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Full length article
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A B S T R A C T

Many cardiovascular events are triggered by fibrous cap rupture of an atherosclerotic plaque in arteries. How-
ever, cap rupture, including the impact of the cap’s structural components, is poorly understood. To obtain better 
mechanistic insights in a biologically and mechanically controlled environment, we previously developed a 
tissue-engineered fibrous cap model. In the current study, we characterized the (local) structural and mechanical 
properties of these tissue-engineered cap analogs. Twenty-four collagenous cap analogs were cultured. The an-
alogs were imaged with multiphoton microscopy with second-harmonic generation to obtain local collagen fiber 
orientation and dispersion. Then, the analogs were mechanically tested under uniaxial tensile loading until 
failure, and the local deformation (strain) and failure characteristics were analyzed. Our results demonstrated 
that the tissue-engineered analogs mimic the dominant (circumferential) fiber direction of human plaques. The 
analogs also exhibited a physiological strain stiffening response, similar to human fibrous plaque caps. Ruptures 
in the analogs initiated in and propagated towards local high-strain regions. The local strain values at the rupture 
sites were similar to the ones reported for carotid human fibrous plaque tissue. Finally, the study revealed that 
the rupture propagation path in the analogs followed the local fiber direction.
Statement of significance: Many cardiovascular events are triggered by mechanical rupture of atherosclerotic 
plaque caps. Yet, cap rupture mechanics is poorly understood. This is mainly due to the scarcity of plaques for 
high-throughput testing and the structural complexity of plaques. To overcome this, we previously developed 
tissue-engineered cap analogs. The current study characterizes (local) structural and mechanical properties of 
these cap analogs. Our findings show that: (1) cap analogs closely mimic human fibrous caps, including fiber 
orientation and strain stiffening responses; (2) structural and mechanical properties of cap analogs are associ-
ated, which provides critical information for understanding plaque rupture; and (3) cap ruptures commonly start 
in and propagate towards high-strain areas, indicating the potential use of strain measurements for cap rupture 
risk assessment.

1. Introduction

Many cardiovascular events, such as myocardial infarction and 
ischemic stroke, are triggered by the rupture of the fibrous cap of an 
atherosclerotic plaque present in a conduit artery [1]. However, plaque 
cap rupture risk evaluation is currently not part of the clinical cardio-
vascular event risk assessment protocol [2]. This is mainly because the 

so-far-proposed (mainly geometric) criteria, such as cap thickness [3] 
and lipid core size [4], fail to provide sufficient predictive power for the 
complex cap rupture phenomenon [5,6]. From the biomechanics 
perspective, cap rupture is a material failure of this collagenous plaque 
structure, where the cap cannot maintain its structural integrity under 
the loading exerted on it [7]. Hence, biomechanical assessment of 
atherosclerotic plaques has the potential to provide new insights into 
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understanding the cap rupture and new markers for improved cap 
rupture risk assessment.

The mechanical behavior of biological tissues is known to be gov-
erned by the tissue’s (micro)structure. In healthy arteries, collagen is 
one of the main load-bearing components and the mechanical properties 
of the arteries majorly depend on the properties of the underlying 
collagen fibers and their organization [8]. The fibrous plaque tissue is 
also highly collagenous [9–12], yet the impact of the collagenous matrix 
architecture on the tissue’s mechanical properties, including the mate-
rial failure characteristics, is not well understood. Only recently, John-
ston et al. [12] reported predominant circumferential orientation of the 
collagen fibers in the majority of carotid plaque caps of carotid endar-
terectomy (CEA) samples. They also measured higher ultimate stresses 
and lower ultimate strains for these caps [12]. We also recently showed, 
utilizing a mechano-imaging experimental protocol we designed [13], 

that not only the caps but the entire fibrous plaque tissue from CEA 
samples had a circumferential orientation predominantly, and also 
observed unavoidable inter- and intra-plaque variation. Moreover, 
uniaxial tensile testing of the samples revealed a nonuniform distribu-
tion of tensile strain within the specimens and a statistically significantly 
higher local strain at the rupture initiation site than in the rest of the 
specimens [10].

