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Physiologic aortic distensibility

Arterial Stiffness



Physiologic aortic distensibility

Arterial Stiffness

Reduced aortic distensibility



• Impairs the aortic cushioning function, 
known as the Windkessel effect

Aortic Stiffness



Arterial Stiffness

• Arterial stiffness is the resistance offered by
vascular walls to deformation powered by a
propulsive force (such as the cardiac pump).

• It can be modified by several factors including
cardiac status, vessel compliance, and
peripheral resistance.



PRESSURE WAVE = ANTEGRADE WAVE + RETROGRADE WAVE

Arterial Stiffness



PRESSURE WAVE = ANTEGRADE WAVE + RETROGRADE WAVE

Arterial Stiffness



• Determines isolated systolic hypertension 
and abnormal ventricular-arterial 
interactions that promote left ventricular 
remodeling, dysfunction, and failure, and 
other target organ damage

Aortic Stiffness



• Determines isolated systolic hypertension 
and abnormal ventricular-arterial 
interactions that promote left ventricular 
remodeling, dysfunction, and failure, and 
other target organ damage

Such aspects predict cardiovascular risk and
may represents a high-priority therapeutic
target to ameliorate the global burden of
cardiovascular disease.

Aortic Stiffness



Aortic Stiffness



Aortic hemodynamic – change after stent graft deployment

Stent graft induced aortic stiffening



Modeling - Aortic stiffness

8 patients



Modeling - Aortic stiffness



Modeling - Aortic stiffness



In-Vivo Stiffness
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In-Vivo Stiffness

PWV using carotid-femoral “route” is the ‘gold standard’ for arterial 
stiffness measurement, due to the amount of published evidence 
using this method and because it requires little technical expertise
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In-Vivo Stiffness



• Aging

• TEVAR

• Geometry?
i.e., Angulation

• Open surgery?
i.e., Dacron graft

Aortic Stiffness

Biomechanics for 
Endovascular
Treatments of the 
Aorta 



Ex vivo “Mechanical coupling”
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Aortic samples for all projects

• Thoracic porcine aortic samples (young healthy pigs, 10 – 12 months, 160 – 180 kg)
 solely raised for commercial purposes

• Pigs evaluated by a veterinary physician

• Local slaughterhouse – Transportation – Beta-lab

• Surgical preparation: ligating side-branches and removing excess tissue

Aortic Stiffness



Experimental set-up

Aortic Stiffness



Aortic Stiffness

Experimental set-up



Stent graft 
insertion

Pressure 100-180 mmHg
HD camera

Diameter measurement

=  strain post-TEVAR 

Workflow

Ex vivo model: longitudinal and radial strain

Mechanical coupling TEVAR - Aorta 



Ex vivo model: longitudinal and radial strain



Ex vivo model: longitudinal and radial strain

• Longitudinal strain reduced by up to 53% (p<0.001) • Radial strain reduced by up to 49% (p<0.001)



Modeling - Aortic stiffness

Ascending and 
arch length

Circumference



Modeling - Aortic stiffness

Ascending and 
arch length 



Ex-vivo model: aortic stiffness

Objective: understanding the impact of TEVAR on aortic stiffness

Methods: Porcine aorta –Pulse Wave Velocity

Facilities: pulsatile hydraulic circuit and flow/pressure sensors @ B-Lab

2017



Ex-vivo model: aortic stiffness



Mock loop

Initial version
• Circuit

• No ventricular compliance
• No preload
• Manual afterload

• PWV computation
• Manual Δt, single point method
• Manual length (using wire)

• No supra-aortic branches

Ex-vivo model: aortic stiffness



Mock loop

Intermediate version
• Circuit

• Fixed ventricular compliance
• Manual preload
• Manual afterload

• PWV computation
• Manual Δt, single point method
• Manual length (using picture)

• No supra-aortic branches

Ex-vivo model: aortic stiffness



Mock loop

Current version
• Circuit

• Adjustable ventricular compliance
• Automatic preload
• Manual afterload

• PWV computation
• Automatic Δt, upslope method
• Manual length (using picture)

