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Abstract

Background: Calcification was recently found to be present in the majority of cerebral 

aneurysms, though how calcification and the presence or absence of co-localized lipid pools affect 

failure properties is still unknown.

Objective: The primary objective is to quantify the biomechanical effect of a macro-calcification 

with surrounding Near-Calcification Region (NCR) of varying mechanical properties on tissue 

failure behavior.

Methods: We utilized a structurally informed finite element model to simulate pre-failure and 

failure behavior of a human cerebral tissue specimen modeled as a composite containing a macro-

calcification and surrounding NCR, embedded in a fiber matrix composite. Data from multiple 

imaging modalities was combined to quantify the collagen organization and calcification 

geometry. An idealized parametric model utilizing the calibrated model was used to explore the 

impact of NCR properties on tissue failure.

Results: Compared to tissue without calcification, peak stress was reduced by 82% and 49% for 

low modulus (representing lipid pool) and high modulus (simulating increase in calcification size) 

of the NCR, respectively. Failure process strongly depended on NCR properties with lipid pools 

blunting the onset of complete failure. When the NCR was calcified, the sample was able to 

sustain larger overall stress, however the failure process was abrupt with nearly simultaneous 

failure of the loaded fibers.
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Conclusions: Failure of calcified vascular tissue is strongly influenced by the ultrastructure in 

the vicinity of the calcification. Computational modeling of failure in fibrous soft tissues can be 

used to understand how pathological changes impact the tissue failure process, with potentially 

important clinical implications.
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1. Introduction

Intracranial aneurysms (IA), the pathological enlargement of the cerebral arterial wall, are 

present in about 3.2% of the adult population [1]. Spontaneous rupture of a cerebral 

aneurysm is fatal for approximately 45% of patients, while 50% of the survivors suffer from 

disabilities that prevent them from returning to work [2,3]. Currently, it is difficult for 

clinicians to confidently select aggressive and somewhat risky treatments over more careful 

observation [4,5]. Indeed, current clinical treatment protocols such as clipping, endovascular 

coiling, and stenting carry significant risks, including a 1-2% risk of mortality, that can be 

higher than the risks associated with a rupture which occurs at an average rate of 1.1% per 

year [6,7]. Thus, there is a pressing need for improved evidence-based methods to stratify 

the aneurysms at a higher risk of rupture and avoid unnecessary treatment in others. As 

patient specific information about the aneurysm wall is limited; most IA rupture risk 

assessment protocols are based on patient characteristics combined with metrics of 

aneurysm geometry, such as aspect ratio, diameter and surface lobulation of the aneurysm. 

While patient specific hemodynamics within the aneurysms also have great potential for risk 

assessment, due to their direct influence on the health of the aneurysm wall, controversy 

remains on how best to use such information to guide clinical decisionmaking [8-10].

From a biomechanics point of view, aneurysmal wall rupture is the mechanical failure of the 

wall tissue in the presence of wall stresses in excess of the tissue strength. Different 

structural pathways, such as anomalous remodeling of the wall collagen architecture, 

inflammation, the presence of lipid pools or calcified regions within the wall tissue, have 

been variously implicated as wall-weakening mechanisms leading to the IA rupture. Our 

group recently reported that calcification is more prevalent in human IA wall tissue than 

previously believed [11]. We also found that physical environment around the calcification 

varied. For example, calcification could exist within or even separate from lipid pools [11]. 

Moreover, in some cases, the collagen fibers could traverse around the calcification, while in 

other cases, the calcification appeared in pockets surrounded by apparently damaged 

collagen fibers [11,12]. Additionally, we found that for ruptured aneurysms, the calcification 

was never co-localized with lipid pools, suggesting the environment around the calcification 

is of importance. Furthermore, while calcification was found in nearly all samples, 

calcifications that were 1 mm or greater in dimension were only found in unruptured 

aneurysms. These findings suggest information as to the physical existence of either lipids 

and/or calcifications is insufficient to assess rupture. A physical explanation for these 
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correlations would potentially have tremendous value, both for risk assessment in cerebral 

aneurysms and also for plaques in extracerebral vessels.

While the role of calcifications in altering the stress state of the tissue has received more 

attention in extra-cerebral vessels than for cerebral vessels [13-15,11,16,17], similarly 

crucial unanswered questions remain for these vessels as to the relationship between 

calcification and rupture risk. In addition, whether biomechanical principles operative at the 

calcified extra-cranial vessel wall translate to the intracranial aneurysmal tissue is not 

known. In the present work, we investigated the multifactorial nature of IA rupture to 

understand how the calcification and also its surrounding wall tissue environment influence 

rupture risk. We hypothesized that the material composition of the Near-Calcification 

Region (NCR) of the IA wall tissue influences the mechanical stress distribution within the 

tissue, and thus impacts the overall failure properties of the calcified IA tissue. To test this 

hypothesis, we undertook a combined experimental and computational approach in this 

paper. First, we developed a 3D embedded fiber finite element method capable of modeling 

discrete fibers embedded within a matrix. Second, we applied that method on a unique tissue 

sample in which we had multiphoton microscopy (MPM), microCT, and uniaxial extension 

to failure data. We used the multimodality imaging protocol and uniaxial data to fit our finite 

element model material parameters. To our satisfaction, we observed similar failure 

localization in the in-situ model as seen in the uniaxial experiment after fitting the material 

parameters. Lastly, we ran a parametric study to quantify the effect of calcification and NCR 

stiffness on failure properties. To remove the effect of local features of the calcification and 

edge effects we chose to run the parametric study on an “idealized” model with the material 

parameters extracted in the second step. We identified a non-monotonic relationship between 

NCR stiffness and failure properties and behavior.

2. Methods

2.1 Multimodal Bioimaging and uniaxial testing of calcified human IA specimen

2.1.1 Tissue harvest—Aneurysm tissue was harvested after surgical clipping from a 

patient (59 years old female) with unruptured cerebral aneurysm at the Allegheny General 

Hospital, Pittsburgh, USA. Informed consent was signed by the patient before surgery and 

all study protocols were approved by the Institutional Review Board at both the University 

of Pittsburgh and Allegheny General Hospital. Harvested tissue was kept in 0.9% (w/v) 

saline solution and transported to the University of Pittsburgh within 3 hours after surgery. 

As detailed below, the sample was then scanned under micro-CT and mechanically tested.

2.1.2 Micro-CT scanning and CT data reconstruction—The sample was scanned 

at a resolution of 6 μm using a high-resolution micro-CT scanner (Skyscan 1272, Bruker 

microCT, Belgium). The scanning and reconstruction protocols were detailed in our 

previous publications [11,12]. Briefly, the sample was placed in a 1.5 ml micro-centrifuge 

tube with wet gauze to prevent dehydration, and then scanned 180° around the vertical axis 

with an average framerate of 8 per second and a rotation step of 0.3°. After 45 minutes of 

scanning, a stack of 3D images was reconstructed using NRecon reconstruction software 

(Bruker microCT, Belgium). The 3D reconstructed images were segmented into two 
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different masks, calcified region and normal tissue region, based on grayscale values using 

Simpleware ScanIP (Synopsys, Mountain View, CA). The harvested specimen had a single 

macrocalcification in a crescent moon shape with radius 2.22 mm and thickness 0.662 mm. 

