: P: 2.19±0.54m/s, FU: 2.34±0.57m/s, p value: 0.23), (P2: P: 2.17±0.55m/s, 

FU: 2.23±0.55m/s, p value: 0.58), (P3: P: 1.77±0.67m/s, FU: 1.66±0.42m/s, p 

value: 0.61), (P4: P: 1.42±0.54m/s, FU: 1.25±0.31m/s, p value: 0.20), (P5: P: 

1.13±0.55m/s, FU: 1.14±0.56m/s, p value: 0.89), (P6: P: 0.92±0.27m/s, FU: 

1.07±0.45m/s, p value: 0.06), (P7: P: 0.93±0.52m/s, FU: 0.90±0.37m/s, p value: 

0.69), (P8: P: 0.88±0.50m/s, FU: 0.78±0.22m/s, p value: 0.40). 

In OP, there was a statistically significant decrease in peak systolic velocity in 

two planes (P3 and P4) and borderline significant decrease in one plane (P5), 

with otherwise no significant change in the other planes over time (P1: P: 

2.66±0.77m/s, FU: 2.44±0.47m/s, p value: 0.27), (P2: P: 2.63±0.65m/s, FU: 

2.36±0.58m/s, p value: 0.22), (P3: P: 2.23±0.71m/s, FU: 1.74±0.46m/s, p value: 

0.04), (P4: P: 1.76±0.77m/s, FU: 1.16±0.34m/s, p value: 0.04), (P5: P: 

1.13±0.44m/s, FU: 0.89±0.42m/s, p value: 0.05), (P6: P: 0.73±0.24m/s, FU: 

0.73±0.25m/s, p value: 0.47), (P7: P: 0.63±0.25m/s, FU: 0.62±0.27m/s, p value: 

0.40), (P8: P: 0.74±0.49m/s, FU: 0.59±0.13m/s, p value: 0.22). 

 

Figure 74. The mean peak systolic velocity in 8 planes along the thoracic aorta in NOP. 
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Figure 75. The mean peak systolic velocity in 8 planes along the thoracic aorta in OP. 
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Figure 76. In OP, there was a significant 

decrease in the peak systolic velocity in P3 & 4 

(blue-colored planes) and a borderline decrease 

in P5 (sky-blue-colored plane). 
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Adding the results of planes 1 to 4 to get a mean peak systolic velocity in the 

ascending aorta showed the following results:  

In OP, a significant decrease in the peak systolic velocity was found in the 

ascending aorta, but not in NOP. (NOP: P: 1.89±0.47m/s, FU: 1.87±0.56m/s, p 

value: 0.86), (OP: P: 2.32±0.72m/s, FU: 1.93±0.64m/s, p value: 0.02). 

 

Figure 77. The mean peak systolic velocity of the 4 planes along the ascending aorta in 

NOP.  

 

Figure 78. The mean peak systolic velocity of the 4 planes along the ascending aorta in 

OP.  

p value 0.86 

p value 0.02 
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Adding the results of planes 5 and 6 to get a mean peak systolic velocity in the 

aortic arch gave the following results: 

In both NOP and OP, the mean peak systolic velocity in the aortic arch was not 

statistically significantly different (NOP: P: 1.02±0.16m/s, FU: 1.11±0.18m/s, p 

value: 0.3), (OP: P: 0.93±0.29m/s, FU: 0.81±0.14m/s, p value: 0.14). 

 

Figure 79. The mean peak systolic velocity of the 2 planes along the aortic arch in NOP. 

 

 

Figure 80. The mean peak systolic velocity of the 2 planes along the aortic arch in OP. 

 

p value 0.3 

p value 0.15 
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As for the net flow analysis in planes, once again, we considered that plane four 

is placed in the transitional zone between the ascending aorta and aortic arch. 

We performed a second analysis considering plane four as the first part of the 

aortic arch and then adding it to planes 5 and 6 to represent the aortic arch. 

Despite that, there was no significant change in peak systolic velocity in the 

aortic arch over time in NOP and a borderline significant decrease in peak 

systolic velocity in OP (NOP P: 1.15±0.29, FU: 1.16±0.25, p-value 0.96; OP 

P:1.21±0.53, FU:0.93±0.24, p value 0.05). 

Adding the results of planes 7 and 8 to get a mean peak systolic velocity in the 

descending aorta gave the following results: 

In both NOP and OP, the mean peak systolic velocity in the descending aorta did 

not change statistically significantly (NOP: P: 0.91±0.20m/s, FU: 0.84±0.14m/s, p 

value: 0.89), (OP: P: 0.69±0.13m/s, FU: 0.61±0.15m/s, p value: 0.19). 

 

 

Figure 81. The mean peak systolic velocity of the 2 planes along the descending aorta 

in NOP.  

 

p value 0.89 
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Figure 82. The mean peak systolic velocity of the 2 planes along the descending aorta 

in OP.  

 
Analysis of the peak systolic velocity in segments using Matlab-based tool. 

Analysis of the peak systolic velocity by dividing the thoracic aorta into three 

segments (ascending aorta, aortic arch, and descending aorta) gave the 

following results:  

There was no significant change in the peak systolic velocity in the ascending 

aorta in NOP, while a statistically significant decrease in the peak systolic 

velocity in the ascending aorta was observed in OP (NOP: P: 2.53±0.77m/s, FU: 

2.50±0.62m/s, p value: 0.84), (OP: P: 3.22±0.49m/s, FU: 2.65±0.45m/s, p value: 

0.01). 

p value 0.19 
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Figure 83. The mean peak systolic velocity in the ascending aorta in NOP.  

 

Figure 84. The mean peak systolic velocity in the ascending aorta in OP.  

In NOP, the peak systolic velocity in the aortic arch did not change significantly, 

but in OP, the peak systolic velocity was significantly reduced (NOP: P: 

1.23±0.37m/s, FU: 1.3±0.34m/s, p value: 0.44), (OP: P: 1.38±0.32m/s, FU: 

1.01±0.22m/s, p value: 0.02). 

p value 0.84 

p value 0.01 
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Figure 85. The mean peak systolic velocity in the aortic arch in NOP. 

 

 

Figure 86. The mean peak systolic velocity in the aortic arch in OP. 

There was no significant change in the peak systolic velocity in the descending 

aorta in both NOP and OP (NOP: P: 1.09±0.48m/s, FU: 1.06±0.43m/s, p value: 

0.81), (OP: P: 0.85±0.24m/s, FU: 0.81±0.18m/s, p value: 0.29). 