An important limiting factor in experimental plaque rupture research 
is the scarcity of testable human plaque samples, which makes it difficult 
to perform high-throughput testing. To overcome this shortcoming, we 
recently developed a collagenous tissue-engineered fibrous cap model 
[14] as a human disease model. These analogs enable conducting studies 
with a large enough sample size and varying structural composition. As a 
first step of this human disease model, we specifically focused on thin 
cap fibroatheromas (TCFAs)/vulnerable plaques, since these are most 

Fig. 1. Methodological pipeline of the study. A) Illustration of a tissue-engineered cap analog (left) and of a simplified geometry of an atherosclerotic plaque cap 
(right) [14]. (HVSCs: human vena saphena cells, ECM: extracellular matrix) B) Collagen imaging with SHG-MPM and fiber orientation analysis. Scale bar = 140 µm 
C) Uniaxial tensile testing and DIC-derived local deformation measurements (SHG: second-harmonic generation, MPM: multiphoton microscopy, MIP: Maximum 
intensity projection, DIC: Digital image correlation).
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prone to rupture. These plaques are characterized by a soft lipid core 
embedded in a collagenous fibrous cap. The model consists of collage-
nous tissue construct with a soft inclusion at the center, which aims to 
mechanically mimic the fibrous plaque cap next to a soft lipid-rich 
necrotic core in real plaques (Fig. 1A). In previous study [14], we 
demonstrated that these analogs possess a collagenous architecture and 
collagen types comparable to those found in the fibrous caps of human 
plaques. Consequently, this human disease model has the great potential 
to provide a platform to study the biomechanics of and the geometric 
and structural factors involved in plaque rupture mechanics.

In this study, we aim to characterize the structural and mechanical 
properties of this fibrous cap model, with a specific focus on obtaining 
detailed insights into local collagen fiber architecture, and into strain 
distribution, and the initiation and propagation of rupture under tensile 
loading. This characterization will serve three primary purposes: (1) to 
compare the (local) mechanical and structrual properties of our tissue- 
engineered analogs with that of human plaque tissue, thereby evalu-
ating the analogs for their accuracy in mimicking human fibrous cap 
tissue; (2) to evaluate if local strain can be a potential marker for plaque 
rupture risk assessment and (3) to identify additional correlations be-
tween structural and mechanical properties within our analogs that are 
challenging to observe in human tissue, but are crucial for enhancing 
our understanding and prediction of atherosclerotic plaque rupture.

2. Materials and methods

2.1. Tissue-engineering the fibrous cap analogs

Twenty-four cap analogs (Fig. 1A) were cultured following the 
methodology described previously in detail [14]. Shortly, 
vascular-derived myofibroblasts (i.e. human vena saphena cells) were 
harvested from pieces of saphenous vein, left over after coronary bypass 
surgery, according to the Dutch guidelines for secondary use of mate-
rials. Then, these cells were seeded in 10 × 15 mm-sized fibrin gels 
between two Velcro strips in a Flexcell system (FX-4000T, Flexcell Int, 
196 McKeesport, PA). After seeding, the analogs were statically cultured 
for 7 days. On day 7, a 2 mm diameter soft inclusion (SI) was created by 
punching a hole in the center of the analogs and filling it with fibrin. This 
collagen-poor inclusion aims to mechanically mimic the soft necrotic 
and/or lipid-rich core of real atherosclerotic plaque. The analogs were 
then kept under the same static condition for 7 more days, after which 
they were exposed to intermittent straining in the y-direction of the 
analog (4 % strain at 0.5 Hz for 1 hr + 0 % strain for 3 hrs) for 7 days, to 
stimulate collagen synthesis and remodeling [15]. On day 21 the 
culturing was finished, and the analogs were imaged and mechanically 
tested.

2.2. Multiphoton microscopy imaging

On day 21 of the culturing protocol, a subset of analogs (n = 10) were 
randomly selected for multiphoton microscopy (MPM) imaging with 
second-harmonic generation (SHG). The analogs were attached to a 
layer of silicon (Sylgard 184, VWR, Germany, 0.5–1 cm thick) by 
pinning surgical needles through the Velcro’s at both sides of the analog 
to prevent movement of the analogs during MPM imaging, and sub-
merged in phosphate-buffered saline (PBS) at room temperature. An 
MPM (TCS SP5 Confocal, Leica, Germany) with a Chameleon Ultra 
multiphoton laser (710–1040 nm) (Coherent, USA) was used to visualize 
the collagen architecture. First, an overview scan (~5–10 minutes per 
analog) splitting the analog into tiles (tile size = 739 × 739 μm) was 
made (Fig. 1B) by using the brightfield mode of the microscope. From 
this tile scan, two horizontal lines of adjacent tiles were selected for 
further scanning, to limit the scanning time and prevent tissue degra-
dation. The selected tiles overlaid a part of the fibrous tissue of the 
analog and a part of the soft inclusion (Fig. 1B). For each tile, z-stack 
imaging in the depth direction was performed (isotropic in-plane 