A series of image processing operations, including thresholding, Gaussian smoothing, and 

connected components filtering, were performed to clean up the segmentation mask. 

Triangular surface meshes for the calcified region and the rest of the tissue were then 

generated from the segmentation masks.

2.1.3 Biomechanical testing—Harvested aneurysmal tissue was trimmed into a 

rectangular shape with a dimension of 6 mm x 2.5 mm. A part of the calcified region had to 

be excluded during the trimming procedure. The prepared specimen was subsequently tested 

in a custom designed uniaxial loading system [18,19]. The testing protocol was described in 

detail in a previous article [18]. Briefly, the sample was gripped by metal clamps with 

sandpaper attached to the grip surfaces and was subjected to uniaxial extension with a speed 

of 20 μm/s. Images from a camera mounted above the specimen recorded the specimen 

geometry at 1 fps during the testing process. Extension was terminated after the peak load 

and before complete failure of the tissue specimen. The sample was fixed at the stopped 

extension configuration with 4 % paraformaldehyde solution for 2 hours.

2.1.4 Multiphoton imaging—After fixation, the collagen fiber network within the 

tissue specimen was assessed using multiphoton microscopy (Olympus FV1000 MPE, 

Tokyo, Japan) equipped with a Coherent Chameleon Ti-sapphire laser and 1.12NA 25× MPE 

water immersion objective [19,20]. The excitation wavelength was set to be 870 nm and the 

second harmonic generation (SHG) signal from collagen was collected using a 400 nm 

emission filter. A stack of images with 1024 X 1024 pixels was acquired at multiple 

locations on the sample with a step size of 2 μm through the thickness. Projected stacks of 

images through the thickness were then used to measure collagen orientation using open 

source software, CT-fire (Laboratory for Optical and Computational Instrumentation, 

University of Wisconsin-Madison, WI) [21]. Areal density was calculated by applying a 

threshold mask in ImageJ and averaging through the thickness of the stack and at multiple 

locations [22]

2.2 Sub-tissue scale modeling of the tissue using fiber-reinforced finite element method

We utilized a recently developed fiber-reinforced finite element method for all simulations in 

this paper. Details of this model can be found in our previous publications [23,24]. Briefly, 

this method modeled the fibrous soft tissue microstructure as a network of discrete 1D rod 

elements embedded within the 3D continuum at the sub-tissue level, while the uniaxial 

testing procedure was simulated at the specimen level by upscaling the information gathered 

at the lower length scale. No slip at the fiber-continuum interface was allowed so that the 

deformation was affine at all material points within the domain. A master-slave approach 

was used to enforce this condition. Continuum components of the specimen, comprising of 

the calcified region and the non-fibrous matrix at the non-calcified region, were modeled 

with a two-parameter isotropic homogeneous nearly-incompressible neoHookean material
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Ψ = 0.5μ J− 2
3I1 − 3 + 0.5K(J − 1)2

with Ψ as the strain energy per unit reference volume, μ as the shear modulus, K a penalty 

parameter enforcing incompressibility condition [25], J=det(F) as the determinant of the 

deformation gradient, and I1 = trC as the first invariant of the right Cauchy-Green 

deformation tensor. The collagen fibers were modeled as discrete elastic rods with linear 

stress-stretch relationship with elastic modulus of Ef beyond recruitment stretch λr, with 

zero load bearing capability below this stretch [24,23]. The constitutive model for the fiber 

was defined such that the fiber stress σ increased linearly with stretch λ up to the fiber 

strength σf with a subsequent linear decline to zero as a result of fiber damage:

σ =
0 if λ < λr

Ef(λ − λr)S if λ ≥ λr

In this equation, S ∈ [0,1] is an internal damage parameter for the fiber that imposes the 

decline in fiber stress to zero as the fiber stretches beyond the peak fiber stretch (λp) and 

experiences subfailure damage and eventually complete failure. In particular, S takes the 

value Sinit = 1 up to the peak stretch of the fiber, λp. If the fiber stretch is monotonically 

increased beyond λp up through the failure stretch of the fiber, λmax, S monotonically 

decays to zero. In the event of unloading, S for the fiber remains constant so that the fiber 

will follow the same loading path upon subsequent loading. At and beyond the failure stretch 

of λmax, the fiber is fully failed (S = 0) and does not bear any further load, even under 

potential unloading. The equation describing the evolution of S is based on our previous 

work [26] and is given by

S = min Smin, 〈1 −
λ − λp

λmax − λp
〉

where Smin ≥ 0 is the minimum value of S over the course of the simulation. The operator 

〈a〉 is defined as

〈a〉 = a a > 0
0 otherwise

We note that according to our discrete fiber stress-stretch relationship, fiber stress depends 

on the fiber recruitment stretch. In this study, we have chosen the fiber recruitment stretch to 

be constant.

2.3 Model calibration using uniaxial testing results

2.3.1 Finite element model of the tissue specimen—The calcification surface 

mesh was created using a 3D micro-CT imaging protocol (see Section 2.1.2), Figure 1(a), 

and smoothed, Figure 1(b), in Meshmixer (Autodesk, San Rafael, CA). The orientation and 

position of the calcification was approximately aligned with the uniaxial tissue specimen, 
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Figure 1(c). The solid model of the tissue specimen with embedded calcification, Figure 1(d-

e), was created in Fusion 360 (Autodesk, San Rafael, CA) after importing the calcification 

surface mesh. An offset surface, representing the boundary between NCR and rest of the 

tissue, was also created in Meshmixer. The dimensions of the solid model were 

approximately 1.33 mm by 2.33 mm that varied along its length to match the actual 

specimen geometry, as obtained from the image acquired by the overhead camera before the 

start of uniaxial extension. The thickness of the unloaded solid model was kept uniform at 1 

mm, in the range of the specimen thickness measured by calipers. The finite element mesh 

was created using Trelis (csimsoft, American Fork, UT), and consisted of four-noded 

tetrahedral elements. The convergence criterion was taken as the change in peak stress, 

measured from the stress-stretch curve, to be less than 5% between successive mesh 

refinements. For numerical convergence, 289,000 elements and 50,000 nodes were required 

for modeling the uniaxial tissue specimen.