 

p value 0.44 

p value 0.02 
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Figure 87. The mean peak systolic velocity in the descending aorta in NOP.               

 

Figure 88. The mean peak systolic velocity in the descending aorta in OP.                  

Comparison of the two analysis modalities used to calculate the peak 

systolic velocity (peak velocity in planes using EnSight vs. peak velocity in 

segments using Matlab-based tool) 

In Matlab, we get only one value of peak systolic velocity in the whole segment: 

ascending aorta, aortic arch, and descending aorta. With EnSight, we get a peak 

systolic velocity in each plane. We chose the plane with the highest peak systolic 

velocity in each segment and regarded it as the peak systolic velocity for the 

entire segment: ascending aorta, aortic arch, and descending aorta. Comparing 

EnSight with Matlab-based tool results provided the following:  

Results obtained using EnSight, and the Matlab-based tool do not differ 

statistically significantly (Table 15). 

p value 0.81 

p value 0.29 
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4 2.7 3.7 2.5 2.6 4 1.4 1.4 1.1 1.4 4 1.2 1.3 1.1 1.2 

5 2.2 2.1 2.0 2.1 5 0.7 0.8 0.8 0.8 5 0.7 0.9 0.8 0.8 

6 2.2 2.1 3.0 3.2 6 0.9 1.0 1.2 1.6 6 0.8 1.0 0.9 1.1 

7 2.6 3.2 2.9 2.9 7 0.9 1.6 1.3 1.6 7 0.8 1.0 0.8 0.9 

8 2.0 2.3 2.3 2.3 8 0.7 0.8 0.8 1.3 8 0.7 0.8 0.8 0.8 

9 3.5 4.0 3.2 3.7 9 1.7 2.1 2.0 1.8 9 2.3 2.5 1.7 2.3 

10 1.8 1.9 1.6 1.7 10 1.0 1.2 0.9 1.1 10 1.0 1.3 1.0 1.2 

11 2.6 2.5 2.3 2.5 11 2.0 1.4 2.6 1.1 11 1.1 1.0 1.3 1.1 

12 1.5 1.5 2.2 1.8 12 0.9 1.2 1.4 1.6 12 0.8 1.0 1.1 1.1 

13 3.2 2.1 2.8 2.4 13 2.3 1.4 1.4 1.2 13 2.4 1.4 1.0 1.0 

Mean 2.4 2.5 2.5 2.5 Mean 1.1 1.2 1.2 1.3 Mean 1.1 1.1 0.9 1.1 

SD 0.6 0.8 0.6 0.6 SD 0.5 0.4 0.6 0.3 SD 0.6 0.5 0.3 0.4 

p-value  0.3  0.4 p value  0.3  0.3 p value  0.4  0.2 

               
PV 

AAO 
(OP) 

    PV 
Arch 
(OP) 

    PV 
DAo 
(OP) 

    

1 2.7 2.6 1.9 1.9 1 0.9 1.2 0.7 0.9 1 0.6 0.7 0.6 0.7 

2 2.7 3.0 2.6 2.3 2 1.6 2.0 0.6 0.8 2 0.6 1.0 0.6 0.8 

3 3.7 3.7 3.2 2.8 3 1.0 1.3 0.9 1.1 3 0.7 0.8 0.8 1.0 

4 3.4 3.1 1.9 2.4 4 0.9 1.1 0.9 0.9 4 0.7 0.8 0.7 0.8 

5 2.8 3.0 2.9 3.1 5 1.0 1.4 0.9 1.1 5 0.5 0.7 0.5 0.7 

6 2.6 3.0 2.9 3.2 6 0.7 1.2 0.6 0.9 6 0.4 0.6 0.6 0.7 

7 3.1 4.1 2.9 2.9 7 1.9 1.7 1.8 1.4 7 1.8 1.3 1.2 1.1 

Mean 3.0 3.2 2.6 2.7 Mean 1.1 1.4 0.9 1.0 Mean 0.8 0.9 0.7 0.8 

SD 0.4 0.5 0.5 0.4 SD 0.4 0.3 0.4 0.2 SD 0.5 0.2 0.2 0.2 

p-value  0.2  0.5 p value  0.1  0.3 p value  0.4  0.2 

 
Table 15. A comparison of the peak systolic velocity values obtained with EnSight and 

the Matlab-based tool. AAo = ascending aorta, Arch = aortic arch, DAo = descending 

aorta, PV = peak velocity, (P) = planes, (S) = segments, P = primary, FU = follow-up, 

NOP = non-operated, OP = operated. The two methods did not show any statistically 

significant differences. 
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Figure 90. The peak systolic velocity 

decreased significantly in the ascending 

aorta and aortic arch (yellow-colored 

segments) in OP (peak velocity in 

segments with Matlab-based tool). 

Figure 89. An increase in peak systolic 

velocity was observed in the ascending 

aorta (yellow segment) and a borderline 

decrease in the aortic arch (orange 

segment) in OP (peak velocity in planes 

with EnSight). 
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Peak systolic velocity and WSS 

There was a strong positive correlation between the peak velocity and WSS 

across the ascending aorta, aortic arch, and descending aorta in both P and FU. 

 

Figure 91. The correlation between the peak systolic velocity in the ascending aorta and 

WSS magnitude in P. Note the very strong positive correlation. AAo = ascending aorta, 

PV = peak velocity, P = primary. 

 

Figure 92. The correlation between the peak systolic velocity in the ascending aorta and 

WSS magnitude in FU. Note the strong positive correlation. AAo = ascending aorta, PV 

= peak velocity, FU = follow-up. 
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Figure 93. The correlation between the peak systolic velocity in the aortic arch and WSS 

magnitude in P. Note the strong positive correlation. Arch = aortic arch, PV = peak 

velocity, P = primary. 

 

Figure 94. The correlation between the peak systolic velocity in the aortic arch and WSS 

magnitude in FU. Note the strong positive correlation. Arch = aortic arch, PV = peak 

velocity, FU = follow-up. 
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Figure 95. The correlation between the peak systolic velocity in the descending aorta 

and WSS magnitude in P. Note the very strong positive correlation. DAo = descending 

aorta, PV = peak velocity, P = primary. 

