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The clinical problem

PREVALENCE [1] INCIDENCE [1]

[1] E Melo, et al., Seminars in thoracic and cardiovascular surgery, Vol. 34, No. 1, pp. 1-16, 2022.

The ascending aortic aneurysm 

(AsAA)

The thoracic aorta (TA)

The heart and the main vessels

5.3 𝐩𝐞𝐫
𝟏𝟎𝟎 𝟎𝟎𝟎

𝒚𝒆𝒂𝒓

INTRODUCTION P1 P2M&M R M&M P3 CONCLUSIONSR M&M R
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The clinical challenges

Diameter (D): main criterion to access surgery

The “small aorta” [2] problem

Surgery is highly invasive and carries intra and

post-operative risks for the patient

A careful and comprehensive 

risk assessment is necessary

Surgical timing is crucial for 

optimal patient outcomes [3]

Natural history and risk factors for rupture of thoracic aortic arch 

aneurysms

[3]

The challenges related to the AsAA

[2] 

AsAA

INTRODUCTION P1 P2M&M R M&M P3 CONCLUSIONSR M&M R
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The computational context

Computational modeling

Computational 

Solid Mechanics 

(CSM)

Computational 

Fluid Dynamics 

(CFD)

Fluid-Structure 

Interaction (FSI)

Computer Aided Engineering (CAE) can be 

used for performing patient-specific analysis

Biomechanical behaviour Hemodynamic condition

Imaging techniques

Ultrasounds (US) techniques

Computed tomography (CT)

Magnetic resonance imaging (MRI)

Material characterization

Morphological and 

functional data

1

2

3

Tissue properties

INTRODUCTION P1 P2M&M R M&M P3 CONCLUSIONSR M&M R
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The computational challenges

AsAA

Numerical simulation requirements

The simulation must precisely

model complex biological and

physical processes.

Data availability and data 

integration

The simulation should reproduce

several scenarios and variables,

ensuring consistent performance

across different conditions.

Deep technical expertise at every 

step of the model creation

The simulation should deliver

results in a time frame

compatible with its purpose.

High computational costs and 

resources

Accuracy Robustness Efficiency

PROBLEM PROBLEM PROBLEM

INTRODUCTION P1 P2M&M R M&M P3 CONCLUSIONSR M&M R
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The Digital Twin

A Digital Twin [4] is a virtual representations of physical objects, systems or processes updated through the exchange of 

information between the real and virtual domains

Digital Twins in cardiovascular care can help the clinicians in performing diagnosis of aortic diseases, personalized 

treatment planning and in monitoring the aneurysm progression.

(Quasi) real-time reaction

Interconnectivity

Life-cycle follow-up (future state prediction)

High accuracy and fidelity

[4] VanDerHorn et al., "Digital Twin: Generalization, characterization and implementation." Decision support systems 145 (2021): 113524.

1

2

3

4

ACTIVE

SEMI-ACTIVE

PASSIVE

3

1 2

4
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Purpose of the work

01

02

03

Redefining risk prediction metrics 

based on the aortic anatomy 

PART 1 

Implementing high-fidelity thoracic 

aorta models

PART 2 

Developing a procedure for real-time 

hemodynamic assessment

PART 3 

• Move beyond the maximum diameter 

criterion.

• Develop growth predictors for a Digital 

Twin to estimate future conditions.

• Replicate the real aorta kinematics for 

the effective study of the wall behaviour.

• Integrate patient-specific properties.

• Deliver surrogate models for 

instantaneous Digital Twin responses.

• Facilitate rapid transition from medical 

images to simulation results.

0

0

INTRODUCTION P1 P2M&M R M&M P3 CONCLUSIONSR M&M R
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PART 1

SHAPE-BASED ASCENDING AORTIC 
ANEURYSM GROWTH PREDICTION



Analyzed 

domain

December 1st, 2023 University of Rome Tor Vergata 10

The ascending aorta dataset

Prior valvular surgery

Images with artefacts

Congenital tissue disorder (Marfan)

Infection, systemic inflammatory, dissection

Age ≤ 25 years old

Less than 6 months between the exams

70 
PATIENTS

EXCLUSION CRITERIALONGITUDINAL DATA

CT-Scan and 3D MRI

INTRODUCTION P1 P2M&M R M&M P3 CONCLUSIONSR M&M R
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Local shape features