2.3.2 Input parameters for the finite element model—MPM image analysis of the 

medial layer of the cerebral arterial wall tissue revealed well aligned fibers in the 

circumferential direction with little dispersion [27]. However, aneurysmal tissues such as the 

one tested here can potentially exhibit variation in fiber dispersion between samples. Ideally, 

we would incorporate exact fiber orientation information measured by MPM imaging before 

uniaxial extension of the tissue specimen. However, in this case we only had MPM imaging 

after extension, which showed collagen fibers to be highly aligned in the circumferential 

direction. Therefore, we created the model fiber network from a normal distribution of fiber 

angles with the mean as the circumferential direction, and a standard deviation of 10°. Other 

fiber network properties, extracted from MPM image analysis, were collagen fiber bundle 

diameter, 20 μm, and areal density, 30%. Based on this areal density, fiber bundle diameter, 

and tissue dimensions, 2,242 fibers were inserted within the specimen. A large range of 

material properties, specifically stiffness, of vascular calcification have been reported in the 

literature [28-30]. As the calcification is much stiffer than the surrounding soft tissue, it 

effectively acts as a rigid body under physiological loads and hence the simulation results 

are insensitive to the precise value in this range. In the present study we chose a shear 

modulus of 6.9 MPa and a Poisson ratio of v = 0.3 (Cardoso et al., 2014). Shear modulus of 

NCR, μNCR, was assumed to be similar to that for the nonfibrous matrix μmatrix for model 

calibration purpose. Recruitment stretch for the collagen fibers was fixed at 1.15. Maximum 

fiber stretch was fixed at 1.5 to ensure stability of the post-peak regime of the stress-stretch 

curve. Non-fibrous matrix shear modulus, and the modulus and strength of the individual 

collagen fibers were kept as free parameters of the model.

2.3.3 Finite element simulation procedure and model calibration—To simulate 

uniaxial testing, finite element mesh nodes on the left face of the specimen were fixed and 

nodes on the right face were prescribed a uniform displacement of 0.8 mm over 5000 load 

steps, which yielded temporal convergence. Reaction forces at each load step, which 

corresponded to the load cell recordings in physical uniaxial experiments, were recorded to 

compute the average Cauchy stress. Current cross-sectional area was approximated by the 

initial cross-sectional area mid-specimen divided by the current stretch, as was performed to 

process experimental data. Free parameters of the model were estimated using regression 
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analysis between the simulated and experimental stress-stretch curve (Figure 2). The 

material parameters in Table 1 yielded an R2 of 0.97.

2.4 Model building for the parametric study

For the parametric study of the effect of NCR material properties on the overall tissue failure 

behavior, we constructed a simplified rectangular tissue domain with one central disk-shaped 

calcification of height 0.333 mm and diameter 1.8 mm embedded at the center of the 

specimen, see Figure 3. The simplified geometry was chosen to remove the effect of local 

surface topology of the calcification on the ensuing stress field so that insights gained from 

the parametric study are general in nature. The diameter of the calcification was motivated 

from the size of the calcification of the uniaxial tissue specimen shown in Figure 1. The near 

calcification zone was taken to be a cylinder encapsulating the disk-shaped calcification with 

a diameter of 3.6 mm and extending to both surfaces of the specimen in the thickness 

direction. Dimensions were chosen as 6.75 mm x 6.75 mm x 1 mm to minimize boundary 

effects on the stress field in the vicinity of the calcification. The convergence criterion was 

taken as the change in peak stress, measured from the stress-stretch curve, to be less than 5% 

between successive mesh refinements. For numerical convergence, 7,542 elements and 8,990 

nodes were required for modeling the rectangular specimen. Input material parameters for 

the finite element model were kept similar to the actual tissue specimen as discussed in 

Section 2.3.3 and shown in Table 1, except for the shear modulus of NCR. This parameter 

was varied parametrically and defined as the shear moduli ratio (SR) of the NCR to tissue 

matrix (
μNCR
μmatrix

). The range of the SR ratio (0.01-1000) was motivated by published 

mechanical properties describing soft lipid pools, μNCR = 0.1-1 kPa, and stiff calcification 

μNCR = 6 MPa (Cardoso 2014, Ferrara 2008). Due to the larger specimen size for the 

parametric model, more fibers were required to keep the area density consistent with the 

experimental tissue specimen. As a result, 6,446 fibers were inserted and modeled using our 

embedded fiber finite element model. Usually the fibers were terminated at the surface of the 

NCR except for one “control” case in which we modeled the tissue without either 

calcification or NCR. To model perfect uniaxial extension boundary conditions, the 

specimen was still extended in the positive x-direction in a displacement-controlled manner, 

but all negative x,y,z surfaces were on rollers to exploit symmetry in x,y planes and restrict 

out of z plane motion. All data post-processing protocols are similar to those discussed in 

Section 2.3.3.

3. Results

3.1 Microstructural events leading to the failure of the human IA tissue specimen

Stress evolution in the collagen fibers and the non-collagenous matrix of the tissue and NCR 

of the human IA specimen, used earlier for the model calibration purpose, is shown in 

Figure 4. The top row (a) demonstrates the stress evolution within the fibers at increasing 

applied stretch λ from left to right, while the bottom row (b) depicts the same for the non-

collagenous matrix. Magnitudes of the applied stretch λ chosen for this figure are marked by 

letters A-E on the experimentally obtained stress-stretch curve of the specimen in Figure 2. 

We note that for this figure and subsequent stress map figures, we presented only maximum 
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principal Cauchy stress. The range of stress in the matrix is approximately an order of 

magnitude lower than in the fibers and therefore a different scale is used for the 

corresponding rows in Figure 4. It can be observed that the stress evolution was highly 

heterogenous in all components of the tissue. Matrix stress was about 4 times amplified 

around the calcification in contrast to the rest of the tissue. This stress concentration is 

expected due to the stiffness mismatch arising from the presence of the calcified region 

within the tissue. The collagen fibers also exhibited a similar pattern of heterogeneous stress 

distribution. However, the highly stressed fibers were not confined to the vicinity of the 

calcification. The region of high fiber stress was more dispersed compared to the region of 

high matrix stress and in the loading direction away from the calcified region and NCR.

At higher applied stretch closer to the peak stretch (λ = 1.36, State D in Figure 4), the 

collagen fiber stress focused at the top and bottom edges of the sample, where abrupt 

changes in tissue geometry created stress concentration zones. Microtears appeared in these 

regions, which eventually propagated further into the tissue to cause failure of the entire 

tissue specimen. The evolution of the collagen fiber subfailure damage can be seen in Figure 

5 with the undamaged blue fibers (S=Sinit) evolving into failed red fibers as S tends to zero 

(S<Sinit), for the same magnitudes of applied stretch used in Figure 4. An abrupt change in 

the volume fraction of the failed fibers from 5% to 13% was computed between λ = 1.36 

and 1.38, the states just before and after the peak of the stress-stretch curve. A sudden 

increase in the number of failed fibers is also reflected in the abrupt post-peak drop of the 

stress-stretch curve (Figure 2). We marked the simulation predicted tissue failure regions 

with orange arrows in the fourth panel of Figure 5, corresponding to λ=1.38. We also 

included an image of the tissue, the rightmost panel in Figure 5, and marked the 

experimentally observed failure regions with blue arrows. It can be noted that simulation 

predicted locations of the tissue failure matched well with the experimental observations.