 

Figure 96. The correlation between the peak systolic velocity in the descending aorta 

and WSS magnitude in FU. Note the very strong positive correlation. DAo = descending 

aorta, PV = peak velocity, FU = follow-up. In Figures 78 and 79, only one patient's 

descending aortic velocity is significantly higher than all the others because of aortic 

coarctation. 

Additionally, there was no significant correlation between peak velocity, blood 

pressure and heart rate, given that all the patients were normotensive and had 

normal heart rates during the examination (mean systolic blood pressure: 

129.3±17.87 mmHg, mean diastolic blood pressure: 74.5 ±11.57 mmHg, mean 

heart rate: 67±12.03 bpm). 
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11.5. Helical and vortical flow in thoracic aorta 

The helical and vortical flow formations in NOP and OP did not change 

statistically significantly over time (Table 17). However, we observed changes in 

helical and vortical flow in individual cases. There were 13 patients in the NOP 

group, 5 with TAV and 8 with BAV. Over time, there was no change in the helical 

and vortical flow formation in the five patients with TAV. However, while there 

was no change in vortices over time for the eight patients with BAV, helical flow 

increased from grade 1 to grade 2 in one patient and decreased from grade 2 to 

grade 1 in another. Otherwise, helical flow remained unchanged in the remaining 

patients.  

The vortical flow in OP changed in 2 of the 7 patients. After surgery, one patient 

developed a new vortical flow formation, and in the other, the vortical flow 

formation disappeared. Regarding the helical flow formation, four out of seven 

patients showed a change. Helical flow intensity decreased in one patient from 

grade 3 to 1, in one patient from grade 3 to 2, and in one patient from grade 2 to 

1, while one patient showed an increase from grade 1 to 2 (Table 16). 

Statistically, the helical flow was more intense in patients with BAV than those 

with TAV in primary and follow-up studies (p value of 0.002 and 0.009, 

respectively). The intensity of helical flow formation does not correlate with the 

presence of vortical flow formation. There is helical flow in all patients, but not all 

have vortical flow. 

 

Change over 
time 

Helical flow   
NOP 

Helical flow 
OP 

Vortical flow 
NOP 

Vortical flow 
OP 

 

Increase 1B 1B 0 1B 

Decrease 1B 3B 0 1B 

 
Table 16. The change in helical and vortical flow over time. B = BAV, NOP = non-

operated group, OP = operated group. 
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(NOP) TAV Hx(P) Hx(FU) p value Vx(P) Vx(FU) p value 

1 1 1  0 0  

2 1 1  1 1  

3 2 2  1 1  

4 1 1  0 0  

5 1 1 1 1 1 1 

       

BAV       

1 1 2  0 0  

2 3 3  0 0  

3 3 3  0 0  

4 3 3  0 0  

5 1 1  1 1  

6 2 1  1 1  

7 1 1  1 1  

8 1 1 1 1 1 1 

       

(OP)       

1 T 1 1  1 1  

2 3 1  0 0  

3 3 3  1 1  

4 2 1  0 1  

5 1 2  1 0  

6 3 2  1 1  

7 3 3 0.29 1 1 1 

 

Table 17. The difference between P and FU regarding the helical and vortical flow 

formations. Hx = helix, Vx = vortex, T = TAV, BAV = bicuspid aortic valve, P = primary, 

FU = follow-up. 
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Figure 97. Here is an example of a patient whose helical flow intensity decreased after 

surgery. Images a and b are anterior and posterior views of the thoracic aorta depicting 

the helical flow intensity with streamlines in the primary study; c and d are the same 

views of the thoracic aorta showing regression of the helical flow intensity in the follow-

up study. 

 

 

 

 

 

 

a b 

C d 
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Figure 98. Examples of the different grades of helical flow intensity. a) mild helical flow 

(grade 1), b) moderate helical flow (grade 2), and c) severe helical flow (grade 3). d) 

cross-sectional view of the mid ascending aorta showing helical flow. 
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c d 
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Figure 99. Examples of the most stunning vortical flow formations in our study. 
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Helical flow and vortical flow and WSS 

There was a significant positive correlation between helical flow formation 

intensity and WSS in both P and FU. 

 

Figure 100. The correlation between the helical flow intensity and the WSS in P. Note 

the positive correlation. WSS = wall shear stress, P = primary. 

 

 

Figure 101. The correlation between the helical flow intensity and the WSS in FU. Note 

the positive correlation. WSS = wall shear stress, FU = follow-up. 
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There was a significant correlation between aortic valve morphology and helical 

flow intensity. BAV patients had more intense helical flow. 

 

Figure 102. The correlation between the helical flow intensity and the aortic valve 

morphology. Note the positive correlation between the presence of BAV and the helical 

flow intensity.  Hx = helical flow, P = primary. 

 

There was no significant correlation between the aortic valve morphology and the 

presence of vortical flow (r = 0.09, p value = 0.71). In addition, there was no 

significant correlation between the intensity of helical flow and the presence of 

vortical flow (P: r = 0.25, p value 0.29; FU: r = 0.29, p value 0.21). Helical flow 

intensity tended to be related to the severity of aortic valve stenosis (Hx P (NOP): 

1.6±0.87, Hx P (OP): 2.3±0.95, p value 0.06). There was no significant 

correlation between the presence of vortical flow and WSS (P: r = 0.087, p value 

0.71; FU: r = 0.13, p value 0.59). There was no correlation between the aortic 

diameter and the presence of vortical flow (P: r = 0.29, p value 0.21; FU: r = 0.14, 

p value 0.57). In addition, there was no significant correlation between the aortic 

diameter and the intensity of helical flow (P: r = 0.27, p value 0.25; FU: r = 0.15, p 

value 0.52). 

There was no significant correlation between the presence of vortical flow and 

age (r = 0.01, p value 0.96), gender (r = 0.13, p value 0.57), blood pressure (r = 

0.002, p value 0.99), heart rate (r = 0.21, p value 0.37) and aortic valve 

morphology (TAV or BAV) (r = 0.09, p value 0.71). There was no significant 

correlation between helical flow and age (r = 0.1, p value 0.69), gender (r = 0.15, 

p value 0.51), blood pressure (r = 0.07, p value 0.77) and heart rate (r = 0.25, p 

value 0.28). 
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12. Discussion  

Our follow-up study successfully enrolled 20 patients, divided into two groups: 

NOP and OP. This is one of the few follow-up studies evaluating aortic 

hemodynamics in patients with aortic valve disease. We longitudinally evaluated 

left ventricular parameters and hemodynamic parameters using 4D flow MRI. 