𝑫𝑴𝑨𝑿𝒕𝒊𝒎𝒆 𝟐
𝑫𝑴𝑨𝑿𝒕𝒊𝒎𝒆 𝟏

𝟑 𝑬𝑰𝑳𝑹 =
𝑳𝒆𝒙𝒕
𝑳𝒊𝒏𝒕

𝟒 𝑻 =
𝑳𝑪
𝑳𝑪𝟎

𝚫𝑫𝒊𝒂𝒎𝒆𝒕𝒆𝒓 = 𝑫𝑴𝑨𝑿𝒕𝒊𝒎𝒆 𝟐 − 𝑫𝑴𝑨𝑿𝒕𝒊𝒎𝒆 𝟏

𝑮𝒓𝒐𝒘𝒕𝒉 𝑹𝒂𝒕𝒆 (𝑮𝑹) =
𝚫𝑫𝒊𝒂𝒎𝒆𝒕𝒆𝒓

𝚫𝒕𝒊𝒎𝒆

𝟏 𝑫𝒎𝒂𝒙 𝟐 𝑫𝑪𝑹 =
𝑫𝐦𝐚𝐱

𝑳𝑪

DIAMETER ALONG THE CENTERLINE

Time 1
Time 2

Time 1
Time 2

𝚫𝒕𝒊𝒎𝒆 = 𝑻𝒊𝒎𝒆 𝟐 − 𝑻𝒊𝒎𝒆 𝟏

ASSUMPTION OF LINEAR GROWTH

Correlation between aneurysm GR and local shape features is first sought.

INTRODUCTION P1 P2M&M R M&M P3 CONCLUSIONSR M&M R



December 1st, 2023 University of Rome Tor Vergata 12

Machine learning (ML) based risk prediction
6 ML classifiers are trained using local shape features to predict which 

class the patient belongs to.

Growth rate threshold 
T=0.25 mm/month

DATABASE (70 patients)

LOW Risk
(𝑮𝑹 < 𝑻)

HIGH Risk
(𝑮𝑹 ≥ 𝑻)

61

9

Decision Tree (DT)

Linear Discriminant (LD)

Logistic Regression (LR)

Naive Bayes (NB)

Support Vector Machine (SVM)

K-Nearest Neighbours (KNN)

1

2

3

4

5

6

𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 =
𝑇𝑃 + 𝑇𝑁

𝑇𝑃 + 𝑇𝑁 + 𝐹𝑃 + 𝐹𝑁

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 =
𝑇𝑃

𝑇𝑃 + 𝐹𝑁

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑖𝑡𝑦 =
𝑇𝑁

𝑇𝑁 + 𝐹𝑃

𝐿𝐻𝑅+ =
𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦

1 − 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑖𝑡𝑦

𝐿𝐻𝑅− =
1 − 𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑖𝑡𝑦

Leave-one-out

procedure

INTRODUCTION P1 P2M&M R M&M P3 CONCLUSIONSR M&M R
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Global shape features

- Extracted from the entire population.

- Based on the full ascending aorta computational grids derived using mesh morphing.

MESH TEMPLATE

Rigid registration

SEGMENTED MODEL

REGISTERED MODELS

RBF 
mesh morphing

𝓣

ADAPTED MESH TEMPLATE

INTRODUCTION P1 P2M&M R M&M P3 CONCLUSIONSR M&M R
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Global shape features

- Based on the full ascending aorta computational grids derived using mesh morphing.

SEGMENTED MODEL

−3 𝜆𝑖 ≤ 𝑤𝑖 ≤ 3 𝜆𝑖

Statistical shape analysis

Principal component analysis (PCA)

- Extracted from the entire population.

Dimensionality reduction method

MESH TEMPLATE

Rigid registration

REGISTERED MODELS

RBF 
mesh morphing

𝓣

ADAPTED MESH TEMPLATE

INTRODUCTION P1 P2M&M R M&M P3 CONCLUSIONSR M&M R
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Global shape features

- Based on the full ascending aorta computational grids derived using mesh morphing.

SEGMENTED MODEL

Partial least squares (PLS)

- Extracted from the entire population.