resolution of 1.4 µm, 3 μm distance between the stacks, ~5–10 min per 
tile) using a multiphoton laser with an excitation wavelength of 880 nm 
and a non-descanned detector with a 430–450 nm emission filter. The 
images were obtained up to a depth of approximately 150 μm (~30 % of 
the analog’s thickness) from the surface that was facing upwards during 
culturing. MPM required 4 hours of extra handling, but we did not find 
significant differences in the global mechanics between the imaged 
samples and the samples that were not imaged (Supplementary 
Figure S1).

2.2.1. Data processing
Maximum intensity projection (MIP) images were analyzed with the 

MATLAB-based fiber orientation analysis tool, FOAtool [16] to detect 
individual collagen fibers and their orientations. Von Mises distributions 
were fit to the histogram of the detected collagen fiber orientations in 
every tile (Fig. 1B). The predominant angle (θ) of the collagen fibers and 
the dispersion parameter κ per tile were assessed, where the former is 
the mode of the von Mises distribution and the latter is a structural 
parameter describing the dispersion of the fiber orientations. The dif-
ference between the predominant angle of the collagen fibers and the 
y-axis (loading direction), denoted as Δθ, was calculated for each tile. 
More details on how to obtain the dispersion parameter κ from a von 
Mises fit can be found in [17]. Here it is worth mentioning that the range 
of κ is [0 : 1/3], where at κ = 0, all collagen fibers are aligned in the 
direction of θ, and at κ = 1/3, the fibers are uniformly distributed in all 
possible angles.

2.3. Mechanical testing

All cap analogs (n = 24) were mechanically tested. First, the cross- 
sectional areas of the analogs were measured with high spatial resolu-
tion ultrasound (Vevo 3100, FUJIFILM, Visual Sonics Inc., Canada). A 21 
MHz central frequency 2-D linear transducer (MX250, axial resolution =
75 μm) and a stepper motor were used to capture the cross-sectional area 
of the analog every 40 μm along the y-direction of the analogs in the 
unloaded state. After geometry measurements, a speckle pattern for 
digital image correlation (DIC) was applied to the top surface of the 
analogs by using an airbrush filled with tissue dye (24,113–2, Poly-
sciences Inc., Ott Scientific). Then, the Velcro strips on each side of the 
analog were placed in the clamps of a custom-designed uniaxial tensile 
tester. The tensile tester consisted of two clamps (one stationary and one 
movable) with sandpaper and foam tape to prevent slippage, a 10 N load 
cell (LCMFD-10N, Omega Engineering, USA), and a linear actuator 
(EACM2E10AZAK, Oriental Motor, Japan). A torque screwdriver 
(Garant, Hoffman group, Germany) was used to apply a torque of 10 
cNm to tighten the clamps. The analogs were visually inspected before 
the tests for any pre-existing tissue damage. Then, the analogs were pre- 
stretched (0.15 N) to remove the slack. Afterward, 10 cycles of pre-
conditioning were performed up to 10 % strain, to ensure a repeatable 
mechanical response of the analogs [18,19]. Finally, the analogs were 
strained until failure at a speed of 200 %/min, which mimics the in vivo 
physiological straining rate of plaque tissue [18]. These strain and strain 
rate values (10 % and 200 %) were based on the initial clamp-to-clamp 
distance measured by the actuator right before the pre-conditioning of 
the pre-stretched analogs. During testing, the analogs were completely 
submerged in a heating bath filled with a PBS solution at 37 ◦C. Above 
the tensile tester, a 5.3 Megapixels CMOS Camera (PL-D725, Pixelink, 
USA) and a light source were mounted, which were used to record 
videos of the analogs at 30 fps during testing. The frames captured in the 
videos were used for DIC and the analysis of the rupture initiation 
location and rupture propagation path.

