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Abstract:  The overstretching of arterial walls as it occurs, 

e.g., during balloon angioplasty, results in a stress-softening 

of the collagenous wall which is believed to arise from mi-

croscopic tissue damage. To model such damage we use a 

macroscopic, fiber-reinforced constitutive framework includ-

ing a characterization of  the  individual tissue components. 

We employed traditional and novel experimental investiga-

tions to determine and quantify the required mechanical and 

microstructural tissue parameters for the constitutive model. 

Herein we present some of our experimental approaches and 

the resulting preliminary findings. 
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Introduction 

Clinical interventions to treat atherosclerotic degeneration 

resulting in luminal narrowing often include balloon an-

gioplasty. The invasive procedure involves the inflation 

of a catheter with the aim of increasing the lumen dimen-

sions by pushing the obstructing plaque into the vessel 

wall. Naturally, a much higher pressure than the physio-

logical blood pressure is required for this procedure, caus-

ing microscopic-level tissue damage which results in a 

stress-softening of the collagenous tissue.     

Phenomenological models describing this softening be-

havior have been proposed in the literature, yet none of 

them include the damage-induced changes of the tissue 

microstructure. A new damage function [1] is proposed 

(inspired by a sliding filament model [2]) which includes 

mechanical parameters obtained through uniaxial tension 

tests on healthy as well as collagenase and elastase-

treated tissues. The (discrete) evolution of microstructural 

parameters was quantified using various image analysis 

techniques on electron microscopy (EM) micrographs 

showing collagen fibrils and proteoglycan (PG) bridges. 

 

Methods 

All experimental investigations were performed on cir-

cumferential strips extracted from human abdominal 

aortas. From each specimen three strips were prepared for 

subsequent tension-testing: one served as control 

(Fig.1(a)), the other two were treated separately, one with 

elastase including a trypsin inhibitor following the proto-

col by [3] leading to a complete loss of elastic fibers (Fig. 

1(b)), and the other with collagenase according to [4] 

leaving a collagen-free tissue behind (Fig. 1(c)).  

 

 

Figure 1: Cross-section images from the media of a hu-

man abdominal aorta: (a) untreated sample, the Elastica 

van Gieson (EvG) stain shows elastic fibers and nuclei as 

black, collagen as red, and smooth muscle cells as yel-

low/brown; (b) EvG-stained sample after elastase with 

black elastic fibers missing; (c) picrosirius red-stained 

sample after collagenase treatment showing the lack of 

collagen fibers, normally appearing as bright red.  Scale 

bars: 50µm. 

 

The protocol for cyclic tension-testing included 10 load 

cycles for each load step, before progressively increasing 

the load until rupture. 

To extract microstructural tissue quantities as a function 

of different circumferential stretch values, separate tissue 

samples were extracted from each aorta and mounted 

individually into an aluminum frame at 2.5, 5, 7.5, 10, 

and 12.5% strain, controlled via a video extensometer. 

The samples were subsequently fixed in 2% glutaralde-

hyde (while remaining in the frames) at room temperature 

for a minimum of 6h. In order to visualize PGs, the spec-

imens were then stained with Cupromeronic Blue (CB) 

according to the protocol in [5]. Subsequently, ultra-thin 

sections (200-300nm) were cut with a microtome 

equipped with a diamond knife for EM imaging. Result-

ing images showed collagen fibrils (see Fig. 2(a)) and 

PGs (not shown). 

To extract statistical distributions of interfibrillar collagen 

fibrils, an ImageJ plugin (U.S. National Institutes of 

Health, MD, USA) was developed. After some basic pre-

processing and segmentation steps, the plugin automati-

cally identified cross-sectioned collagen fibrils and de-

termined the interfibrillar distances within a given region 

of interest (ROI), as illustrated in Fig. 2(b). PG bridge 



orientations were obtained by manually measuring the 

angle between a collagen fibril edge and the main longi-

tudinal axis of the protruding PG, using implemented 

ImageJ tools. 

Figure 2: Transmission electron microscopy images:  

(a) overview showing various tissue components includ-

ing fibrils coming in and out of the imaging plane at vari-

ous angles; (b) sub-domain of (a) highlighting cross-

sectioned collagen fibrils that were identified (green cir-

cles) by the custom programmed ImageJ plugin. Scale 

bar: 500nm. 

 

Results 

Cyclic uniaxial tension testing revealed a typical, nonlin-

ear stress-strain response for the control samples. The 

collagenase-treated samples showed a soft, linear re-

sponse due to the lack of collagen fibers, usually respon-

sible for the nonlinear increase in the stiffening of arterial 

walls with higher stains. For the elastase-treated samples 

a damage-induced softening effect was observed. 

The newly developed ImageJ plugin yielded novel struc-

tural data regarding interfibrillar collagen distances, and 

PG orientation measurements resulted in angular PG 

distributions and their evolution as a function of strain. 

 

Discussion 

The macroscopic response of the fiber-reinforced arterial 

tissue is modeled by a constitutive framework proposed in 

[1]. It includes a characterization of individual tissue 

components and uses a statistical approach to model mi-

croscopic damage of collagenous soft tissues as presented 

herein. From an experimental perspective, the required 

parameters can be obtained through standard uniaxial 

tension tests as well as via newly developed image analy-

sis approaches for the extraction of specific structural 

parameters to be used in numerical modeling (see, e.g., 

[6,7]). 

Mechanical testing of individual components of the arte-

rial wall (collagen after elastase; elastin after collagenase) 

yielded novel insights into the effect of supra-

physiological loading where, e.g., a damage-induced 

softening effect was observed in samples treated with 

elastase. 

The development of a new ImageJ plugin allowed us to 

automatically determine interfibrillar collagen distances 

from EM micrographs. Determining angular PG distribu-

tions required the use of a special sample preparation 

including CB staining. Measurements via standard ImageJ 

tools were carried out manually and yielded, for the first 

time, quantified PG orientations in human arterial walls. 

By fixing several samples from the same patient at differ-

ent strains, we were able to investigate the influence of 

stretch upon the evolution of both microstructural quanti-

ties, namely the interfibrillar collagen distances and PG 

distributions. 
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