MESH TEMPLATE

Rigid registration

REGISTERED MODELS

RBF 
mesh morphing

𝓣

ADAPTED MESH TEMPLATE

𝒙 𝒘 = ഥ𝒙 + 𝝓𝒘𝒙

𝒘𝒙 = 𝝓𝑻(𝒙 − ഥ𝒙)

−3 𝜆𝑖 ≤ 𝑤𝑖 ≤ 3 𝜆𝑖

Statistical shape analysis

Principal component analysis (PCA)

Dimensionality reduction method

INTRODUCTION P1 P2M&M R M&M P3 CONCLUSIONSR M&M R
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Regression methods

- Based on the full Ascending Aorta computational grids derived using mesh morphing.

MESH TEMPLATE

Rigid registration

SEGMENTED MODEL

REGISTERED MODELS

RBF 
mesh morphing

−3 𝜆𝑖 ≤ 𝑤𝑗 ≤ 3 𝜆𝑖

Statistical shape analysis

𝓣

ADAPTED MESH TEMPLATE

PRINCIPAL COMPONENT ANALYSIS (PCA)

PARTIAL LEAST SQUARES (PLS)

Decomposition Method

- Extracted from the entire population.
Regression methods to directly infer the growth rate (GR)

LOCAL SHAPE FEATURES

DCR, EILR, T

GLOBAL SHAPE FEATURES

PCA-derived

PLS-derived

SVM 

regression

Gaussian 

kernel 

function

Linear 

regression

𝑹𝟐 𝑹𝑴𝑺𝑬RESULTS

INTRODUCTION P1 P2M&M R M&M P3 CONCLUSIONSR M&M R
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Correlation local shape features and growth rate

Median value Interquartile range

D 49,29 mm 5,72 mm

DCR 0.48 0.07

EILR 2.32 0.39

T 1.22 0.11

GR 0.08 mm/month 0.17 mm/month

Spearman’s coefficients

R value p-value

D 0,087 0,237

DCR 0,478 1.4e-5

EILR 0.411 2e-4

T 0.241 0.02

Parameters 

INTRODUCTION P1 P2M&M R M&M P3 CONCLUSIONSR M&M R
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Growth risk prediction

𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 =
𝑇𝑃 + 𝑇𝑁

𝑇𝑃 + 𝑇𝑁 + 𝐹𝑃 + 𝐹𝑁

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 =
𝑇𝑃

𝑇𝑃 + 𝐹𝑁
𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑖𝑡𝑦 =

𝑇𝑁

𝑇𝑁 + 𝐹𝑃

𝐿𝐻𝑅+ =
𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦

1 − 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑖𝑡𝑦 𝐿𝐻𝑅− =
1 − 𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑖𝑡𝑦

PREDICTED

TR
U

E

0 1

1

0

TP

TN FP

FN

INTRODUCTION P1 P2M&M R M&M P3 CONCLUSIONSR M&M R
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Growth rate prediction: local versus global shape features
Local shape features (DCR + EILR +T) Global shape features (PCA) Global shape features (PLS)

True Response [mm/month] 
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𝑹𝟐 local shape features = 0.28 𝑹𝟐 global shape features (PCA) = 0.42 𝑹𝟐 global shape features (PLS) = 0.63

𝑹𝑴𝑺𝑬 local shape features = 0.112 
𝑚𝑚

𝑚𝑜𝑛𝑡ℎ
𝑹𝑴𝑺𝑬 global shape features (PLS) = 0.066 

𝑚𝑚

𝑚𝑜𝑛𝑡ℎ

0

True Response [mm/month] 

0 0.1 0.2 0.3 0.4 0.5

True Response [mm/month] 
0 0.1 0.2 0.3 0.4 0.5

𝑹𝑴𝑺𝑬 global shape features (PCA) = 0.083 
𝑚𝑚

𝑚𝑜𝑛𝑡ℎ

INTRODUCTION P1 P2M&M R M&M P3 CONCLUSIONSR M&M R
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Discussion

❑ Diameter alone fails to accurately predict the aneurysm growth according to classifiers

used.

❑ The use of diameter as a criterion for surgery should not be replaced by these features,

but rather complemented by them.

❑ Shape features alone are insufficient to predict aneurysm growth.

MAIN LIMITATIONS

❑ The most important limitations are the small dataset of patients used, the unequal distribution of 

classes for classification.

❑ The assumption of linear growth could be valid only for low ∆𝑡𝑖𝑚𝑒.