2.3.1. Data processing
DIC analyses of the video recordings of the analogs during me-

chanical testing were performed with the open-source 2D DIC software 
Ncorr (version 1.2) [17]. The region of interest (ROI) for DIC was 
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defined as the area of the analog excluding ~1 mm from each clamp. 
Areas containing air bubbles were excluded from the analysis to prevent 
artifacts.

Since the analogs had compacted during culturing in the central 
section, as also reported before [14], they resembled dogbone shapes, 
with a reduced cross-sectional area in the center region, referred to as 
‘reduced-section’, commonly used for stress and strain assessment for 
uniaxial tensile testing [20]. The reduced section in our 
tissue-engineered analogs was defined as the region between two lines 
spanning from the top to the bottom of the soft inclusion.

The global Green-Lagrange strain (εyy) was defined as the average 
DIC-derived strain in the tensile direction in the reduced section of the 
analogs. The global engineering stress was derived from the force 
measurements and initial average cross-sectional area of the reduced 
section of each analog, obtained from the ultrasound images using Fiji 
(Image J) [21]. The stiffness of the global stress-strain ratio curves was 
obtained for every 0.01 strain increment until a strain value of 0.07 
(Supplementary Figure S3). This final strain value was chosen as some 
analogs experienced rupture initiation shortly after this strain level. 
Linear regression was performed between data points 0.005 below and 
above these central strain values to obtain the linear slopes as measures 
for stiffness.

Rupture initiation locations and the rupture propagation path were 
detected by visual inspection of the camera images. DIC-derived local 
tensile strains at the rupture initiation location and the average tensile 
strains within the entire region of interest of the analog were calculated.

2.4. Statistical methods

Statistical analyses were performed using Matlab (Statistics and 
Machine Learning Toolbox, MathWorks, USA). All data are presented as 
the mean ± standard deviation unless stated otherwise. Shapiro-Wilk 
tests were used to determine if the data were normally distributed.

To determine whether there were statistically significant differences 
within the paired data (e.g., strain values at the rupture location versus 
average strains of the same analogs), The wilcoxon signed-rank test was 
used for the non-normally distributed data and paired t-test for the 

normally distributed data. To determine whether there were statistically 
significant differences between groups of analogs (e.g., samples with 
clamp rupture versus central rupture), unpaired t-tests were performed. 
A p-value < 0.05 was considered significant (visualized as * p < 0.05; ** 
p < 0.01; *** p < 0.001). To study the association between variables, 
linear regression was used. For linear regression, Pearson correlation 
coefficient (r), coefficient of determination (R2), and p-value were 
calculated.

3. Results

3.1. Collagen architecture

The plaque cap analogs consisted of a collagenous fibrous tissue with 
a soft inclusion which was integrated into the tissue, via cell and 
collagen ingrowth [14]. Although collagen was also found within the 
soft inclusion, its amount was much less compared to the surrounding 
fibrous tissue. This slight infiltration of collagen is essential for ensuring 
that the soft inclusion adheres to the surrounding fibrous cap analog, 
promoting structural integration. The fiber direction analysis (Fig. 2A) 
based on the MIP images of the analogs (n = 10) showed that the fibers 
in the analogs are predominantly oriented along the y-direction (θ = 88◦

± 13◦), where the fibers in the edge regions (defined as the 3 most left 
and right tiles) were oriented closer to the y-direction than the ones in 
the center of the analogs (Δθ from the y-axis: 17◦ ± 5 vs. 36◦ ± 8, p <
0.01). The overall dispersion (κ) for the analogs was 0.26 ±0.01, where 
the edge regions showed less fiber dispersion than the central regions 
(0.27 ± 0.01 vs. 0.24 ± 0.02, p < 0.01). The average dispersion and the 
average difference of the predominant fiber direction with the y-direc-
tion per analog were statistically significantly correlated (Fig. 2B, R =
0.83, p < 0.005).

3.2. Material behavior

Of the 24 analogs, four (two of which underwent SHG-MPM imaging) 
were excluded from subsequent analyses due to the presence of small 
ruptures before mechanical testing.