• Inclusion of supra-aortic branches

Ex-vivo model: aortic stiffness



Aortic arch angulation

• Successful TEVAR dependent on favourable anatomy

• Arch classification

• Type III associated with birdbeak, hostile drag forces

• Open coarctation repair in Type III found hypertension, increased 
aortic stiffness, increased systolic wave reflection and increased LVM
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Ex-vivo model: aortic stiffness



• But the effect of arch angulation on aortic flow dynamics is largely unknown

• Previous studies after successful open coarctation repair found:     
* hypertension
* increased systolic wave 
reflections
* central aortic stiffness 

Gothic Crenel Normal

Ex-vivo model: aortic stiffness

Aortic arch angulation



Aorta & TEVAR: PROXIMAL angulation & drag forces



Aortic arch angulation

• Hypothesis: “Type III aortic arch configuration increases aortic pulse wave velocity, as compared to a (baseline) 
Type I aortic arch configuration”

• Additionally, we investigated if the TEVAR induced stiffening is exacerbated by an increased arch angulation
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∆PWV?Versus

Ex-vivo model: aortic stiffness



Arch guides + aortic sample connected (pulsatile)

Type III ArchType I Arch

Ex-vivo model: aortic stiffness



Intra-luminal view of the stent graft

Ex-vivo model: aortic stiffness



Results

• Aortic Pulse Wave Velocity increased with a change to a Type III Arch (n= 24)

Ex-vivo model: aortic stiffness



Results

• Stent graft deployment (Captivia) in case of correct oversizing to reach 10 – 20% oversizing (n = 15)

Ex-vivo model: aortic stiffness



Results

• Stent graft deployment (Captivia) in case of correct oversizing to reach 10 – 20% oversizing (n = 15)

Ex-vivo model: aortic stiffness



Stiffness after Open Surgical Graft

• No uniform answer in literature if open surgical repair with Dacron ‘stiffens’ the aorta

• One recent study on stiffness after Dacron repair/FET/Hybrid for arch aneurysms

Ex-vivo model: aortic stiffness



Methods

• Type I and III arch configuration
• Aortic PWV calculation using flow curves (cross-correlation method)

• Hypothesis 1: “Open surgical repair increases aortic pulse wave velocity”
• Hypothesis 2: “Open surgical repair increases aortic pulse wave velocity less compared to TEVAR”
• 10 cm surgical graft (Silver-coated)

Workflow

∆PWV?

Ex-vivo model: aortic stiffness



Methods

• Type I and Type III Arch

Ex-vivo model: aortic stiffness



Methods

Ex-vivo model: aortic stiffness

Intra-luminal view of the descending aorta after surgical graft



Results

In pub Annals Vascular Surgery

• In both Type I and Type III Arch there is a significant increase in PWV after Dacron interposition (n = 15)

Ex-vivo model: aortic stiffness



Results

• Increase in PWV between Open Surgical Repair and Stent-grafting of descending thoracic aorta non-significantly different 

Ex-vivo model: aortic stiffness

In pub Annals Vascular Surgery



Results

• Increase in PWV between Open Surgical Repair and Stent-grafting of descending thoracic aorta non-significantly different 

Ex-vivo model: aortic stiffness

In pub Annals Vascular Surgery



To evaluate the impact of endovascular or non-endovascular aortic repair on aortic stiffness
(TEVAR, EVAR and open surgical repair [OSR])

Clinical research – Aim 

• PROSPERO, registration number 212257
• PRISMA statement
• PubMed, Scopus and Web of Science, using as time 

range “January 1, 2000 - October 31, 2020”
• Keywords "vascular stiffness", "arterial stiffness", 

"aortic stiffness", "pulse wave velocity", "PWV", 
“elastic modulus”, “pulsatility index” and “aortic
compliance” were combined with "endovascular
aortic repair", "EVAR" and "TEVAR" 

• Newcastle-Ottawa Scale was used for selected
studies quality assessment

• 10 studies on EVAR
• 3 studies on TEVAR
• 1 mixed cohort

• 9 case-control studies
• 13 selected articles for

meta-analysis



Results

EVAR TEVAR

OSR



Results

EVAR TEVAR

OSR

Aortic stiffness increases after TEVAR and EVAR if 
measured with PWV, using carotid-femoral or 

brachial-ankle methods.