3.2 Effect of near-calcification region on the pre-failure tissue mechanics

After the primary IA tissue failure mechanisms were elucidated, we wanted to determine the 

influence of NCR on the overall failure behavior of the diseased tissue. Towards that end, we 

simulated tissue biomechanics with an idealized specimen geometry, but with all essential 

components of the calcified tissue present (Figure 3). Uniaxial stress-stretch curves for the 

stiffness ratio varying from SR = 0.1 to 1000 are presented in Figure 6(a). For the reference 

purpose, we also simulated mechanical behavior of a rectangular tissue specimen with 

similar dimensions, but without any calcified or near-calcified region. The peak of the stress-

stretch curve for the noncalcified tissue is marked by a dot in Figure 6(a) and by dotted lines 

in Figures 6(b) and (c). As expected from the rule of mixtures, incorporation of higher 

modulus NCR resulted in a steady increase in the pre-failure slope of these curves. Peak 

stress for all cases of NCR stiffness were lower than the “control” tissue, revealing adverse 

effects of the calcification and NCR on the tissue failure properties. Interestingly, the peak 

stress varied non-monotonically with the increase in SR, as plotted in Figure 6(b). The peak 

stress initially increased from 234 kPa (82% less than non-calcified reference case) to 400 

kPa (6% less than non-calcified reference case) as the NCR shear modulus increased from 1 

kPa to 500 kPa, corresponding to SR from 0.01 to 5. However, beyond SR=5, a sharp drop in 

the peak stress to ~300 KPa (42% less than non-calcified reference case) could be observed. 
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Overall, a 72% increase in the peak stress could be observed between the lowest and highest 

peak stress cases (SR=0.01 and SR=5). We also evaluated the peak stretch, defined as the 

applied uniaxial stretch at which the peak stress is achieved, for all cases of SR and plotted 

them in Figure 6(c). The peak stretch varied in a narrow range of 1.28 to 1.3 and remained 

within ~2% of the peak stretch for the reference non-calcified case. However, when the 

stiffness ratio was further increased, the peak stretch decreased to 1.24, a value 4.8% lower 

than found in the non-calcified case.

Figure 7 shows the pre-failure stress state within the fiber and the matrix for different 

stiffness ratios at an applied stretch of λ = 1.2 . Overall, fiber stresses were about one order 

of magnitude higher than the stresses within non-fibrous tissue components for all 

simulation cases. Interestingly, for SR≤1, stress concentrated regions for the fibers were 

located orthogonal to the loading axis. For SR≥ 100, stress concentration regions reappeared 

along the loading axis, and spanned a much larger area than those observed for SR ≤ 1 cases. 

In comparison to the other cases, the fiber stress concentration was mostly mitigated when 

the stiffness ratio was 5. The stress concentration factor (SCF) for the fibers, defined as the 

ratio of the fiber peak stress to the ambient fiber stress, was estimated as ~3, while that for 

SR=5 was reduced to ~1.6. The NCR region experienced low stresses for low values of NCR 

shear modulus. For example, for SR = 0.1, the peak maximum principal Cauchy stress 

within the NCR was 12 kPa, compared to a peak of 20 kPa for the same component within 

the tissue matrix. However, with the increase in stiffness ratio, the NCR region experienced 

higher stress with stress concentration region in the direction of the loading axis that 

subsequently spread through the entire NCR for SR≥5. High stress within the NCR 

increased monotonically in contrast to the tissue matrix region as SR was increased. For 

example, the ratio of stress concentration factor in the NCR and tissue matrix was 0.6, 5, 10, 

and 15 for SR = 0.1, 1, 5, and 1000, respectively.

3.3 Effect of near-calcification region on failure and post-failure tissue mechanics

A distinction in the peak and post-peak regions of the stress-stretch curves corresponding to 

different stiffness ratios could be observed in Figure 6(a). For SR≤1, the peak region of these 

curves were rounded; a decrease in the slope of the stress-stretch curves could be detected 

starting from λ ~1.24 (SR = 0.01 and 0.1) and λ ~1.25 (SR=1), while the peak stress was 

achieved at an applied stretch of 1.27 (SR=0.01, SR=0.1, and SR = 1). In contrast, the SR≥5 

cases dropped sharply immediately after the peak. We quantified the ratio of the area under 

the post-peak region to the area under the entire curve (R Factor) as a measure of severity of 

the post-peak drop in tissue stress [18]. The R Factor for low NCR stiffness cases, SR = 0.1 

and 1, were 0.2 and 0.24 respectively. Generally, the R Factor decreased with increasing SR. 

In particular, the R Factor was 0.14 and 0.06 for the SR=5 and SR=1000 cases, respectively. 

However, it is interesting to note that SR=100 exhibited a non-monotonic decrease in the 

stress-stretch curve after the peak, which created a high R Factor of 0.43. Similar bi-peak 

curves were observed for some human basilar specimens in our uniaxial experiments 

reported in [18].

To further investigate whether this variation in the shape of the stress-stretch curve reflected 

altered failure behavior at the microstructure level, we examined tissue stress distribution 
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and tear location at the peak of these curves for all simulation cases. Stress distribution in 

the collagen fibers and the non-collagenous matrix of the tissue and NCR at the peak of the 

stress-stretch curve for SR = 0.1,1,5, and 1000 is shown in Figure 8. For SR ≤ 5, the tissue 

tear appeared in the vicinity of the NCR orthogonal to the loading axis, but the tear mouth 

was highly blunted. Interestingly, the tear was already initiated for all these cases, suggesting 

tear onset and propagation even for sample stretches below the peak stretch (when overall 

uniaxial stress was increasing). The rounded appearance of the peak region was an outcome 

of this tear propagation while the tissue was still being loaded. In contrast, for SR>100, tear 

initiation corresponded to the peak of the stress-stretch curve. For the SR=1000 case shown 

in Figure 8, tears could be observed along the loading direction near the grip and orthogonal 

to the loading direction in the vicinity of NCR. Subsequently, the tear near the grips 

dominated, and all the fibers in that region failed simultaneously (not shown) at 0.32% 

additional applied stretch.

We plotted the evolution of the fraction of failed fibers with the applied stretch for the 

different SR cases, Figure 9, to gain insight into the effect of NCR stiffness on the post-peak 

region of the stress-stretch curve. It can be observed that for SR = 0.1 and 1, the fiber failure 

evolved gradually, and the completion of the entire fiber failure process occurred over an 

applied stretch range of 7%. The gradual failure of the fibers explains the extended post-

peak region of corresponding stress-stretch curves, a topic studied in detail in our recent 

publication [27]. In contrast, for SR = 5, onset to completion of the failure process occurred 

within 2.5% stretch, starting from λ=1.29 suggesting an abrupt drop in stress after the peak. 

Non-monotonic post-peak behavior for SR = 100 is reflected in the evolution of fiber failure 

for this case. In this case, the initial rapid increase in the fraction of failed fibers was 

followed by a relatively quiescent phase, which led to the final rapid failure. An examination 

of the actual failure process (not shown) suggested a competition of tears propagating from 

grip and NCR region, giving rise to this post-peak behavior. For SR>100, evolution of the 

failed fibers demonstrates early onset (λ=1.24) and rapid completion of the failure process.