Fig. 2. A) The predominant orientation (black line) and dispersion, κ, (background color) of the fibers in the scanned regions of a cap analog, B) The correlation of 
the predominant fiber orientation and dispersion, both averaged per analog.
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The average transversal cross-sectional area in the narrow mid- 
region of the mechanically tested analogs (n = 20) was 5.9 (± 0.8) 
mm2. Non-linear stiffening behavior was observed in the stress-strain 
curves. The median stiffness value was 0.3 MPa [Q1: Q3 = 0.06:1.52] 
at 0.01 strain and 4.5 MPa [1.8:8.9] at 0.07 strain (the highest strain 
value before any rupture initiation in any of the samples). The median 
ultimate tensile stress was 0.79 MPa [0.55:1.05] with an associated 
median strain value of 0.15 [0.13:0.18].

Tangent stiffness at a strain of 0.01 correlated statistically signifi-
cantly (p < 0.05) with the fiber orientation (θ) and dispersion (κ), 
showing higher stiffness with lower dispersion and better fiber align-
ment. However, the R-values indicated weak correlations (for κ: R =
0.74 and for θ: R = 0.74). No significant correlation was found between 
tangent stiffness at a strain of 0.07 and these structural parameters.

3.3. Rupture initiation

In five analogs, the rupture started at a clamp whereas in the other 
fifteen analogs in the central region. Of the 15 analogs with central 
rupture, the rupture started in the SI in nine cases and at the SI-fibrous 
tissue interface in the other six cases. In Fig. 3A, the DIC-derived local 
tensile strain (εyy) measurements of a representative analog are shown 
at the frame right before the rupture initiation. Similar to this analog, all 
analogs (n = 20) showed significantly higher tensile strain at the rupture 
site than the average strain within the analog (Median = 1.21 [Q1: Q3 =
1.16:1.30] vs 1.14 [1.12:1.17], p < 0.001, Fig. 3B).

3.4. Rupture propagation

For the majority of the analogs, four rupture phases were identified 
(Fig. 4A): i.) a rupture starts in the SI, ii.) the rupture propagates within 
the SI towards the fibrous tissue-SI border, iii.) the rupture propagation 
pauses shortly (<1 second, 1–25 video frames) at the interface, iv.) then 
the rupture crosses the interface and propagates in the fibrous tissue, 
resulting in a rupture over the full width of the analog. In two analogs, a 
second rupture in the fibrous tissue was observed shortly after the first 
rupture started in the soft inclusion. These two ruptures propagated 
individually and eventually merged (Fig. 4B). As also illustrated in 
Fig. 4B, an analysis of rupture propagation direction and local pre-
dominant fiber direction revealed that the ruptures usually propagated 
parallel to the local fiber direction (Fig. 4C, R = 0.60, β1 (slope of 
regression curve) = 1.04, p < 0.001). The rupture propagation in the 
edge regions of the analogs was oriented closer to the y-direction than 
the rupture propagation in the center of the analogs (Fig. 4A, Bottom 
left).

The DIC-derived tensile strain (εyy) at the rupture site in the fibrous 
tissue, when the rupture propagated from the SI to the fibrous tissue, 
was significantly higher than the average strain within the fibrous tissue 
(0.21 ± 0.05 vs. 0.16 ± 0.04, p < 0.05). We further analyzed the fibrous 
tissue around the soft inclusion by dividing this region into 16 segments 
(Fig. 5A). It was noticed that εyy in the fibrous tissue was highest on the 
sides of the SI (segments 15–16–1–2 and/or 7–8–9–10) and lowest above 
and/or below the SI (segments 3–4–5–6 and/or 11–12–13–14) (Fig. 5B). 
Rupture propagation that extended from the soft inclusion towards the 
fibrous tissue (n = 7) consistently occurred on the sides of the SI 
(Fig. 5B).