Coarctation Abrupt change 
of curvature

INTRODUCTION P1 P2M&M R M&M P3 CONCLUSIONSR M&M R
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HIGH-FIDELITY AORTA MODELING ACCOUNTING 
FOR THE HEART MOTION AND THE INTERACTION 
WITH THE SURROUNDING TISSUES

PART 2

Leonardo Geronzi
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High-Fidelity Modeling

HIGH-FIDELITY
AORTA MODEL

INTERACTION WITH 
SURROUNDING STRUCTURES

HEART MOTION

VALVULAR EJECTION

WALL PRE-STRESSTISSUE MATERIAL PROPERTIES

P

Often not considered in 

computational models of the aorta

INTERACTION WITH 
SURROUNDING STRUCTURES

HEART MOTION

They can improve the simulation 

accuracy and allow a detailed 

analysis of the pathogenesis of 

aneurysms and dissections [6].

INTRODUCTION P1 P2 P3 CONCLUSIONSM&M R M&M R M&M R

[6]

How to tune mechanical boundary conditions to accurately 

reproduce the patient-specific aortic kinematics?
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The dataset

[7] Morgant et al. (2021), PloS one, 16(9), e0256278.

MRI
Angiography

2 To derive the 3D model of the aorta in 

diastole and the spine

Experimental
Data

3 To include patient-specific material 

properties [7]

Cine-MRI1 To extract the kinematics of the aorta 

and detect the valve opening area

9 sagittal + 2 oblique sequences

ONE DAY AFTER SURGERY

ONE DAY BEFORE SURGERY

INTRODUCTION P1 P2M&M R M&M P3 CONCLUSIONSR M&M R
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The calibration procedure

Transient CFD 
simulation

Transient CFD 
simulation

Preliminary tasks

Iterative steps

LEGEND

INTRODUCTION P1 P2M&M R M&M P3 CONCLUSIONSR M&M R
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The calibration procedure

Transient CFD 
simulation

Transient CFD 
simulation

From MRI-Angiography

Spine

Ascending 

aorta

Local 

thresholding

INTRODUCTION P1 P2M&M R M&M P3 CONCLUSIONSR M&M R
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The calibration procedure

Transient CFD 
simulation

Transient CFD 
simulation

The initial value of the parameters was 𝐩1= [1, 1, 1, 1 × 105 Pa/m] [8,9]

𝛼 = 0.95

𝐾𝑋𝑖 = 𝐾𝑆𝑇 + 𝑊𝑑𝑖𝑊𝑋 𝐾𝑆𝑃𝐼𝑁𝐸

𝐾𝑌𝑖 = 𝐾𝑆𝑇 + 𝑊𝑑𝑖𝑊𝑌 𝐾𝑆𝑃𝐼𝑁𝐸

𝐾𝑍𝑖 = 𝐾𝑆𝑇 + 𝑊𝑑𝑖𝑊𝑍 𝐾𝑆𝑃𝐼𝑁𝐸

𝐾𝑆𝑃𝐼𝑁𝐸 = 106 𝑃𝑎/𝑚𝜂 = 105 (𝑃𝑎 ∙ 𝑠)/𝑚

𝑑𝑀𝐴𝑋 = 142 mm

Hyperelastic material model: 

3-parameters Mooney-Rivlin

Robin Boundary Conditions [5]

Input parameters: 𝒑 = [𝑊𝑋,𝑊𝑌,𝑊𝑍 , 𝐾𝑆𝑇] to be tuned

𝑊𝑑𝑖 = 1 − 𝛼
𝑑𝑖

𝑑𝑀𝐴𝑋

Shell elements

INTRODUCTION P1 P2M&M R M&M P3 CONCLUSIONSR M&M R

[8] Moireau et al. (2012), Biomechanics and modeling in mechanobiology, 11(1), 1-18. [9] Gindre et al. (2016), IEEE Transactions on Biomedical Engineering 64.5 1057-1066.
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The calibration procedure

Transient CFD 
simulation

Transient CFD 
simulation

𝑃𝑤(𝑡)𝑃𝑤(𝑡𝑑𝑖𝑎𝑠𝑡)

𝑷𝒘 𝒕 mapped 
on the 

structural wall

Pressure
[mmHg]

122

124

126

128

130Transient CFD 
simulation

INTRODUCTION P1 P2M&M R M&M P3 CONCLUSIONSR M&M R
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The calibration procedure

