
Abstract—In this work, a computational framework for the 
implementation of a chemo-mechano-biological formulation of 
the remodelling of arterial tissue constituents is developed. 
Accordingly, arterial behaviour has been analyzed through a 
multiphysics strategy that couples: macroscopic mechanical 
description; molecular transport phenomena; remodelling laws 
of tissue micro- and nano-structural features. Numerical results 
have been obtained by addressing a case study which shows the 
effects of extracellular matrix remodelling induced by intra-
arterial-wall transport of, e.g., matrix metalloproteinases, 
transforming growth factor-beta and interleukines.  
Keywords—Arterial biomechanics, molecular transport, 

chemo-mechano-biological remodelling, coupled mechanics. 

I. INTRODUCTION 
RTERIAL physiopathological behaviour involves 
multiphysics mechanisms, as the result of the complex 

interplay between microscale transport phenomena and 
mechanical equilibrium. Indeed, vascular mechanics depends 
on the structural organization and properties of arterial wall 
constituents. In turn, the latter are affected by remodelling 
mechanisms associated with tissue biochemical environment, 
that is with the proteolytic activity of enzymes diffusing 
within aortic thickness or by the synthesis of arterial 
constituents from cells. Tissue biochemical environment is 
governed by cell-cell signalling pathways, mediated by 
soluble factors diffusing in arterial tissues [1]. Accordingly, 
structural properties and molecules (e.g., enzymes, cytokines, 
growth factors) are closely related in a closed-loop feedback 
control system and determine the physiological functional 
behaviour of the artery. In this framework, a challenging 
open issue in biomechanics is to model the effects of physio-
pathological mechanisms on the macroscale functional 
response of cardiovascular structures, starting down from 
their biological onset.  

For instance, multiphysics mechanisms control the 
degradation and the deposition of the extracellular matrix 
(ECM) whose dysregulation leads to pathological tissue 
remodelling. Several biologically active molecules affect the 
rate of deposition and degradation of ECM (such as, matrix 
metalloproteinases MMPs, endogenous tissue inhibitors 
TIMPs, transforming growth-factors TGF-βs, interleukines 
ILs). Under physiological conditions, a balance between 
ECM deposition and degradation is maintained, while a loss 
of activity control may result in diseases such as aneurysms. 
In order to account for these mechanisms in numerical 
simulations of arterial biomechanics, a direct relationship 
between micro/nanoscale mechanisms and mechanical 
response of arterial tissues is needed, avoiding 
phenomenological-like descriptions. In this framework, 
constitutive hyperelastic models based on multiscale 
homogenization techniques for collagenous tissues have been 

recently introduced [2]. These models explicitly incorporate 
nano- and microscale mechanisms, giving a special insight on 
the link between histology and mechanical response of 
collagenous tissues.  
The aim of this work is to develop a computational 
framework for the chemo-mechano-biological remodelling of 
arterial tissue constituents in patient-specific arterial 
segments. The multiphysics coupling strategy for microscale 
reactive/transport phenomena and tissue mechanical response 
traced in [3] is employed. The key components of these 
computational problems are highlighted and analysed, 
presenting modelling approaches which are validated and 
discussed. 

II. MATERIALS AND METHODS

In the present work, the mechanics of arterial tissues is 
modeled by employing multiscale homogenization methods 
[2] and it is coupled with reaction-diffusion processes of 
biochemical substances by the definition of suitable 
remodelling laws [3]. Analytical and computational 
approaches are employed in order to obtain the macroscale 
tissue response in function of both nanoscale mechanisms [4] 
and microscale nonlinearities [5]. In particular, tissue 
anisotropic mechanical response are obtained on the basis of 
computational models of curvilinear fiber-like structures and 
analytical molecular descriptions.  
Molecular transport is described by means of reaction-
diffusion equations whose source and consumption terms 
depend on the biological activity of cells. Remodelling laws 
are driven by the obtained tissue biochemical environment 
and described by means of partial differential equations 
inspired by the logistic function. 
A staggered solution strategy is conceived, exploiting the 
principle of time scale separation between mechanical, 
transport and remodelling mechanisms. The simulation tool is 
developed implementing an in-house Matlab code which 
exploits the solving finite-element capabilities of COMSOL 
Multiphysics.  

III. RESULTS

Results are obtained addressing an exemplary case study of 
patient-specific arterial segment obtained from computed 
tomography (CT) images (Fig. 1).  

The effects of altered microscale transport processes on 
arterial mechanisms are analyzed. For instance, the 
biochemical activity of MMPs (matrix metalloproteinases), 
TGF-β (transforming growth factor-β) and IL (interleukine) 
can be effectively addressed by the present computational 
framework. The concentration profiles of these molecules 
within arterial tissues are obtained in function of cellular 
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activity affected, e.g., by inflammatory states. When 
biologically-active molecules reach biological cells, they 
activate the synthesis/degradation of ECM constituents. 
Accordingly, since ECM has a major influence on tissue 
mechanical properties, microscale transport-processes highly 
affect arterial macroscale mechanics. In particular, the effects 
of possible imbalance of cell-cell signalling pathways on 
arterial mechanics are analysed. As an example, Fig. 2 shows 
the influence of an inflammatory state, simulated by an 
increased concentration of MMPs, on the mechanical 
response of the tissue affected by remodelling process. 

Fig. 1: Numerical case study defined on a portion of thoracic 
aorta affected by atherosclerotic plaques. 𝑫𝒌 : coefficient 
diffusion; ℂ𝒌 : fourth order stiffness tensor (k = a for arterial 
tissue; k = p for atherosclerotic plaque).  

Fig. 2: Distribution in the arterial thickness of: (left) 
concentration of MMPs as a result of molecular transport 
process,  (right) circumferential strain 𝜺𝝋 as a result of mean 
blood pressure load after remodelling process.   

IV. CONCLUSION

This work presents a multiphysics computational strategy 
for the modelling of arterial mechanics, of transport 
processes, and of the two-way interaction between mechanics 
and transport. As a matter of fact, the proposed 
computational approach represents a novel tool for 
elucidating the closed-loop system represented by arterial 
biochemical environment, histological remodelling 
mechanisms, and arterial compliance.  

This strategy, in conjunction with appropriately designed 
experiments, would open to a novel insight on the onset and 
progression of arterial diseases, with a better understanding 

on the original pathological cause. Thereby, it promises novel 
and ground-breaking results for in silico medicine. For 
instance, proposed framework can be employed to 
quantitatively analyse the protective role of TGF-β, whose 
increased production might represent an internal feedback 
mechanism or be a consequence of a pharmacological 
treatment [6]. 
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