4. Discussion

In the current study, we demonstrated that the altered biomechanics of the near-calcification 

region influences overall failure behavior of the calcified cerebral aneurysm tissue. We 

found that while calcifications elevate the tissue stress in its vicinity, mechanical property of 

the near-calcification region determines how this high stress is propagated and distributed 

over the rest of the tissue. The stress distribution determines the location of tear initiation 

and its rate of propagation at the tissue microstructural level. These microstructural 

mechanisms, in turn, control the emergent tissue scale failure biomechanics, reflected at the 

experimentally obtainable uniaxial stress-stretch curve.

Softer near-calcification regions that are biomechanically equivalent to the lipid pools 

resulted in the tear initiation in locations orthogonal to the loading axis at a relatively low 

specimen level peak stress. These tears, however, propagated in a longitudinal, stable 

manner accompanied by a low rate of fiber failure, resulting in a gradual reduction of the 

post-peak tissue stress. In contrast, NCR with shear modulus higher than the tissue matrix, 

as may happen due to the presence of dispersed unstructured neocollagen fibrils and/or 
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micro-calcified granules, resulted in an amplified stress distribution over a larger volume of 

the tissue along the loading axis. A larger number of collagen fibers within that region 

oriented along the loading direction were available to transmit the high stress, and thus the 

stress at the individual fiber level remained low. As a consequence, the tissue specimen was 

able to sustain larger overall stress before ultimate failure. However, the peak stress was 

achieved at a lower stretch compared to the soft NCR cases, and the post-peak tissue failure 

process was abrupt with simultaneous failure of all the loaded fibers. The case of SR = 5 was 

a transition between these two modes of failure. NCR and fiber-reinforced tissue mechanical 

properties were matched resulting in very low stress concentration. Subsequently, the 

specimen achieved the peak values comparable to the no-calcification case with 0.05% and 

5.59% difference in peak stretch and stress, respectively. However, the post-peak response 

was abrupt, similar to the cases with higher NCR stiffness or SR. Taken together, these 

observations strongly support our overall concept that while tissue biomechanical properties 

are compromised in the presence of calcifications, the actual failure progression is 

significantly influenced by the properties of the near-calcification region.

The role of calcification on the rupture of intracranial aneurysms is not well understood yet, 

although our group has recently shown that prevalence of calcification in human intracranial 

aneurysmal tissue is high, with 24% of the examined samples also exhibiting the presence of 

colocalized lipid pools [11]. Interestingly, co-existence of calcification and lipid pool was 

not found in any of the tissue specimens harvested from ruptured aneurysms. Our results of 

stable tear propagation and gradual post-peak failure process indicates that softer NCR such 

as lipid pools can result in a more gradual failure process that may have a protective role 

against IA rupture. For example, the early fiber failure before the peak stretch is reached 

could possibly trigger vessel remodeling, thereby avoiding complete failure. Further 

research is required to corroborate this conjecture.

The role of calcifications in altering the stress state of the tissue in extra-cranial arteries has 

received more attention than for cerebral vessels. However, there similarly remain crucial 

unanswered questions as to the relationship between calcification and rupture risk. A two-

fold increase in stress above the ultimate stress induced by the microcalcifications has been 

reported, implicating their role in atherosclerotic plaque rupture [31]. Size and orientation of 

the calcifications have been hypothesized to influence potential rupture of these plaques 

[32]. Kelly-Arnold et al. studied the effect of micro-calcifications on the stress distribution 

within the tissue and reported stress concentration factors between 1.0-7.0 [32]. We also 

found a similar range of stress concentration factors within the tissue caused by the 

macrocalcifications investigated in this work. Additionally, Vengrenyuk et al. predicted 

prolate spheroid shaped micro-calcifications to amplify the stress concentration in the tissue 

as opposed to more idealized spherical shapes [31]. In the study of abdominal aortic 

aneurysms, intramural calcifications were found to strongly influence the wall stress state 

[16] and increase rupture risk [17,14]. As a common theme, all these studies have implied 

calcification induced stress amplification is the sole indicator for tissue rupture. In this work, 

we distinctly show that while stress concentration is an important contributor for tissue tear 

initiation, actual tear propagation and eventual failure of the tissue critically depends on the 

management of this elevated stress. Biomechanics of the near-calcification region 
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contributes towards the stress management mechanisms, and thus significantly influences 

the ultimate tissue rupture.

Due to the incorporation of the actual collagen fiber architecture, our IA tissue model 

behaved as an anisotropic heterogeneous medium. Cardoso et al. demonstrated that 

consideration of anisotropy can reduce the stress concentration significantly compared to 

that resulting from isotropic analysis [15]. Explicitly accounting for the individual fibers 

enabled us to model sub-tissue level fiber-matrix biomechanical interaction. We found that 

the collagen fibers were primarily responsible for stress transmission within the tissue and 

resulted in “stress paths” that dispersed the focal high stress over a large tissue region. The 

localized failure of these fibers resulted in micro-tears within the tissue that acted as tear 

initiation sites. Using collagen hybridizing peptide, Converse et al. have shown that cerebral 

artery tissue yielding is associated with the molecular level damage of the collagen fibers 

aligned in the loading direction [33]. These image-based observations are in agreement with 

our prediction of fiber-mediated tissue failure mechanism. Our recent experimental work on 

uniaxial failure behavior of cerebral tissue [18] has shown post-peak stress-stretch response 

of the tissue ranging from abrupt to gradual drop in the tissue stress. The current study 

reveals that differential rates of collagen fiber failure during tear propagation can give rise to 

the entire gamut of post-peak failure response. Given that post-peak response may have a 

profound effect on the potential of the tissue to avoid complete, catastrophic failure and also 

impact the tissue capacity for remodeling and healing process, quantification of the effect of 

micro-scale fiber failure on tissue-scale post-peak biomechanical behavior requires further 

attention.

The material parameters of collagen fibers bundles obtained in this work were regressed 

from experimental uniaxial extension data using an effective area (see Table 1) and are lower 

than the typical range of collagen fiber modulus and strength [34-41]. Although, the 

regressed values are not meant to be literally taken as values for specific collagen fibers, 

several points should be noted. There is a great need for additional high quality data on 

failure and stiffness properties for collagen fiber that accounts for factors such as type of 

collagen fiber (collagen I and III), animal species, type of tissue (tendon, artery), disease 

state and age. Gentlemen et al. noted that fiber diameter has a significant effect on fiber 

stiffness and strength [35]. Larger diameter fibers such as the 1-2 μm collagen fibers 

observed by multiphoton imaging of cerebral aneurysmal tissue [19], are more likely to 

contain defects, resulting in reduced stiffness and strength. This factor, in conjunction with 

probable degradation of fiber quality due to disease progression and age, may explain the 

lower magnitude of the collagen material parameters in the current study. The other 

structural component of the tissue, the non-collagenous matrix, was modeled with one 

material parameter (shear modulus). The regressed magnitude of this parameter is similar to 

the values reported in the cardiovascular tissue literature [39,40].