Transient CFD 
simulation

Transient CFD 
simulation

𝑃𝑤(𝑡)𝑃𝑤(𝑡𝑑𝑖𝑎𝑠𝑡)

Repeating it for 

all the slices
Extracting the 

average

Z[mm]

RIGID BODY MOTION 

(mid-point)

INTRODUCTION P1 P2M&M R M&M P3 CONCLUSIONSR M&M R
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The calibration procedure

Transient CFD 
simulation

Transient CFD 
simulation

From cine-MRI
Region 

Growing9 sagittal + 2 oblique sequences

The wall positions during the cardiac 

cycle were extracted

INTRODUCTION P1 P2M&M R M&M P3 CONCLUSIONSR M&M R
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The calibration procedure

Transient CFD 
simulation

Transient CFD 
simulation

To subsequently include 
the pre-stress

INTRODUCTION P1 P2M&M R M&M P3 CONCLUSIONSR M&M R



December 1st, 2023 University of Rome Tor Vergata 31

The calibration procedure

Transient CFD 
simulation

Transient CFD 
simulation

+ 𝑃𝑊(𝑡) 𝐷𝑋 𝑡 , 𝐷𝑌 𝑡 , 𝐷𝑍(𝑡)+

Ψ𝑖𝑛𝑙𝑒𝑡Γ𝑤

Γ𝑤

Ψ𝑖𝑛𝑙𝑒𝑡

X
Y
Z

D
is

p
la

c
e

m
e

n
t 

[m
m

]
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The calibration procedure

Transient CFD 
simulation

Transient CFD 
simulation

• φ = number of cine-MRI frames

• m = 11 is the number splines from the images

• nl = the number of points for the l-spline

• 𝑑𝑙,𝑘
𝜑

= nearest neighbour distance between the simulation-derived splines and the 

splines from cine-MRI

❑ Calibration criterion: matching between the splines obtained by 

intersecting the cine-MRI planes and the deformed FE model and the 

splines obtained from the boundaries of the cine-MRI segmentations.

❑ Levenberg-Marquardt (LM) least-squares optimization.

INTRODUCTION P1 P2M&M R M&M P3 CONCLUSIONSR M&M R
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Calibration Results

Computational time: 32 hours: 32-cores, parallel

𝑓 𝐩 was reduced by 34% after 19 iterations

Maximum distance 𝐷𝑀: 8.64 mm → 6.37 mm 

Mean distance 𝐷𝑚: 2.24 mm → 1.83 mm

ഥ𝐩= [0.6, 0.02, 0.04, 1.5 × 104 Pa/m]

𝐩1= [1, 1, 1, 1 × 105 Pa/m]

INTRODUCTION P1 P2M&M R M&M P3 CONCLUSIONSR M&M R
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Calibration Results

13.00

0

6.50

3.25

9.75

Total

Displacement

[mm]

Tuned model

Baseline model

Initial guess
𝐩1= [1, 1, 1, 1 × 105 Pa/m]

Calibrated parameters
ഥ𝐩= [0.6, 0.02, 0.04, 1.5 × 104 Pa/m]

ഥ𝐩= [0.6, 0.02, 0.04, 1.5 × 104 Pa/m]

𝐩1= [1, 1, 1, 1 × 105 Pa/m]
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Discussion

Higher fidelity in reproducing the 
real kinematics vessel behaviour

❑ The model with the tuned BCs is able to reproduce the real wall displacement more faithfully than without 

calibrated parameters.

Better assessment of quantities 
such as strain and stress

More accurate prediction of 
events such as aneurysm growth 

and dissection [10]

MAIN LIMITATIONS

❑ It is not easy to extend the workflow to other patients.

❑ It is really complex to reduce the error (i.e., the cost function) to 0: one of the reasons 

is that the wall BCs were controlled by only 4 parameters related to the stiffnesses. 