Fig. 3. A) DIC-derived tensile strain (εyy) distribution in a cap analog right before rupture initiation. The oval shape indicates the soft inclusion and the rectangle 
marks the rupture initiation region. B) Average tensile strain (εyy) in the rupture initiation region and in the ROI.
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4. Discussion

We investigated the (local) mechanical and structural properties of 
tissue-engineered fibrous cap analogs, a human disease model we 
recently developed [14] to understand the plaque rupture mechanics. 
We aimed to accomplish three key goals: (1) evaluate the analogs for 
their accuracy in mimicking the structural and mechanical properties of 
human fibrous cap tissue; (2) evaluate local strain for its usefulness as a 
marker for plaque rupture risk assessment and (3) identify correlations 
between structural and mechanical properties within our analogs that 
are challenging to observe in human tissue, but are crucial for enhancing 
our understanding and prediction of atherosclerotic plaque rupture. To 
meet these aims, we utilized uniaxial tensile testing coupled with DIC for 
acquiring mechanical behavior information and MPM-SHG imaging to 
gather the tissue’s underlying collagen organization information.

The predominant fiber orientation analysis of the MIP images 
revealed that the majority of the fibers were oriented in the analogs’ y- 

direction, which corresponds to the circumferential direction in human 
plaques. In human plaques, the predominant fiber orientation varies 
among plaques and locally within a plaque [10,12], but in the majority 
of the plaques, the gross tissue fiber orientation is (close to) circumfer-
ential [11,12]. Thus, our results demonstrated that the created cap an-
alogs mimic the dominant fiber direction of the human plaque caps. The 
fiber orientation analysis also demonstrated that there are local differ-
ences within analogs. In comparison to the center region, the edge re-
gions of the analogs exhibited a more circumferential fiber orientation 
and less dispersion. This observed spatial variation in collagen organi-
zation, which is also present in real human plaques [10,11], allows us to 
investigate how the mechanics of the plaque are impacted by hetero-
geneity in fiber organization. The analysis of the MIP images revealed a 
correlation between the predominant fiber orientation and the degree of 
dispersion. Specifically, samples exhibiting lower dispersion demon-
strated fibers that were oriented more towards the loading direction 
during culture. Foolen et al. previously demonstrated that increased 

Fig. 4. Rupture propagation in the fibrous cap analogs A) Phases of rupture identified in cap analogs. Top left: Rupture initiation in SI, Top right: Rupture prop-
agation within SI, Bottom right: Intermission, Bottom left: Fibrous tissue failure. B) Rupture path (red color) and fiber angle of one of the analogs. C) Fiber orientation 
vs. rupture path direction. Linear regression curve in red: R=0.60, β1(slope of regression curve) = 1.04, p < 0.001.
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stretching in directions other than the loading direction during culture 
can promote greater dispersion and reduce the alignment of collagen in 
the loading direction through mechanotransduction mechanisms [22]. 
This effect can also contribute to the variation in dispersion and fiber 
angles observed among and within our tissue-engineered analogs. Spe-
cifically, we expect these variations to stem from differences in local 
stress and strain due to compaction during culturing, as well as geo-
metric factors such as the precise location of the soft inclusion.

Uniaxial tensile tests revealed that all analogs demonstrated physi-
ological strain stiffening responses with values that mimic plaque me-
chanical properties ex vivo [10,12]. The observed median stiffness 
values fall within the range of the values reported for human fibrous 
caps (0.1–5 MPa [23]). The analogs also showed global median ultimate 
strain values and global median ultimate stress values that fall within 
the range of the values reported for human fibrous caps and plaque 
tissue (0.04–0.23 and 0.1–2.0 MPa, respectively) [10,12]. Although 
within the typical range for human plaque tissue, the ultimate stress 
values are slightly higher and the ultimate strain values are lower in our 
analogs compared to the average values found in intact non-ulcerated 
human plaque tissue (0.6 MPa and 0.25) [24]. Numerical studies have 
suggested that the circumferential tensile stress experienced by the 
fibrous cap in vivo at the time of rupture is approximately 0.7 MPa [25], 
which is again quite similar to the stress we observed at rupture, though 
again slightly lower. These small discrepancies in mechanical properties 
might be due to the absence of macrophages and microcalcifications in 
our current model, since both increased macrophage and micro-
calcification density are known to increase strain and decrease 
maximum stress in plaque tissue [24,26,27]. Some of our future efforts 
will include integrating macrophages and microcalcifications [26] in the 
tissue-engineered analogs, to study their potential involvement in pla-
que rupture.