This study was focused on wall shear stress (WSS), its evolution over time, and 

its possible correlation to other parameters. On follow-up, the mean age was 

57.5±15.9 years in NOP and 73.2±4.4 years in OP. The mean duration from P to 

FU was 4.4±1.5 years for NOP and 4.3±1.4 years for OP. There was a significant 

difference between OP and NOP in terms of age and BMI, with the OP group 

being older and having a lower BMI.  

In our study, WSS and BMI were not significantly correlated (r = 0.07, p = 0.77). 

There was, however, a trend of a significant negative correlation between age 

and WSS (P: r = 0.31, p value 0.092, FU: r = 0.41, p value 0.038). There was a 

correlation between age and WSS in a few previous studies. An example is a 

study published in 2015 in which Lantz et al. measured aortic diameter and WSS 

using CMR in two groups of males: younger males (n = 10) and older males (n = 

8) of various ages. The study found that WSS decreased with age due to an 

increase in aortic diameter and a decrease in stroke volume resulting in a 

decrease in aortic shear rate (77). Furthermore, Callaghan et al. published a 

study in 2018 in which they measured thoracic aortic WSS in 224 healthy 

subjects with normal anatomy (mean age 49.58± 17.97) using 4D flow MRI. The 

same conclusion was reached that WSS decreases with age (78). 

The results of our study support the previously described observations that the 

WSS decreases with age. The decrease in WSS with time (i.e., with age) could 

be explained by the increase in aortic diameter over time in NOP and the 

decrease in LVEF and LVSV after surgery in OP. 

 

12.1. LV mass, LV EF, and aortic diameter 

We assessed the LV mass and mass index as an indicator of LV remodeling 

together with the other LV parameters: LVEDV, LVSV, and LVEF. In NOP, we 

evaluated the evolution of LV mass over time and predicted that it would decline 

in OP following surgery. There were no significant differences in LVEDV, LVSV, 

LVEF, and LV mass between P and FU in NOP. In contrast, in OP, there was a 

significant decline in LVSV, LVEF, and LV mass after surgery. Our study showed 

a reduction in LV mass and mass index of 24.6% after surgery. Reverse cardiac 

remodeling is clearly evident from the marked LV mass reduction after surgery. 
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The significant reduction in LVEF is probably due to a reduction in LVSV caused 

by the reduction in LV mass. 

In previous studies, similar results were observed. An example is Rank et al.'s 

study published in 2021. In a prospective study, 27 patients undergoing aortic 

valve replacement were assessed by CMR for left ventricular function and 

structure (n = 19 with aortic stenosis and 8 with aortic regurgitation). CMR was 

performed before and 1, 5, and 10 years after aortic valve replacement. LV 

volumes, mass, and LVEF were evaluated. Their observations showed a 

decrease in LVMI, EDVI, and ESVI in both groups, and as a consequence, they 

concluded that aortic valve replacement might result in reverse cardiac 

remodeling (79). In addition, Thomas et al. published a study in 2018. A total of 

181 patients with severe aortic stenosis were evaluated by echocardiography 

and CMR before undergoing aortic valve replacement (AVR). CMR was done 

one year after AVR for 116 patients who did not receive a pacemaker after AVR 

(age 70 ± 10 years; 54% male). It was observed that the LV mass index had 

decreased by 19% following surgery (80). Another follow-up study published in 

2015 by Une et al. reported similar results after assessing 3112 patients with 

AVR by echocardiography (median follow-up: 6 years). The average age of the 

patients at the time of surgery was 67.8±13.4 years; almost 30% were females. 

There was a significant reduction in LV mass following surgery. The maximum 

LV mass regression took one year in patients with aortic stenosis and almost five 

years in patients with aortic regurgitation (81).  

As for aortic diameter, the maximal aortic diameter showed a statistically 

significant increase over time in NOP (aortic diameter P: 39.8±6.8 mm, FU: 

40.3±6.1 mm, p value: 0.045). The annual growth rate was approximately 0.1 

mm/y. None of the patients included in our study was a fast grower. The maximal 

aortic diameter did not differ statistically significantly after surgery. However, in 

one case with BAV, we observed an increase in the aortic diameter even after 

the valve was replaced (aortic diameter P: 37 mm and FU: 40 mm).  

There was a statistically significant correlation between LV mass and WSS in our 

current study. In other words, WSS regression after surgery may be considered a 

sign of reverse cardiac remodeling after surgery. The correlation between aortic 

diameter and WSS was insignificant in P, but it tended to be more significant in 

FU. (P: r = 0.09, p value 0.69; FU: r = 0.30, p value 0.19). Our current study may 

indicate a possible correlation between WSS and aortic dilatation over time; 

however, this relationship was not statistically confirmed. 
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12.2. Net flow 

With 4D Flow CMR, flow measurements are similar to those in conventional 2D 

PC-CMR, but it is possible to retrospectively position planes for flow volume 

measurements at any location within the acquired data volume (82). According to 

our analysis, there was no significant change in the NOP's net flow over time. 

However, the mean net flow in the thoracic aorta in the OP increased significantly 

over time. According to the findings, the mean net flow in the ascending aorta 

increased, but the aortic arch and descending aorta did not show any statistically 

significant changes. At the level of planes, the net flow in OP increased 

significantly in 3 out of 8 planes: planes 1, 2, and 6 (planes 1 and 2 correspond to 

the proximal ascending aorta, and plane 6 represents the transition zone 

between the aortic arch and the descending aorta).  

In the ascending aorta, we observed a statistically significant negative correlation 

between the net flow and the WSS in P (r = 0.68, p value 0.0008) and a less 

significant correlation in FU (r = 0.27, p value 0.12). The net flow decreases as 

the WSS increases (as in aortic stenosis). One possible explanation for this is 

that as WSS increases, there is more resistance to blood flow, which contributes 

to a decline in net blood flow in the ascending aorta. Additionally, as aortic valve 

stenosis progresses, the measured noninvasive hemodynamic parameters (flow 

and peak velocity) become more underestimated (92), causing a more significant 

negative correlation between net flow and WSS. Overall, FU showed a negative 

correlation, but it was not statistically significant. The reason might be that all 

patients in FU had relatively normal flow values, either because their aortic valve 

stenosis was not hemodynamically significant (in NOP) or because their flow had 

normalized after their surgery (in OP). In contrast, in the aortic arch, there was a 

trend toward a significant positive correlation between net flow and mean WSS (r 

= 0.33, p value 0.16). Moreover, a statistically significant positive correlation 

between net flow and mean WSS was observed in FU (r = 0.51, p value 0.017). 