[10] Beller et al. Journal of medical engineering & technology 32.2 (2008): 167-170.
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HEMODYNAMIC REAL-TIME 
PREDICTION BASED ON SURROGATE 
MODELING TECHNIQUES

PART 3
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𝑛𝑝

Extraction of the geometries Alignement to the template

𝑛𝑝 − 1

Creation of iso-topological grids

RBF mesh 

morphing

𝑛𝑝 − 1

Generation of the atlases

Statistical Shape

Modeling

𝑛𝑣𝑝

Creation of the CFD snapshots

𝑛𝑣𝑝

ONLINE PHASE

Alignment to the template

1 left-out patient

Creation of iso-topological grid

1 left-out patient

Shape coefficients determination

High-order solution

Low-order solution

Validation for the left-out patient

M 𝑡𝑒𝑚𝑝𝑙𝑎𝑡𝑒

M 𝑖
𝓣𝒊

Σ𝑖

M 𝑡𝑒𝑚𝑝𝑙𝑎𝑡𝑒

Iterative

Closest Point

Geometry exclusion

1 left-out patient

Building of the ROM

Response Surface

method
SURROGATE 

MODEL

Automatic CFD

simulations

Least squares

fitting

FULL ORDER SIMULATION

RBF mesh 

morphing

OFFLINE PHASE
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The offline phase [1/2]

Automatic (3D U-net) 

segmentation methods 

developed by Marin-Castrillon

et al. [11]

MRI 4D Flow

3D model

[11] Marin-Castrillon et al. Magnetic Resonance Materials in Physics, Biology and Medicine (2023): 1-14.
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The offline phase [1/2]

Automatic (3D U-net) 

segmentation methods 

developed by Marin-Castrillon

et al. [11]

MRI 4D Flow

RBF Mesh 

Morphing
3D model

Iso-topological

grid

s 𝐱 = 

i=1

N

γiφ 𝐱 − 𝐱𝐬𝐢 + h(𝐱)

𝐱𝐧𝐨𝐝𝐞𝐧𝐞𝐰 = 𝐱𝐧𝐨𝐝𝐞 +

sx 𝐱𝐧𝐨𝐝𝐞
sy 𝐱𝐧𝐨𝐝𝐞
sz 𝐱𝐧𝐨𝐝𝐞

In the 3D space:

[11] Marin-Castrillon et al. Magnetic Resonance Materials in Physics, Biology and Medicine (2023): 1-14.
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The offline phase [1/2]

Automatic (3D U-net) 

segmentation methods 

developed by Marin-Castrillon

et al. [11]

MRI 4D Flow

RBF Mesh 

Morphing
3D model

Iso-topological

grid
Statistical Shape 

Modeling

Parametric 

3D model

Based on principal component analysis (PCA) 

Each shape ෪𝑀𝑆
𝑖

can be built combining 

𝑛𝑆𝑀 eigenvalues 𝜆𝑗 and 𝑛𝑆𝑀 eigenvectors 𝑾𝒋

s 𝐱 = 

i=1

N

γiφ 𝐱 − 𝐱𝐬𝐢 + h(𝐱)

𝐱𝐧𝐨𝐝𝐞𝐧𝐞𝐰 = 𝐱𝐧𝐨𝐝𝐞 +

sx 𝐱𝐧𝐨𝐝𝐞
sy 𝐱𝐧𝐨𝐝𝐞
sz 𝐱𝐧𝐨𝐝𝐞

෪MS
i
= MSmean

+ σj=1
nSM cj

i λj𝐖j

In the 3D space:

[11] Marin-Castrillon et al. Magnetic Resonance Materials in Physics, Biology and Medicine (2023): 1-14.
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The offline phase [2/2]

CFD Simulation using the 

synthetic data created 

through SSM

Set of learning 

snapshots

Parameteric velocity inlet – pressure outlet BCs

Navier-Stokes equations:

SIMPLE pressure-velocity coupling

𝐮 ∙ ∇𝐮 = −
1

ρ
∇p + ν ∇2𝐮, in ΥF

∇ ∙ 𝐮 = 0, in ΥF

(Wall pressure)
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The offline phase [2/2]

CFD Simulation using the 

synthetic data created 

through SSM

Set of learning 

snapshots

Parameteric velocity inlet – pressure outlet BCs

Navier-Stokes equations:

Model order reduction 

techniques

SIMPLE pressure-velocity coupling

𝛀 = 𝑼𝚺𝑽𝑻

Proper orthogonal decomposition 

(POD) techniques:

min
𝚽

𝛀 −𝚽𝚽𝐓 2

Genetic Aggregation Response Surface 

(GARS) technique for the ROM interpolation𝐮 ∙ ∇𝐮 = −
1

ρ
∇p + ν ∇2𝐮, in ΥF

∇ ∙ 𝐮 = 0, in ΥF

519

Geometrical parameters Physical parameters

(Wall pressure)
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The offline phase [2/2]