Our study has the following limitations. In our tissue microstructure model, some of the 

collagen fibers terminated abruptly at the edge of the NCR, as observed in only some 

calcified IA tissue [11]. We anticipate that incorporation of continuous fibers around the 

calcification will introduce additional stress paths in the vicinity of the calcification and 

further reinforce our overall suggestion of tissue failure cascade. We note that according to 
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our discrete fiber linear stress-stretch relationship, fiber stress depends on the fiber 

recruitment stretch. In this study, we have chosen the fiber recruitment stretch to be constant. 

Also, our model does not incorporate any damage response for the underlying matrix 

components. In the future, we will introduce matrix damage in our model to investigate its 

effect on the overall tissue failure behavior.

5. Conclusions

We have revealed the role of the material properties of the near calcification region (NCR) 

on the uniaxial biomechanical failure behavior of calcified tissue from human intracranial 

aneurysm. We found a nonmonotonic relationship between strength reduction and modulus 

of the NCR. We also determined that the location of the stress concentration region, and as a 

consequence tissue tear initiation site, depends on the stiffness of the NCR. Although both 

low and high modulus of NCR resulted in a significant reduction of the peak tissue stress 

compared with calcification free tissue, the mode of tear propagation differed in these two 

limits. High modulus NCR, representing further calcification in the vicinity of the original 

macro-calcification, resulted in abrupt failure of the tissue. In contrast, tissue with a low 

modulus NCR, simulating the effect of a collocated lipid pool, resulted in a more gradual or 

blunted failure process, potentially enabling a biological recovery to avoid complete failure. 

Interestingly, our recent experimental study found that human aneurysms for which the 

calcified region was embedded in lipid pools were never ruptured [11].

Current knowledge of the biomechanical role of vascular calcification is primarily focused 

on the focal elevation of tissue stress in the vicinity of calcified regions. In this work, we 

demonstrated that while stress concentration within the tissue is an important factor for 

failure initiation, propagation of tears is influenced by the biomechanical state of the tissue 

surrounding the calcification. Furthermore, this influence ultimately determines how the 

cascade of fiber failure proceeds. Our work extends the current knowledge of the rupture 

biomechanics of calcified vascular tissue and demonstrates that biomechanical pathways of 

tissue rupture can be altered by ultrastructural remodeling in the vicinity of the 

calcifications. The work presented herein is an important first step towards understanding 

the failure propensity of the calcified IA wall tissue. Further research is required to ascertain 

the role of lipid pools on the rupture propensity of the calcified tissue under physiologic 

biaxial loading conditions. In the long term, identification of biomechanical factors 

governing tissue integrity will lead to better understanding of aneurysm rupture mechanisms 

in-vivo.

Acknowledgments

Research reported in this work was supported by the National Institutes of Health under award number 1R01-
NS097457-01 and 5T32HL076124-12. The content is solely the responsibility of the authors and does not 
necessarily represent the official views of the National Institutes of Health.

REFERENCES

1. Vlak MHM, Algra A, Brandenburg R, Rinkel GJE (2011) Prevalence of unruptured intracranial 
aneurysms, with emphasis on sex, age, comorbidity, country, and time period: a systematic review 

Fortunato et al. Page 13

Exp Mech. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and meta-analysis. The Lancet Neurology 10 (7):626–636. doi:10.1016/S1474-4422(11)70109-0 
[PubMed: 21641282] 

2. Kelly PJ, Stein J, Shafqat S, Eskey C, Doherty D, Chang Y, Kurina A, Furie KL (2001) Functional 
recovery after rehabilitation for cerebellar stroke. Stroke 32 (2):530–534. 
doi:10.1161/01.str.32.2.530 [PubMed: 11157193] 

3. Ropper AH, Zervas NT (1984) Outcome 1 year after SAH from cerebral aneurysm. 60 (5):909. 
doi:10.3171/jns.1984.60.5.0909

4. Broderick JP, Brown RD, Sauerbeck L, Hornung R, Huston J, Woo D, Anderson C, Rouleau G, 
Kleindorfer D, Flaherty ML, Meissner I, Foroud T, Charles E, Moomaw J, Connolly ES (2009) 
Greater Rupture Risk for Familial as Compared to Sporadic Unruptured Intracranial Aneurysms. 
Stroke 40 (6):1952–1957. doi:10.1161/STROKEAHA.108.542571 [PubMed: 19228834] 

5. Wiebers DO (1998) Unruptured intracranial aneurysms--risk of rupture and risks of surgical 
intervention. N Engl J Med 339 (24):1725–1733. doi:10.1056/NEJM199812103392401 [PubMed: 
9867550] 

6. Juvela S, Poussa K, Lehto H, Porras M (2013) Natural history of unruptured intracranial aneurysms: 
a long-term follow-up study. Stroke 44 (9):2414–2421. doi:10.1161/STROKEAHA.113.001838 
[PubMed: 23868274] 

7. Wiebers DO (2003) Unruptured intracranial aneurysms: natural history, clinical outcome, and risks 
of surgical and endovascular treatment. The Lancet 362 (9378):103–110. doi:10.1016/
s0140-6736(03)13860-3

8. Berg P, Voss S, Janiga G, Saalfeld S, Bergersen AW, Valen-Sendstad K, Bruening J, Goubergrits L, 
Spuler A, Chiu TL, Tsang ACO, Copelli G, Csippa B, Paal G, Zavodszky G, Detmer FJ, Chung BJ, 
Cebral JR, Fujimura S, Takao H, Karmonik C, Elias S, Cancelliere NM, Najafi M, Steinman DA, 
Pereira VM, Piskin S, Finol EA, Pravdivtseva M, Velvaluri P, Rajabzadeh-Oghaz H, Paliwal N, 
Meng H, Seshadhri S, Venguru S, Shojima M, Sindeev S, Frolov S, Qian Y, Wu YA, Carlson KD, 
Kallmes DF, Dragomir-Daescu D, Beuing O (2019) Multiple Aneurysms AnaTomy CHallenge 2018 
(MATCH)-phase II: rupture risk assessment. Int J Comput Assist Radiol Surg 14 (10):1795–1804. 
doi: 10.1007/s11548-019-01986-2 [PubMed: 31054128] 

9. Frosen J, Cebral J, Robertson AM, Aoki T (2019) Flow-induced, inflammation-mediated arterial 
wall remodeling in the formation and progression of intracranial aneurysms. Neurosurg Focus 47 
(1):E21. doi:10.3171/2019.5.FOCUS19234

10. Cebral JR, Castro MA, Burgess JE, Pergolizzi RS, Sheridan MJ, Putman CM (2005) 
Characterization of cerebral aneurysms for assessing risk of rupture by using patient-specific 
computational hemodynamics models. American Journal of Neuroradiology 26 (10):2550–2559 
[PubMed: 16286400] 