In the descending aorta, a significant positive correlation was found between net 

flow and mean WSS both in P (r = 0.7, p-value 0.0006) and FU (r = 0.7, p-value 

0.0003). The positive correlation between the WSS and net flow in the aortic arch 

and descending aorta could be explained by the fact that the aortic arch and 

descending aorta experience lower WSS values than the ascending aorta, and 

those values are not high enough to cause significant resistance to blood flow 

and a subsequent decrease in net flow. It also seems that the relation between 

WSS and net flow is, to a certain extent, a positive correlation, but as the WSS 

increases, the correlation becomes negative. The exact correlation between 

aortic net flow and WSS will have to be determined in more extensive studies in 

the future. 
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12.3. Wall shear stress (WSS) 

 

Wall shear stress represents the force that the vessel wall exerts on the blood 

flow per unit area along the local tangent plane (83). Additionally, the WSS can 

be defined as the spatial gradient of the 3D velocity vector perpendicular to the 

vessel wall at each edge point. Recently, several methods have been developed 

to compute volumetric 3D WSS along the entire aorta using a 3D velocity field 

(84-88). However, it remains challenging to assess WSS in vivo with absolute 

accuracy. In 4D flow MRI, WSS is calculated from the gradient of the velocity 

adjacent to the wall and an assumed viscosity using the formula below (85). 

     
  

  
 

μ: blood viscosity, v: blood flow velocity, y: distance from the wall.  

Due to the discrete nature of the measured velocity field in 4D flow MRI, WSS 

values are systematically underestimated. Wall shear stress (WSS) is commonly 

estimated from maximum velocity when a parabolic (Poiseuille) velocity profile is 

assumed; however, in vivo, the usually assumed fully developed velocity profile 

is seldom valid. Using a parabolic profile may result in errors of 20–50% and 30–

60% in average and peak WSS, respectively. Furthermore, WSS estimates 

based on maximum velocity overlook significant circumferential variations (89). 

Despite that, the WSS magnitude and its expression pattern can be reliably 

assessed if a constant methodology is used for its estimation across samples. 

(90,91). 

In healthy aging, WSS in the aorta undergoes significant changes, reinforcing the 

necessity of age-matched control cohorts in clinical studies for identifying 

patients with altered WSS (87,88). Unfortunately, the two groups represented in 

our follow-up study population differed significantly in age. WSS has been 

implicated in modifying gene expression and endothelial cell function, leading to 

vascular remodeling (92). Several studies have demonstrated that it can be a 

helpful tool for determining the effects of altered blood flow on the aortic wall. The 

WSS pattern and magnitude are significantly altered in both BAV and AS 

patients. Hope et al. (93) and Barker et al. (94) first referred to a link between 

eccentric flow patterns and elevated WSS in BAV patients. Several other studies 

have also confirmed these findings (95,96,97,98). The high-velocity transvalvular 

outflow jets seen in patients with aortic stenosis result in an eccentrically 

elevated WSS in the ascending aorta. Our previous study published in 2016 by 

von Knobelsdorff-Brenkenhoff et al. (n = 37) showed that patients with aortic 

valve stenosis have altered flow patterns and regionally elevated wall shear 
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stress (WSS) in the ascending aorta (1). The same findings were confirmed by a 

large study (n >500) using 4D flow MRI in patients with AS and ascending aortic 

dilatation. A 3D WSS analysis of ascending aortas demonstrates that AS is 

associated with a markedly increased regional WSS compared to patients with 

aortic dilation and normally functioning tricuspid aortic valves (99). 

A study published in 2015 by Guzzardi et al. explored the correlation between 

abnormal 3D WSS and regional aortic tissue remodeling in BAV patients with AS. 

Preoperative 4D flow MRI was performed on 20 patients undergoing ascending 

aortic resection to map their 3D WSS, and the results were compared with 

histological examinations of the surgically resected tissues. In addition, a paired 

sample of the aortic wall (regions with elevated and normal WSS) was 

histologically examined. Medial elastin degradation was more pronounced in 

areas with increased WSS than in adjacent areas with normal WSS. These 

findings suggest that regional valve-mediated hemodynamics may provide 

prognostic information for aortic wall disease (100). 

On the evidence of our current study, the magnitude of the mean WSS in the 

thoracic aorta decreased significantly in OP after surgery. In NOP, however, no 

significant change in the mean WSS magnitude was observed over time. In 

particular, in OP, the mean WSS demonstrated a statistically significant reduction 

in the ascending (p value: 0.03) and descending aortas (p value: 0.03), as well as 

a borderline decrease in the aortic arch (p value: 0.05). On the other hand, in 

NOP, there was no significant change in mean WSS magnitude in either 

ascending aorta, aortic arch, or descending aorta over time. Komoriyama et al. 

reported similar results in a study published in 2021, in which they examined 

WSS magnitude and distribution as well as blood flow patterns in the ascending 

aorta before and after transcatheter aortic valve replacement (TAVR). After 

TAVR, there was a significant decrease in WSS along the ascending aortic 

circumference (101).  

Additionally, in our current study, a re-analysis of the WSS in the thoracic aorta 

based on dividing it into outer and inner curvature revealed that: 

With aortic valve disease progression (as in the OP group in the primary study), 

there was a trend toward a higher WSS along the outer curvature of the 

ascending aorta than the inner curvature (p value: 0.09); otherwise, there was no 

significant difference between the outer and inner curvature of the aortic arch or 

the descending aorta. Our findings agree with several previous studies, which 

also noted the highest WSS along the outer curvature of the ascending aorta 

(102,103,104, and more recently 105). The curvature of the aortic arch affects 

the WSS distribution in the ascending aorta as it changes the direction of blood 

exiting the heart. The fluid at the vessel's center travels at a faster velocity than 
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the fluid closer to the wall and is more difficult to displace. The blood is thus 

skewed towards the outer curvature of the bend (106). 

 

We also observed a significant decline in the mean WSS along the inner 

curvature of the ascending aorta in NOP over time. In contrast, the mean WSS 

along the outer curvature of the ascending aorta and aortic arch, as well as the 

inner curvature of the descending aorta, decreased significantly in OP. 