CFD Simulation using the 

synthetic data created 

through SSM

Set of learning 

snapshots

Parameteric velocity inlet – pressure outlet BCs

Navier-Stokes equations:

Model order reduction 

techniques

Surrogate 

Model

SIMPLE pressure-velocity coupling

𝛀 = 𝑼𝚺𝑽𝑻

Proper orthogonal decomposition 

(POD) techniques:

min
𝚽

𝛀 −𝚽𝚽𝐓 2

Genetic Aggregation Response Surface 

(GARS) technique for the ROM interpolation
FMUINPUTS OUTPUTS

FMU DEPLOYMENT

Model Exchange 2.0

𝐮 ∙ ∇𝐮 = −
1

ρ
∇p + ν ∇2𝐮, in ΥF

∇ ∙ 𝐮 = 0, in ΥF

519

Geometrical parameters Physical parameters

(Wall pressure)
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Surrogate model deployment

1) DECOMPOSITION

2) INTERPOLATION
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The online phase

Automatic (3D U-net) 

segmentation

3D model

Excluded patient
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The online phase

Automatic (3D U-net) 

segmentation

RBF Mesh 

Morphing

3D model

Iso-topological

grid
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The online phase

Automatic (3D U-net) 

segmentation

RBF Mesh 

Morphing

3D model

Iso-topological

grid

Shape 

representation using 

lest squares fitting

ROM 

interpolation

𝛚FOM 𝛂, 𝛃 ≈ 𝛚ROM 𝛂, 𝛃 = 

i=1

NPOD

wi σi 𝛂, 𝛃 𝛟i 𝛂, 𝛃

Inlet BC velocity value 

from the images

+
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order results
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The online phase

Automatic (3D U-net) 

segmentation

RBF Mesh 

Morphing

3D model

Iso-topological

grid

Full order model

104 108

Wall Pressure [mmHg]

Comparison full 

order vs reduced 

order simulation

Low order model

𝛚FOM 𝛂, 𝛃 ≈ 𝛚ROM 𝛂, 𝛃 = 

i=1

NPOD

wi σi 𝛂, 𝛃 𝛟i 𝛂, 𝛃

Inlet BC velocity value 

from the images

eROM
rel,i−out =

𝛚𝐢−𝐨𝐮𝐭
𝐅𝐎𝐌 −𝛚𝐢−𝐨𝐮𝐭

𝐑𝐎𝐌

𝛚𝐢−𝐨𝐮𝐭
𝐑𝐎𝐌

eROM
abs,i−out = max 𝛚𝐢−𝐨𝐮𝐭

𝐅𝐎𝐌 −𝛚𝐢−𝐨𝐮𝐭
𝐑𝐎𝐌
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Leave-one-patient-out validation results

Left-out-patient
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Shape reconstruction by least squares fitting
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Leave-one-patient-out validation results

Left-out-patient
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Leave-one-patient-out validation results

2% error
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Discussion

❑ Mathematical, statistical and numerical techniques can be combined to predict in

almost real-time hemodynamic results directly starting from the medical images.

❑ Patients for whom the reconstruction is outside the modal space used to train the ROM

return higher errors in predicting the output wall pressure field.

MAIN LIMITATIONS

❑ A small set (35) of patients is used to compute the statistical shape model.

❑ A validation of the hemodynamic results needs to be performed.
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Conclusions
With this work, we analysed some of the fundamental aspects for the construction of a Digital Twin.

The basis of a reliable Digital Twin 

must be clean and accurate data

The Digital Twin must integrate both 

anatomical and physiological data to 

understand the disease progression

A Digital Twin requires dynamic 

integration of patient data through 

computational and statistical models

A Digital Twin based on high-fidelity 

data should be able to accurately 

predict the disease risk
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Conclusions
LIMITATIONS AND FUTURE WORKS

All the separately analyzed parts 

should be integrated to create a real 

active Digital Twin

The methods proposed here need to 

be extended on a larger scale

The Digital Twin needs to be made 

more accessible for medical 

personnel

Wearable device integration will 

enable more responsive updates 

based on patients’ condition
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