11. Gade PS, Tulamo R, Lee KW, Mut F, Ollikainen E, Chuang CY, Jae Chung B, Niemela M, Rezai 
Jahromi B, Aziz K, Yu A, Charbel FT, Amin-Hanjani S, Frosen J, Cebral JR, Robertson AM 
(2019) Calcification in Human Intracranial Aneurysms Is Highly Prevalent and Displays Both 
Atherosclerotic and Nonatherosclerotic Types. Arterioscler Thromb Vasc Biol 39 (10):2157–2167. 
doi:10.1161/ATVBAHA.119.312922 [PubMed: 31462093] 

12. Gade PS, Robertson AM, Chuang CY (2019) Multiphoton Imaging of Collagen, Elastin, and 
Calcification in Intact Soft-Tissue Samples. Curr Protoc Cytom 87 (1):e51. doi:10.1002/cpcy.51 
[PubMed: 30379412] 

13. Barrett HE, Van der Heiden K, Farrell E, Gijsen FJH, Akyildiz AC (2019) Calcifications in 
atherosclerotic plaques and impact on plaque biomechanics. J Biomech 87:1–12. doi:10.1016/
j.jbiomech.2019.03.005 [PubMed: 30904335] 

14. Buijs R, Willems T, Tio R, Boersma H, Tielliu I, Slart R, Zeebregts C (2013) Calcification as a risk 
factor for rupture of abdominal aortic aneurysm. European Journal of Vascular and Endovascular 
Surgery 46 (5):542–548 [PubMed: 24091093] 

15. Cardoso L, Kelly-Arnold A, Maldonado N, Laudier D, Weinbaum S (2014) Effect of tissue 
properties, shape and orientation of microcalcifications on vulnerable cap stability using different 
hyperelastic constitutive models. J Biomech 47 (4):870–877. doi:10.1016/j.jbiomech.2014.01.010 
[PubMed: 24503048] 

Fortunato et al. Page 14

Exp Mech. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



16. Speelman L, Bohra A, Bosboom EMH, Schurink GWH, van de Vosse FN, Makaroun MS, Vorp 
DA (2006) Effects of wall calcifications in patient-specific wall stress analyses of abdominal aortic 
aneurysms.

17. Volokh KY, Aboudi J (2016) Aneurysm strength can decrease under calcification. J Mech Behav 
Biomed Mater 57:164–174. doi:10.1016/j.jmbbm.2015.11.012 [PubMed: 26717251] 

18. Sang C, Maiti S, Fortunato RN, Kofler J, Robertson AM (2018) A Uniaxial Testing Approach for 
Consistent Failure in Vascular Tissues. J Biomech Eng 140 
(6):6061010--6061011--6061010--6061010. doi:10.1115/1.4039577

19. Robertson AM, Duan X, Aziz KM, Hill MR, Watkins SC, Cebral JR (2015) Diversity in the 
Strength and Structure of Unruptured Cerebral Aneurysms. Ann Biomed Eng 43 (7):1502–1515. 
doi:10.1007/s10439-015-1252-4 [PubMed: 25632891] 

20. Hill MR, Duan X, Gibson GA, Watkins S, Robertson AM (2012) A theoretical and non-destructive 
experimental approach for direct inclusion of measured collagen orientation and recruitment into 
mechanical models of the artery wall. J Biomech 45 (5):762–771. doi:10.1016/
j.jbiomech.2011.11.016 [PubMed: 22305290] 

21. Bredfeldt JS, Liu Y, Pehlke CA, Conklin MW, Szulczewski JM, Inman DR, Keely PJ, Nowak RD, 
Mackie TR, Eliceiri KW (2014) Computational segmentation of collagen fibers from second-
harmonic generation images of breast cancer. J Biomed Opt 19 (1):16007. 
doi:10.1117/1.JBO.19.1.016007 [PubMed: 24407500] 

22. Schneider CA, Rasband WS, Eliceiri KW (2012) NIH Image to ImageJ: 25 years of image 
analysis. Nat Methods 9 (7):671–675. doi:10.1038/nmeth.2089 [PubMed: 22930834] 

23. Thunes JR, Pal S, Fortunato RN, Phillippi JA, Gleason TG, Vorp DA, Maiti S (2016) A structural 
finite element model for lamellar unit of aortic media indicates heterogeneous stress field after 
collagen recruitment. J Biomech 49 (9):1562–1569. doi:10.1016/j.jbiomech.2016.03.034 
[PubMed: 27113538] 

24. Thunes JR, Phillippi JA, Gleason TG, Vorp DA, Maiti S (2018) Structural modeling reveals 
microstructure-strength relationship for human ascending thoracic aorta. J Biomech 71:84–93. 
doi:10.1016/j.jbiomech.2018.01.037 [PubMed: 29544877] 

25. Bonet J, Wood RD (2008) Nonlinear Continuum Mechanics for Finite Element Analysis. 2nd edn. 
edn. Cambridge university press. doi:10.1017/cbo9780511755446

26. Maiti S, Geubelle PH (2004) Mesoscale modeling of dynamic fracture of ceramic materials.

27. Fortunato RN, Robertson AM, Sang C, Maiti S (2019) Computational modeling reveals the 
relationship between intrinsic failure properties and uniaxial biomechanical behavior of arterial 
tissue. Biomech Model Mechanobiol 18 (6):1791–1807. doi:10.1007/s10237-019-01177-7 
[PubMed: 31165377] 

28. Ebenstein DM, Coughlin D, Chapman J, Li C, Pruitt LA (2009) Nanomechanical properties of 
calcification, fibrous tissue, and hematoma from atherosclerotic plaques. J Biomed Mater Res A 
91 (4):1028–1037. doi:10.1002/jbm.a.32321 [PubMed: 19107789] 

29. Cahalane RM, Barrett HE, O'Brien JM, Kavanagh EG, Moloney MA, Walsh MT (2018) Relating 
the mechanical properties of atherosclerotic calcification to radiographic density: A 
nanoindentation approach. Acta Biomater 80:228–236. doi:10.1016/j.actbio.2018.09.010 
[PubMed: 30218776] 

30. Holzapfel GA, Sommer G, Regitnig P (2004) Anisotropic mechanical properties of tissue 
components in human atherosclerotic plaques. J Biomech Eng 126 (5):657–665. 
doi:10.1115/1.1800557 [PubMed: 15648819] 

31. Vengrenyuk Y, Carlier S, Xanthos S, Cardoso L, Ganatos P, Virmani R, Einav S, Gilchrist L, 
Weinbaum S (2006) A hypothesis for vulnerable plaque rupture due to stress-induced debonding 
around cellular microcalcifications in thin fibrous caps. Proceedings of the National Academy of 
Sciences 103 (40):14678–14683

32. Kelly-Arnold A, Maldonado N, Laudier D, Aikawa E, Cardoso L, Weinbaum S (2013) Revised 
microcalcification hypothesis for fibrous cap rupture in human coronary arteries. Proc Natl Acad 
Sci U S A 110 (26):10741–10746. doi:10.1073/pnas.1308814110 [PubMed: 23733926] 

