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Preface
It is a pleasure to welcome all participants of the 7th International Conference on Computational

& Mathematical Biomedical Engineering to Milan. This seventh edition is hosted by one of the most
prestigious universities in Italy, Politecnico di Milano.

CMBE is an important forum for sharing progress and knowledge within the community inter-
ested in engineering mathematics, computational and experimental methods applied to biomedical
problems. This year’s conference has received a large number of abstracts, each of which was peer-
reviewed by members of the programme committee and mini-symposia organisers. We would like
to thank all the authors and session organisers, committee members and external reviewers for their
efforts.

The CMBE22 proceedings in electronic format is available to download from the conference web-
site. All authors are invited to submit an extended version of their paper to the ‘International Journal
for Numerical Methods in Biomedical Engineering’.

The conference consist of an opening, 2 plenary and 5 keynote lectures, 17 tracks or mini-
symposia divided into multiple sessions and 7 standard sessions. CMBE also awards the ‘Interna-
tional Journal for Numerical Methods in Biomedical Engineering (IJNMBE) Best PhD Award in
Biomedical Engineering’, in recognition of important contributions to the advancement of computa-
tional and/or mathematical biomedical engineering.

Finally, we would like to thank all delegates who attended CMBE22 and made its success.
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Cristóbal Bertoglio University of Groningen, The Netherlands
Bindi Brook University of Nottingham, United Kingdom
Alfonso Caiazzo WIAS Berlin, Germany
Michele Marino Leibniz University Hannover, Germany
Alessandro Mauro University of Naples Parthenope, Italy
Dimitris Parthimos Cardiff University, United Kingdom
Allesandro Reali University of Pavia, Italy
Ryo Torii University College London, United Kingdom
Xianghua Xie Swansea University, United Kingdom
Yongjie Zhang Carnegie Mellon University, USA

Organising Committee

Adesola Ademiloye Swansea University, United Kingdom
Hari Arora Swansea University, United Kingdom
Jason Carson Swansea University, United Kingdom
Neeraj K. Chakshu Swansea University, United Kingdom
Alberto Coccarelli Swansea University, United Kingdom
Luca Dede’ Politecnico di Milano, Italy
Marco Fedele Politecnico di Milano, Italy
Raoul van Loon Swansea University, United Kingdom
Francesco Migliavacca Politecnico di Milano, Italy
Sanjay Pant Swansea University, United Kingdom
Luca F. Pavarino University of Pavia, Italy
Igor Sazonov Swansea University, United Kingdom
Emiliano Votta Politecnico di Milano, Italy
Chengyuan Wang Swansea University, United Kingdom
Feihu Zhao Swansea University, United Kingdom

iv





Contents
Invited Lectures

Uncertainty Quantification of Blood Flow in Cerebral Circulation using a
Surrogate Model based on Machine Learning
M. Oshima 2

Towards the clinical use of endovascolar procedures, from structural finite
element analysis to deep neural network
F. Auricchio 3

Computational Physics for Cardiovascular Functional Imaging and
Hemocytometry
F. Nicoud 4

What AI scientists think doctors want and what is expected to be delivered:
solving the conundrum at the heart of AI and Medicine
P. Lio’ 5

Development of PVA-H 3D printer for mimicking an artery
M. Ohta 6

Material Transport Simulation in Complex Neurite Networks Using
Isogeometric Analysis and Machine Learning Techniques
J. Zhang 8

Mesoscale models for microcirculation to study vascular alterations and
treatments
P. Zunino 9

Mechanics, Mechanobiology, and Mechanical Homeostasis in Arteries
J.D. Humphrey 10

A1: Identifying and understanding cerebral aneurysms risk
factors and their interactions I
Organised by P. Bijlenga, J.R. Cebral, S. Hirsch, A.M. Robertson and P.
Watton

Blebs in cerebral aneurysms: summary of recent studies
J.R. Cebral and A.M. Robertson 11

Exploring intracranial aneurysm instability markers to improve disease
modeling
N. Dupuy, N. Juchler, S. Morel, B.R. Kwak, S. Hirsh and P. Bijlenga 14

Rupture point hemodynamics: the importance of the oscillatory velocity
index and Navier slip boundary condition
J. Trdlicová and J. Hron 18

Bayesian networks to disentangle the interplay of intracranial aneurysm
rupture risk factors
M. Delucchi, G.R. Spinner, M. Scutari, P. Bijlenga, S. Morel, C.M. Friedrich and S. Hirsch

vi



22

A2: Modeling and computational aspects of
microcirculation I
Organised by Paolo Zunino and Andreas Linninger