Furthermore, a re-analysis was done based on dividing the aorta into segments, 

which showed that: 

In NOP, the WSS in the ascending aorta was higher than the aortic arch and 

descending aorta in both P and FU: ascending aorta (P: 1.33±0.39 N/m2, FU: 

1.28±0.33 N/m2), aortic arch (P: 0.82±0.13 N/m2, FU: 0.87±0.15 N/m2), and 

descending aorta (P: 0.85±0.14 N/m2, FU: 0.79±0.14 N/m2). The descending 

aorta had higher WSS than the aortic arch in P but it was lower in FU. 

In OP, the WSS in the ascending aorta was higher than the aortic arch and 

descending aorta: ascending aorta (P: 1.61±0.57 N/m2, FU: 1.33±0.32 N/m2), 

aortic arch (P: 0.93±0.15 N/m2, FU: 0.71±0.09 N/m2), and descending aorta (P: 

0.67±0.13 N/m2, FU: 0.6±0.11 N/m2). The aortic arch had higher WSS than the 

descending aorta in both P and FU. 

Furthermore, WSS magnitudes and distributions also changed at the segmental 

level. In NOP, 2 of the 18 segments showed a significant change over time. 

While segment 7 showed a significant increase in mean WSS, segment 14 

showed a significant decrease. Meanwhile, 5 out of 18 segments along the outer 

aortic curvature showed a significant decline in OP. The mean WSS decreased 

significantly in segments 3, 7, 9, 11, and 15. 

Along with changes in WSS magnitude, the distribution of WSS has also 

changed. Several observations were made regarding the change in WSS 

distribution. First, the top 6 segments with the highest WSS in the entire thoracic 

aorta were located in the ascending aorta in OP (P and FU) and NOP (P). In 

NOP (FU), the top 5 segments were located in the ascending aorta, while the 

segment in sixth place was the outer proximal aortic arch. 

In NOP, the distribution of the top 3 WSS segments in the ascending aorta was 

identical in both P and FU. The top 3 segments were confined to the proximal 

and mid ascending aorta. In contrast, the distribution of the bottom three 

segments in the ascending aorta changed in FU. This led to a slightly higher 

WSS in the distal outer ascending aorta in comparison to P. In the aortic arch, 

the only change between P and FU was that segments 7 and 12 had exchanged 
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places (the segment with the highest WSS in the aortic arch changed from being 

the inner distal to being the outer proximal aortic arch). In the descending aorta, 

the distribution of both the top and bottom three segments was the same in both 

P and FU. Note that the top 2 segments in the descending aorta were 14 and 13. 

The top 2 segments in the descending aorta were the same in all four groups. 

In the OP group in P, the distribution of the top 3 WSS segments in the 

ascending aorta was markedly changed compared to the NOP group in P. The 

top 3 segments in OP (P) were distributed along the entire ascending aorta, 

whereas in NOP (P), they were confined to only the proximal and mid ascending 

aorta. We could refer to the change in the distribution of WSS in the top 3 

segments in the ascending aorta from being confined to the proximal and mid 

ascending aorta in NOP (P) to extending to the distal ascending aorta in OP (P) 

as a distal displacement of the WSS distribution, which might be a sign of aortic 

valvular disease progression. The WSS distribution changed once again in OP in 

FU (i.e., after aortic valve replacement). A regression of the previously described 

distal displacement of the WSS distribution was clearly evident. After surgery, the 

top 3 segments were again confined to the proximal and mid ascending aorta 

rather than reaching the distal ascending aorta. Interestingly, the top 2 segments 

retained their positions even after surgery, although with lower WSS values. The 

regression of the WSS distribution distal displacement may signify hemodynamic 

improvement after surgery.  

In the aortic arch in the OP in P, the top 3 segments were confined to the 

proximal and mid arch. Segment 8, representing the inner proximal aortic arch, 

ranked 2nd in all four groups. The change in the top 3 segments of the aortic 

arch was limited to segments 1 and 3. In NOP (P), the top 3 segments in the 

aortic arch were 12, 8 and 10, respectively. All top 3 WSS segments in NOP (P) 

were confined to the inner aortic arch curvature. In NOP (FU), we observed that 

segment 7 (outer proximal arch) took the lead from segment 12 (inner distal 

arch), while segments 10 and 8 (inner mid and proximal arch) kept their places. 

In OP (P), both the first and second segments kept their places, while segment 9 

(mid outer arch) took third place. That means that two of the top 3 segments are 

located in the outer aortic arch (outer proximal and mid arch). Comparing WSS 

distribution between NOP and OP, we observed a tendency for an outer 

displacement of WSS distribution (outer aortic arch) over time (i.e., with disease 

progression). WSS distribution outer displacement might also signify aortic valve 

disease progression. Another interesting finding in the WSS distribution of the 

aorta arch was WSS in segment 7 (the outer proximal aortic arch). In NOP (P), it 

ranked fourth. In NOP (FU), even though the patients in this group showed no 

obvious overall aortic valve disease progression, segment 7 showed a marked 



115 
 

increase in the WSS, taking the lead in the aortic arch from segment 12, and it 

kept that lead in OP (P) and (FU). An increase in WSS in segment 7 might be an 

early sign of aortic valve disease progression. Interestingly, in the descending 

aorta in both NOP and OP at both P and FU, segments 14 and 13, respectively, 

(representing the proximal descending aorta distal to the origin of the left 

subclavian artery) kept their places as the top 2 segments in the descending 

aorta. The proximal descending aorta was exposed to the highest WSS 

magnitudes in the descending aorta in both groups and over time. 

To summarize, certain areas of the thoracic aorta are exposed to high WSS in all 

groups and over time: the proximal and mid ascending aorta, the proximal aortic 

arch, and the descending aorta proximally just distal to the origin of the left 

subclavian artery. The ascending aorta is exposed to the highest WSS 

magnitudes, while the descending aorta ranks in second place, and the aortic 

arch comes third. Conversely, the aortic arch takes second place with aortic 

valve disease progression, and the descending aorta comes third. It is interesting 

to note that approximately 65% of aortic dissection intimal tears occur in the 

ascending aorta, 30% in the descending aorta, less than 10% in the aortic arch, 

and that most ascending aortic dissections begin within a few centimeters of the 

aortic valve (approximately 2-2.5 cm above the aortic root), and most descending 

aortic dissections begin just distal to the left subclavian artery (107). Interestingly, 

aortic dissections occur most frequently in the thoracic aorta segments exposed 

to the highest WSS magnitudes, and there seems to be an apparent correlation 

between WSS magnitude and the occurrence of aortic dissection. Chi et al. 

published a small study in 2017. They included five patients with Stanford type A 

aortic dissection and two normal aortas. Using the original imaging data, the 

structure of the aortas before the type A dissection was reconstructed. According 

to the flow analysis of the reconstructed premorbid structures, in three out of five 

cases, the rupture positions corresponded to areas of maximum elevated WSS. 