Fortunato et al. Page 15

Exp Mech. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



33. Converse MI, Walther RG, Ingram JT, Li Y, Yu SM, Monson KL (2018) Detection and 
characterization of molecular-level collagen damage in overstretched cerebral arteries. Acta 
Biomater 67:307–318. doi:10.1016/j.actbio.2017.11.052 [PubMed: 29225149] 

34. Enea D, Henson F, Kew S, Wardale J, Getgood A, Brooks R, Rushton N (2011) Extruded collagen 
fibres for tissue engineering applications: effect of crosslinking method on mechanical and 
biological properties. J Mater Sci Mater Med 22 (6):1569–1578. doi:10.1007/s10856-011-4336-1 
[PubMed: 21556975] 

35. Gentleman E, Lay AN, Dickerson DA, Nauman EA, Livesay GA, Dee KC (2003) Mechanical 
characterization of collagen fibers and scaffolds for tissue engineering. Biomaterials 24 (21):3805–
3813. doi:10.1016/s0142-9612(03)00206-0 [PubMed: 12818553] 

36. Miyazaki H, Hayashi K (1999) Tensile Tests of Collagen Fibers Obtained from the Rabbit Patellar 
Tendon. Biomedical Microdevices 2 (2):151–157. doi:10.1023/a:1009953805658

37. Sacks MS, Sun W (2003) Multiaxial mechanical behavior of biological materials. Annu Rev 
Biomed Eng 5:251–284. doi:10.1146/annurev.bioeng.5.011303.120714 [PubMed: 12730082] 

38. Sacks MS, Zhang W, Wognum S (2016) A novel fibre-ensemble level constitutive model for 
exogenous cross-linked collagenous tissues. Interface Focus 6 (1):20150090. doi:10.1098/
rsfs.2015.0090 [PubMed: 26855761] 

39. Schriefl AJ, Schmidt T, Balzani D, Sommer G, Holzapfel GA (2015) Selective enzymatic removal 
of elastin and collagen from human abdominal aortas: uniaxial mechanical response and 
constitutive modeling. Acta Biomater 17:125–136. doi:10.1016/j.actbio.2015.01.003 [PubMed: 
25623592] 

40. Weisbecker H, Viertler C, Pierce DM, Holzapfel GA (2013) The role of elastin and collagen in the 
softening behavior of the human thoracic aortic media. J Biomech 46 (11):1859–1865. 
doi:10.1016/j.jbiomech.2013.04.025 [PubMed: 23735660] 

41. Zhang W, Ayoub S, Liao J, Sacks MS (2016) A meso-scale layer-specific structural constitutive 
model of the mitral heart valve leaflets. Acta Biomater 32:238–255. doi:10.1016/
j.actbio.2015.12.001 [PubMed: 26712602] 

Fortunato et al. Page 16

Exp Mech. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
(a) Surface meshes of cerebral aneurysm dome tissue and calcification created from 3D 

micro-CT protocol. (b) Cross-section A-A of aneurysm dome and calcification surface 

meshes (c) Smoothed calcification surface mesh in yellow, and the offset surface that models 

the boundary of near-calcification region (NCR) in grey. (d) Experimental uniaxial tissue 

specimen at zero load configuration. (e) Opaque specimen solid model illustrating internal 

calcification in yellow and near-calcification region surrounding the calcification. (f) Cross-

section image of the 3D finite element mesh of the in-situ uniaxial specimen
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Fig. 2. 
Experimental stress-stretch curve in black and the simulated stress-stretch curve in blue (R2 

= 0.97). Material parameters input to the fiber-reinforced finite element model, employed for 

the simulation of tissue biomechanical behavior for the rest of the article, were regressed 

from the simulation case shown here. Labels A-E correspond to the loading state of the 

tissue from the beginning of loading to overall failure
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Fig. 3. 
Solid model used for parametric studies illustrating embedded calcification (yellow) inside 

NCR (blue) at the center of specimen. Computational domain exploits problem symmetry
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Fig. 4. 
Evolution of the nominal stress in collagen fibers and maximum principal Cauchy stress in 

the NCR and tissue matrix. The frames were captured at applied stretches corresponding to 

labels A-E in Figure 2. Top (a) and bottom (b) rows illustrate the evolving stress fields in the 

collagen fibers and non-collagenous matrix, respectively, during the entire uniaxial testing 

until just beyond the peak stress (λ=1.38), labeled E in Figure 2. Note: stress scale in first 

and second row are different.
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Fig. 5. 
Evolution of internal damage parameter S for fiber failure shown at the same states of 

applied stretch as in Figure 4 for the specimen depicted in Figure 1(a). Red fibers have 

started to fail S<Sinit and blue fibers have not yet begun to fail, S=Sinit. The last panel (b) 

presents the actual experimental specimen in State E. Orange arrows in the State E (a) 

simulation frame indicate regions of fiber failure. Blue arrows on the actual tissue specimen 

at State E (b) indicate regions of tissue failure observed during uniaxial testing. State E with 

λ = 1.38 corresponds to the point just beyond the peak of the stress-stretch curve in Figure 2
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Fig. 6. 
(a) Uniaxial Cauchy stress vs stretch curves for in-situ specimens with varied NCR stiffness 

quantified by the ratio of the NCR and tissue matrix shear modulus, SR (
μNCR
μmatrix

). The black 

curve denotes the response of an in-situ specimen with the same dimensions but with no 

calcification or NCR region. (b) Variation of applied uniaxial stretch at peak stress with the 

SR. Dashed horizontal line represents the peak stress for the rectangular tissue specimen 

with no calcification or NCR. (c) Variation of the peak stress, defined by the maximum 

stress observed from the uniaxial stress-stretch curve, with SR. Dashed horizontal line 

represents the peak stress for the rectangular tissue specimen with no calcification or NCR
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Fig. 7. 
Distribution of collagen fiber nominal stress (top) and Cauchy stress in non-collagenous 

matrix including NCR (bottom) at λ = 1.2 (pre failure) for four different cases of SR 

(
μNCR
μmatrix

): 0.1, 1, 5, 1000. Only maximum principal Cauchy stress, which is in the loading 

direction, is shown
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Fig. 8. 
Distribution of collagen fiber nominal stress (top) and non-collagenous matrix Cauchy stress 

(bottom) at peak stress for four different cases of SR (
μNCR
μmatrix

): 0.1, 1 5, 1000. Failed fibers 

are highlighted in black. Only maximum principal Cauchy stress, which is in the loading 

direction, is shown in the matrix (bottom)
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Fig. 9. 
Evolution of the percentage of failed fibers, defined by the volume of collagen fibers failed 

during the uniaxial loading process, for SR (
μNCR
μmatrix

) ranging from 0.1 to 1000

Fortunato et al. Page 25

Exp Mech. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Fortunato et al. Page 26

Table 1.

Regressed parameters of solid model to fit expeirmental uniaxial extension data

Role Parameter Regressed Value

Non-fibrous matrix μmatrix 33.56 kPa

Collagen Fiber Ef 8 MPa

Bundle σf 1.8 MPa
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