Results

EVAR TEVAR

OSR

Although poor results can be 
achieved for OSR, no 

modifications seem to occur.



Results

PWV after EVAR was higher if compared with 
controls, although this was not statistically 

significant (IC95% –0.05-0.94) 

No differences were observed between EVAR and 
OSR 



Results

PWV after EVAR was higher if compared with 
controls, although this was not statistically 

significant (IC95% –0.05-0.94) 

No differences were observed between EVAR and 
OSR 

• Both EVAR and TEVAR increase AoS, while OSR does not modify the AoS

• However, no definitive conclusions can be made due to the wide range of AoS measurement modalities

• Further rigorous studies are needed to describe a valid protocol for level and unit of measure used to calculate AoS, analyzing long-
term cardiovascular remodeling and complications, particularly in young patients

• In patients treated with endovascular aortic repair, careful lifelong follow-up evaluation should be recommended, not only to improve
aortic-related but also cardiac-related outcomes.

• Device manufacturers should be encouraged to improve graft characteristics that mimic the native aorta, in terms of mechanical and
fluid dynamic properties



Lo studio

Inizio

Misurazione  pre 
operatoria

Riparazione 
aortica 
endovascolare

Misurazione post-
operatoria

Arruolamento dei 
pazienti Analisi dei dati

Aortic Stiffness in vivo - Studio Clinico in corso



Metodi

Misurazione della PWV 
come surrogato della 
Stiffness Aortica prima e 
dopo trattamento aortico
endovascolare

PulsePen

2D MRI – 4D-flow MRI Ultrasonografia Doppler

Aortic Stiffness in vivo - Studio Clinico in corso



Metodi

C - F PWV = distanza carotido femorale / DT

Aortic Stiffness in vivo - Studio Clinico in corso



Metodi
Selezione delle onde sfigmiche

Aortic Stiffness in vivo - Studio Clinico in corso



Risultati

Parametri Tutti TEVAR EVAR

n 28 10 18

M 22 7 15

F 6 3 3

≥ 65 aa 22 6 15

< 65 aa 6 4 3

Aortic Stiffness in vivo - Studio Clinico in corso

Risultati preliminary su 28 pz

Attualmente arruolati 60 pt



Risultati

Pulse Wave Velocity Carotido-Femorale (Cf-PWV)

Aortic Stiffness in vivo - Studio Clinico in corso

Risultati



Risultati

Subendocardial Viability Ratio SEVR – Indice di Buckberg

Aortic Stiffness in vivo - Studio Clinico in corso

Risultati



Parametro PREoperatorio POSToperatorio P value

FC (bpm) 61,3 ± 8,5 69,3 ± 12,2 < 0,001 ***

DT (ms) 691,7 ± 125 596,9 ± 142 < 0,001 ***

R-R (ms) 998 ± 144 894 ± 163 < 0,001 ***

Peak T (ms) 209,4 ± 30 173 ± 41 < 0,0001 ****

Ti 107,9 ± 24,7 92,8 ± 28 < 0,05 *

bT 258,7 ± 21,4 239,6 ± 23,3 < 0,001 ***

fWS/fW (%) 66,2 ± 6,3 70,6 ± 6,9 <0,01 **

fWD/fW (%) 33,8 ± 5,2 29,4 ± 3,7 <0,01 **

bWS/bW (%) 38,9 ± 3,1 43,2 ± 4,9 < 0,05 *

bWD/bW (%) 61,1 ± 6,1 56 ± 8,2 < 0,05 *

SySlope (mmHg/ms) 0,7 ± 0,3 0,9 ± 0,3 < 0,05 *

LVDP (mmHg) 14,8 ± 3,8 13,8 ± 6,4 < 0,001 ***

Risultati

Aortic Stiffness in vivo - Studio Clinico in corso



PWV SEVRAortic Stiffness Rischio CV

Aortic Stiffness in vivo - Studio Clinico in corso



Future directions

Hypertension effects before and after TEVAR implantation are clear, therefore a strict
systolic blood pressure control is necessary for all patients. New follow up protocols
should be performed for:

TEVAR reduces mortality, pressure control reduces long term morbidity 

Ex-vivo model: aortic stiffness



How will treatment of the ascending aorta impact the aortic stiffness?

aTEVAR vs Open Surgical replacement with Dacron

Ex-vivo model: aortic stiffness



Main issue:
• Porcine aorta is very short Solution #1 Solution #2

Ex-vivo model: aortic stiffness



Ex-vivo model: aortic stiffness

Validation of Ascending Aorta model:
• Measure diameter with static echo along the centerline at landmarks
• Measure total model length with photo



Validation of Ascending Aorta model:
• Measure diameter with static echo along the centerline at landmarks
• Measure total model length with photo

Axial image Longitudinal image

Ex-vivo model: aortic stiffness



Validation of Ascending Aorta Model:
• For 1 model, we did Echo and CT at 80, 100, 120 mmHg (continuous flow)
• Mean error between echo and CT: 0.82 ± 0.71 mm (3.18 ± 2.54 %)

Echo CT

Ex-vivo model: aortic stiffness



Future work:
• Do baseline measures with a pulsatile flow

• Deploy stent-graft in ascending aorta
• Repeat measurements

• Remove ascending aorta + stent-graft 
• Suture Dacron graft place
• Repeat measurements

Ex-vivo model: aortic stiffness



Hypertension and stiffness

• Goal: To study the relationship between hypertensive peaks and stiffness ex-
vivo

• Experimental protocol:
• N = 8 pig aortas
• Acquisition of baseline at 5 L/min, 120/80 mmHg
• Acquisition of 3 hypertensive levels:

• SBP: 160 mmHg, 190 mmHg, 220 mmHg
• Each SBP level was kept for 10 minutes

• Acquisition at: 0 min, 5 min, 10 min

Ex-vivo model: aortic stiffness



Results
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Ex-vivo model: aortic stiffness
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Ex-vivo model: aortic stiffness

Results



Hypertension increases stiffness and stiffness increases aortic disease evolution

(Boczar et al., 2021)

Ex-vivo model: aortic stiffness



Relationship between Hypertension and TEVAR

• Uncontrolled hypertension after TEVAR is associated

with increased risk of adverse events, as endoleaks. (Li

et al. 2023).
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Ex-vivo model: aortic stiffness



Ankura prosthesis

Images courtesy of:



Example patient



Pre and post procedure

• Slight increase of arch radius of 
curvature

• No significant geometrical changes



Model post-processing
Initial segmentation Trimmed segmentation Model to be printed



Protocol review
• Pulsatile regime, cardiac output: ~5 L/min
• Pulse pressure: ~40 mmHg *
• Flow split: 20% to supra-aortic branches

Clinical outcomes
• Does LSA perfusion change?
• Does the flow split change?
• Does cardiac output change?
• Does aortic pressure change?
• Does the geometry change?

Ankura Overview



Aortic Stent Release



Tip positioning Alignment check          Stent release

Aortic Stent Release



LSA stent release



From AA From DA

Prosthesis Explantation



What is a simulation?



What is a simulation?

Computational Fluid Dynamics (CFD)
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CFD simulating aortic haemodynamics in a rigid aorta



What is a simulation?

Finite Element Analysis (FEA)

FEA simulates structural mechanics of the aortic wall



What is a simulation?

Clinical decision

• LCCA – LSA bypass + TEVAR
• Complete exclusion of the aneurysm @ 6 yrs FU

Finite Element Analysis (FEA)



Finite Element Analysis - Simulation

1 deployment step

6 deployment steps

Clinical decision

• Endograft not provided by the company
• Conservative treatment
• Patient deceased 2 yr later for cancer
• No pseudoaneurysm enlargement

available

NOT
available



High-Fidelity TEVAR simulations

FEA ANALYSISCT SCAN



Computational Simulation



11.9% 11.1%10.8%9.8% In progress…

Computational Simulation



High-Fidelity TEVAR simulations



CONCLUSIONS: Aortic Stiffness and Computational Simulation



Collaborative Research group



Collaborative Research group



Thank you
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