In addition, the WSS at the junction of the descending aorta and the aortic arch 

was elevated. Furthermore, the WSS in the patients with aortic dissection was 

almost double what it was in the control group. Moreover, they also found that 

the ascending aorta's dilated areas were exposed to higher WSS than the areas 

with a normal diameter (108). 

Osswald et al. published a pilot study in 2017. The purpose of this study was to 

retrospectively compare CT angiography images from 10 patients with type B 

dissections who later experienced a retrograde type A aortic dissection (RTAD) 

with CT images from 10 control subjects. On the basis of CT angiography 

datasets, computational flow dynamics simulations were performed to assess 

pressures, velocity magnitudes, and wall shear stress (WSS) at the future RTAD 
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entry tear site. At the site of the future entry tear, the WSS was notably higher 

than in the surrounding wall, and in the RTAD group, it was higher than in the 

control group. However, there were no significant differences in pressure or 

velocity magnitudes between the entry tear, the surrounding aortic wall, or the 

control group (109). 

Furthermore, we saw a statistically significant increase in the diameter of the 

ascending aorta in NOP over time, but without a significant increase in the mean 

WSS magnitude. In contrast, we observed a significant decrease in WSS 

magnitude in the inner proximal ascending aorta with a slight increase along the 

outer distal ascending aorta in response to change in WSS distribution over time. 

Overall, the WSS along the outer curvature of ascending aorta was slightly 

higher than the inner curvature (p-value 0.4). The dilatation of ascending aorta 

may be a compensatory mechanism to reduce elevated WSS forces by aortic 

remodeling. Statistically, we observed no significant correlation between WSS 

and aortic diameter. In contrast, in 2022, Soulat et al. published a study. They 

aimed to determine whether wall shear stress (WSS) predicts the growth of the 

ascending aorta (AAo). Seventy-two patients with BAV, aged 45±12 years, 

underwent CMR for aortic dilation surveillance both at baseline and after five 

years of follow-up. In 4D flow MRI analysis, WSS heat maps were calculated for 

individual patients and compared with the averages of 136 healthy age- and sex-

matched controls. They measured the portion of the AAo that was exposed to 

high WSS. The average yearly growth rate of the AAo was 0.24±0.20 mm. 

Patients whose growth rates were higher than 0.24 mm/y had a larger proportion 

of the AAo exposed to high WSS than those below 0.24 mm/y. Elevated WSS in 

the AAo was linked to higher rates of AAo dilation, exceeding 0.24 mm/y. By 

analyzing the area of elevated AAo WSS, 4D flow MRI can identify patients with 

bicuspid aortic valve (BAV) who are at higher risk of aortic dilation. This 

information can be helpful in determining which patients require closer monitoring 

(110).  

In the same context, Guala et al. observed in their study (n = 47) published in 

2021 that circumferential WSS, but not WSS magnitude, showed statistically 

significant positive associations with the ascending aortic growth rate in patients 

with BAV (111). In the same context, Salmasi et al. showed, in a study published 

in 2021 using CMR on 10 patients with ascending aortic aneurysms who had no 

BAV or connective tissue disease, that areas in the aortic wall exposed to 

elevated WSS exhibit medial degeneration more than areas with lower WSS. 

Medial degeneration is a sort of maladaptive remodeling which could lead to 

aortic wall thinning, dilatation, and aneurysmal formation (105). Additionally, a 

study published by Pasta et al. in 2020 aimed to determine the relationship 
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between wall shear stress and aortic strain biomarkers, particularly matrix 

metalloproteinases, tissue inhibitors of metalloproteinase and microRNA, by 

looking at patients with ascending aortic aneurysms with either bicuspid or 

tricuspid aortic valve. Aortic strain biomarker activity correlated positively with the 

systolic wall shear stress observed in the proximal ascending aorta. Aortic 

aneurysms are associated with increased circulating biomarkers related to flow-

based and structural descriptors, suggesting mechanotransduction-induced 

vascular remodeling in the dilated aorta. Combining shear stress and circulating 

biomarkers could enhance patient-specific decision-making for ascending aortic 

aneurysms (112).  

While WSS is difficult to calculate, its relationship to endothelial function and 

vascular remodeling as well as its possible role in initiating aortic dilatation and 

dissection is apparent. However, large longitudinal studies are still lacking to 

determine if altered hemodynamic metrics (such as increased WSS) contribute to 

aortic disease progression (113). 

12.4. Peak systolic velocity 

The accuracy and reliability of measuring blood flow and velocity through 2D 

velocity-encoded flow MRI (2D flow MRI) have improved over time. In the case of 

examining the aorta, 2D flow MRI has been found to be dependable and 

comparable to TTE (114). However, it necessitates an experienced operator to 

identify the vessel of interest and can only measure flow velocity perpendicular to 

the imaging slice direction (115). Furthermore, it is difficult to visualize the exact 

position of the acquisition plane before planning the acquisition, which can result 

in reduced measurement accuracy. As a result, 2D flow MRI may underestimate 

flow rate and velocity (116). On the other hand, 4D flow MRI enables the 

visualization and quantification of flow patterns in the heart and blood vessels. 

Unlike 2D flow MRI, 4D flow MRI allows for velocity encoding (VENC) in three 

main spatial directions, providing a practical tool to evaluate blood flow. In 2021, 

Hälvä et al. conducted a study to evaluate the accuracy of 2D and 4D flow MRI 

techniques in measuring aortic transvalvular peak systolic flow in patients with 

severe AS. The study included 90 patients with severe AS and 10 control 

subjects. The patients received echocardiography and 2D and 4D flow MRI. The 

results showed that 4D flow MRI underestimated peak flow velocity in the AS 

group compared to TTE and 2D flow MRI. However, there was no significant 

difference between TTE and 2D flow MRI. Interestingly, the control group 

showed a higher peak flow velocity by 4D flow MRI than in 2D flow MRI (117). 