Multiscale Models of Fluid Transport Through Heterogeneous, Real-World
Vascular Networks
R.J. Shipey and S. Walker-Samuel 27

Multiscale and homogenized modeling of vascular tissues
C. Belponer, A. Caiazzo, L. Heltai, L.O. Müller and D. Peterseim 29

Modeling and simulation of vascular tumors embedded in evolving capillary
networks
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A. Maghouli, A.-C. Bayeul-Lainé, S. Simonet, M. Haddadi and O. Coutier-Delgosha 397

In-silico analysis of a self-powered injection-jet fontan circulation to reduce
caval pressure in a failing fontan
R. Prather, A. Das, M. Farias, E. Divo, T.-Y. Hsia, A. Kassab and W. DeCampli 401

PIV and CFD comparison of 3D printed blood vessels models
A. Antonowicz, K. Jedrzejczak, M. Kozłowski, K.Wojtas, Ł. Makowski, and W. Orciuch

405

An investigational study on computational hemodynamic modelling of
sclerotherapy
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SUMMARY
This work regards a numerical model for the simulation of blood flow in networks of viscoelastic
vessels. The viscoelasticity of the vessels wall is treated with a Standard Linear Solid Model, from
which a tube law in the form of a partial differential equation is derived and added to the system
of governing equations. The innovative aspect consists in the congruent numerical treatment of the
viscoelastic contribution in all boundary sections of the networks, namely inlet or outlet sections and
junctions. For this purpose, a Riemann problem valid for these sections has been defined, which relies
on an additional Riemann Invariant relating blood pressure and vessel lumen, besides the typical ones
that relate blood velocity and pulse wave celerity.

Key words: arterial networks modeling, viscoelastic vessels, junction modeling, Riemann problem.

1 INTRODUCTION

It is well established that 1-D blood flow models provide satisfactory results for the analysis of pulse
waves only if the mechanical behavior of blood vessels is correctly accounted for [1]. In particu-
lar, an accurate viscoelastic characterization of the vessel wall is crucial [2, 3]. In this work, the
Standard Linear Solid model (SLSM) is adopted to describe the vessel wall rheology as in [2], en-
abling to simulate the most significant aspects related to the viscoelasticity of the vessel wall: the
exponential decay in time of the pressure, creep and hysteresis. The application of these features is
utmost meaningful especially when dealing with extended networks. In these contexts, although the
viscoelasticity is usually neglected in the implementation of boundary conditions, in favor of a local
elastic approach [4], given the considerable number of branches and junctions, the inclusion of the
viscoelastic contribution results impactful for a correct hemodynamic analysis [5].

2 METHODOLOGY

2.1 Mathematical model

The hemodynamic model based on the a-FSI system presented in [2], is employed here for the study
of flow propagation in blood vessels networks. The governing equations are written in 1-D form
and are obtained by integrating the 3-D Navier-Stokes equations for incompressible fluid over the
vessel cross-section, under the assumption of axial symmetry of the geometry and of the flow [1]
The so-called tube law, defined on the viscoelastic SLSM, is added in the system as closing equation,
representing the constitutive relation among the cross-sectional area of the vessel and the pressure.
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The discussed a-FSI system reads as follows:

∂tA+ ∂x(Au) = 0 (1a)

∂t(Au) + ∂x(Au2) +
A

ρ
∂xp =

f

ρ
(1b)

∂tp+ d ∂x(Au) = S (1c)

where A(x, t) is the vessel cross-sectional area, u(x, t) is the cross-sectional averaged blood velocity,
p(x, t) is the internal blood pressure, ρ is the blood density, x and t are space and time, respectively.
The term f in Eq. (1b) represents the friction losses term. In Eq. (1c), the parameter d = d(A(x, t))
is related to the elastic contribution, and the stiff relaxation term S(x, t) accounts for the viscous
contribution of the wall (S = 0 in the elastic case). For a detailed description of the a-FSI model,
the reader is referred to [2]. System (1) is natively hyperbolic. Therefore, it is possible to analyze
its eigenstructure. In particular, three real eigenvalues and a complete set of corresponding linearly
independent eigenvectors can be defined. The only null eigenvalue is associated with a linearly de-
generate field and the other two non-null eigenvalues with genuinely nonlinear fields. With respect to
the latter, the following RIs apply:

Γ1 = u+

∫
c(A)

A
dA, Γ2 = u−

∫
c(A)

A
dA, Γ3 = p−

∫
d(A)dA. (2)

Where c(A) is the wave celerity. It is worth underlining that the presence of Γ3 is due to the intro-
duction of the viscoelastic tube law in PDE form into the governing system.

2.2 Numerical method

An Implicit-Explicit (IMEX) Runge-Kutta (RK) Finite Volume (FV) approach is employed to solve
the a-FSI system, allowing the resolution of hyperbolic systems with stiff relaxation terms [2]. Time
discretization relies on the stiffly accurate IMEX-SSP2(3,3,2) scheme, which is asymptotic preserving
(AP) and asymptotic accurate in the zero relaxation limit. Spatial discretization is obtained using a
second-order FV scheme, employing the Dumbser-Osher-Toro (DOT) Riemann solver [6]. The model
is second-order accurate in space and time.

Major interest has been posed on the numerical treatment of junctions. For these internal bound-
aries, the so-called Junction Riemann Problem (JRP) is here proposed. The JRP is defined as the
problem governed by the a-FSI system with piece-wise initial constant states in each branch of the
junction. The assumption of a sub-critical blood flux is made a-priori. Consequently, the non-linear
waves, which constitute part of the solution of the JRP, move from the junction section among the
vessels towards the periphery along each branch. The contact discontinuity wave related to the null
eigenvalue, that arises due to the addition of the tube law in the a-FSI system, is stationary and re-
mains located at the initial discontinuity of the initial solution. Thus, the JRP partial solution related
to each branch consists only of an initial state separated from a single intermediate state by a non-
linear wave, while the intermediate states of the joining branches are separated from each other by
the contact discontinuity. For a JRP connecting N vessels, N initial constant states at time t can be
identified, provided by the averaged state variables of the junction-adjacent cells of the N afferent
vessels, Q1D

i = [Ai, qi, pi]
T , with i = 1, . . . , N , along with the new N intermediate constant states

at time t + ∆t, Q∗
i = [A∗

i , q
∗
i , p

∗
i ]
T , with i = 1, . . . , N , unknown variables of the JRP. Solving the

JRP in analogy to the Two-Rarefactions Riemann Solver (TRRS) [7], the non-linear system at junc-
tion is defined recurring to the RIs related to the genuinely non-linear fields, Γ1,2,3, which identify
the quantities preserved across rarefaction waves, and the RIs related to the linearly degenerate fields,
which express the conservation of mass (Au) and total energy (p+ 1

2ρu
2), indicating quantities con-

served across contact discontinuity waves. Thus, the resulting non-linear system valid for viscoelastic
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Figure 1: 2–vessels junction test performed for a generic artery. Comparison between the reference
and the numerical solution, considering either an elastic or a viscoelastic wall mechanical behavior in
terms of flow-rate (a) and pressure (b).

junctions reads as follows:

N∑
i=1

ΘniA
∗
iu

∗
i = 0, (3a)(

p∗1 + 1
2ρu

∗2
1

)
−
(
p∗i + 1

2ρu
∗2
i

)
= 0, i = 2, . . . , N, (3b)

u∗i − u1Di + Θni

∫ A∗
i

A1D
i

c(A)
A dA = 0, i = 1, . . . , N, (3c)

p∗i − p1Di −
∫ A∗

i

A1D
i
d(A) dA = 0, i = 1, . . . , N, (3d)

where Θni = ±1 for entering (resp. outgoing) vessels. In case of an elastic vessel wall, System
(3) can be simplified removing the last equation, namely not using Γ3, being p(A∗

i ) calculated a-
posteriori via the elastic tube law. System (3) can be used in both artery and vein cases, simply by
appropriately selecting the coefficients that characterize the specific tube law.

3 RESULTS AND CONCLUSIONS

The validation of the junction model is performed employing the purely abstract test named 2-vessels
junction, consisting in two contiguous vessels, joined by the here proposed approach, considering
both an arterial and a venous case. The reference solution is the corresponding case of single vessel.
Excellent agreement between the numerical and reference solution is observed for both the vessel
types. Fig. 1 shows the result in the arterial case.
Subsequently, the model is applied to extended benchmark networks, dealing with multiple bifurca-
tions. As an example, few numerical results concerning the simulation of the human arterial network
ADAN56 [8] are hereby reported. Computed waveforms of the pressure are compared to the elastic
benchmark gathered from [4]. A viscoelastic simulation is carried out to access how the SLSM affects
the results and to test the conceived numerical method for extensive networks. Fig. 2 shows results
of the the common carotid artery (CCA), thoracic aorta (TA) and internal iliac (IL). Hysteresis loops
of these arteries are also reported, demonstrating how in the viscoelastic model the energy cyclically
introduced into the system is not totally recovered during diastole, but is partially dissipated.
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