In 4D flow MRI, volume acquisition encompasses the entire heart and does not 

require specific imaging planes or knowledge of cardiac anatomy (118). As part 
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of the 4D Flow MRI, the analysis plane may be positioned offline anywhere within 

the acquisition area (82). The 4D Flow MRI parameters have been replicated 

accurately in research conducted on healthy volunteers (119). 4D Flow MRI can, 

therefore, provide a comprehensive assessment of blood flow and energy 

distribution in both healthy and diseased individuals (120). However, 4D flow MRI 

has its limitations. First, the post-processing and analysis of 4D flow MRI require 

a great deal of time and effort, thus limiting its clinical application. The post-

processing time for measuring 4D flow MRI data in our study was approximately 

40 to 60 minutes per patient, and the segmentation time for the thoracic aorta 

(region of interest) was another 30 to 60 minutes. Due to manual intervention in 

3D segmentation, the operator's experience also influences blood flow estimation 

accuracy (121). Therefore, it is essential to automate and improve the analysis 

workflow to ensure an acceptable level of clinical interaction. Based on the 

results of our current study, we observed no significant changes in peak systolic 

velocity in NOP over time. 

In contrast, we observed a significant decrease in the peak systolic velocity in 

both ascending aorta and aortic arch in OP. At the level of planes, there was a 

significant decrease in peak systolic velocity in planes 1, 2, and 6 in OP. 

Furthermore, as expected, there was a very strong correlation between peak 

velocity and WSS in the ascending aorta, aortic arch, and descending aorta in 

both NOP and OP. The reduction in peak systolic velocity after aortic valve 

replacement in OP indicates improved aortic hemodynamics after surgery. 

12.5. Helical and vortical flow 

Neither helical nor vortical flow showed statistically significant changes over time 

in NOP or OP, although there were changes in some individuals. A decrease in 

semi-quantified helical flow intensity was found in OP after surgery, but the 

difference was not statistically significant (P: 2.3 ±0.95, FU: 1.8 ±0.90, p value 

0.14). Helical flow intensity tends to be related to the severity of aortic valve 

stenosis (helical flow in P (NOP): 1.6±0.87, helical flow in P (OP): 2.3±0.95, p 

value 0.06). The aortic valve morphology was significantly correlated with the 

helical flow intensity. Statistically, BAV patients showed more intense helical flow 

than TAV patients during primary study (p value = 0.002) and subsequent follow-

up study (p value = 0.009). Those findings were noted in our primary studies 

(1,3) and substantiated in our follow-up study. Clearly, the intensity of helical flow 

formation did not correlate with the presence of vortical flow formation. Although 

all patients had some degree of helical flow, not all of them had vortical flow. In a 

study published in 2021, Komoriyama et al. investigated blood flow patterns 

(along with other parameters) in the ascending aorta using 4D flow CMR for 17 

patients before and after TAVR. After TAVR, helical flow in the ascending aorta 
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decreased significantly (1.4 ± 0.6 vs. 1.9 ± 0.8, p value = 0.002), whereas vortical 

flow did not change (101). Moreover, based on our current results, helical flow 

formation intensity was positively correlated with WSS in both P and FU. The 

presence of vortical flow did not correlate with the magnitude of the WSS. The 

helical flow regression observed in individual cases after aortic valve 

replacement in OP indicates improved aortic hemodynamics after surgery. 

 

13. Conclusion 

Aortic valve pathologies impact the left ventricle and aortic hemodynamics 

resulting in LV remodeling, altered blood flow patterns, and elevated WSS. The 

aortic hemodynamic changes, including helical flow formation and elevated WSS, 

are associated with the severity of aortic valve pathology and valve morphology. 

There is a strong correlation between altered aortic hemodynamics and LV 

remodeling. In addition, WSS is strongly correlated with LV mass. WSS 

regression can therefore be applied together with LV mass regression as 

indicators of reverse cardiac remodeling following surgery. Furthermore, the 

change in WSS distribution might be an early sign of aortic valve disease 

progression, and its regression after surgery indicates improvement of 

hemodynamics. Altered hemodynamics may contribute to aortic wall remodeling, 

leading to aortic dilatation and eventually dissection. The WSS is highest in 

segments where aortic dissections most frequently occur.  

Aortic valve replacement affects both cardiac remodeling and aortic 

hemodynamics. The parameters improve during follow-up. However, some areas 

of the thoracic aorta continue to display high WSS values even after surgery. 

This may account for further aortic dilation and dissection postoperatively in 

some patients. Currently, aortic aneurysm management guidelines only consider 

aortic size in the making of decisions. The size of the aorta at which surgery 

should be performed varies according to the guidelines. Aortic aneurysms crave 

new parameters that can improve surgery decision-making and predict 

dissection. We propose developing non-size criteria such as WSS as a possible 

parameter for individualized decision-making in aortic disease management. It 

would still be necessary to conduct longitudinal studies with large sample sizes to 

apply these non-size criteria to clinical practice. 
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14. Limitations  

Several factors limited the study. Firstly, one of the major limitations was the 

small number of patients recruited. Our study, at most, can provide hypotheses 

for future more extensive studies that will be necessary to further validate our 

conclusions. Secondly, the two groups which comprised our follow-up study 

differed significantly in age and BMI, and it has already been shown that WSS 

varies with age. In healthy aging, WSS of the aorta undergoes significant 

changes, which emphasizes the necessity of age-matched control cohorts in 

clinical studies for identifying patients with altered WSS. 

Additionally, the acquisition and processing of 4D flow data require a lot of time 

and expertise, so its use in clinical practice is still very challenging, especially 

with current post-processing and analysis software. Based on the semiautomatic 

workflow we employed in our study, the post-processing time for measuring 4D 

flow MRI data was approximately 40 to 60 minutes, and the segmentation time 

for the thoracic aorta (region of interest) was another 30 to 60 minutes per 

patient. Therefore, it would be helpful to have software that automates the 

acquisition and post-processing and minimizes the operator's involvement. In 

addition, the hemodynamic values measured by 4D flow MRI are generally 

underestimated. The operator's experience further compromises the accuracy of 

blood flow estimation due to manual intervention during 3D segmentation. 

Therefore, the analysis workflow needs to be improved and automated to ensure 

that clinical interaction is at an acceptable level. Nevertheless, the relative 

pattern of expression and magnitude of WSS can be reliably assessed when the 

procedure for estimating WSS is consistent across samples. 
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