Tangent stiffness at low strain (0.01) showed a weak correlation with 
structural parameters, with higher stiffness linked to lower dispersion 
and greater circumferential fiber alignment (θ). However, this correla-
tion was non-significant at a higher strain (0.07). We hypothesize that a 
correlation between tangent stiffness and structural parameters exists. 
However, since all our samples were cultured under similar conditions, 
variations in fiber angle and dispersion between samples were minimal. 
Consequently, the differences in stiffness in the current study may have 
been too small to detect. In another study, where we deliberately 
introduced different groups which increased the variation in dispersion, 
we observed a stronger correlation [26].

Daemen et al. previously reported fibrous cap fissures present along 
the interface between different plaque components (e.g., calcification- 
fibrous tissue) in human carotids [28]. This finding challenges the 
common expectation that the rupture initiates at the luminal side of the 
cap, and may imply that some cap ruptures originate in the deeper part 

of the plaque. Our finding that all central ruptures in the 
tissue-engineered cap analogs initiated in the soft inclusion or at the 
interface between the soft inclusion and the fibrous tissue supports this 
hypothesis.

The analyses of the rupture path also revealed that the rupture 
propagation in the tissue-engineered analogs is commonly parallel to the 
local predominant fiber orientation. This phenomenon is particularly 
evident when comparing the rupture propagation paths at the analog 
edges to the ones in the analog centers. At the edges, both rupture 
propagation and collagen fibers were oriented in the tensile direction of 
the sample. In contrast, at the center of the sample, rupture propagation 
and collagen fibers exhibited an orientation more perpendicular to the 
loading direction. These findings suggest that in our analogs, the more 
dominant failure modes were matrix failure and/or fiber debonding, 
rather than fiber rupture. This is in line with the failure mode suggested 
by Daemen et al. for carotid plaque rupture [28]. Future studies with 
real plaques and/or tissue-engineered cap analogs are warranted for 
further confirmation of this hypothesis.

The DIC analysis revealed that regions of high strain were concen-
trated near the sites of rupture initiation and propagation in our cap 
analogs. These high-strain areas exhibited approximately 1.5 times 
greater strain values than the overall strain in the analogs. High-strain 
regions near the location of rupture initiation were also reported pre-
viously in human plaque tissue [10]. These findings highlight the critical 
need for local strain measurements to accurately characterize the failure 
behavior of fibrous plaque tissue. Moreover, these findings may suggest 
that local strain-based failure criteria may be useful for rupture risk 
prediction in atherosclerotic plaques, as also suggested earlier [29,30]. 
Unlike many other mechanical parameters, such as stress, strain can be 
assessed in vivo using imaging techniques like intravascular optical 
coherence tomography and ultrasound imaging [30,31]. To use the in 
vivo strain measurements for risk assessment, it would be beneficial to 
establish a cap rupture strain threshold. The rupture in the fibrous tissue 
is of particular interest, as it corresponds to cap rupture in real plaques. 
Conversely, rupture confined to the lipid pool (soft inclusion) poses no 
direct harm to the patient as long as it does not propagate in the fibrous 
tissue and reach the lumen. In our analogs, rupture initiation locations in 
the fibrous tissue (either originally started there or propagated from the 
SI to the fibrous tissue) had a median local strain value of 0.21. Strik-
ingly, these strain values are similar to those at rupture locations of the 
fibrous tissue of real plaques, reported to be >0.10 with a median value 
of 0.25 [10]. Note that the CAE specimens from this study [10] were 
harvested from regions of the carotid artery which might be beyond the 
atheroma; in this case, the distribution of collagen fibres and mechanical 
properties would differ from the fibrous cap of the atheroma. Unfortu-
nately, this is currently the only available literature examining local 
plaque mechanics and local fiber orientation, making it the only viable 

Fig. 5. A) Segmented DIC-derived local tensile strain (εyy) of a cap analog at the time point right before rupture propagation towards the fibrous tissue. B) DIC- 
derived local tensile strain (εyy) in the 16 segments of the analogs where the rupture propagated from the SI to the fibrous tissue (n=7). The segments where 
rupture occurs in the analogs are marked red.
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comparison. Moreover, our DIC analysis revealed that while rupture 
initiation and propagation consistently occurred in high-strain regions, 
these were not always the only areas with the highest strain. These 
multiple high-strain regions within the same sample make establishing 
an exact strain threshold for rupture risk challenging. Therefore, while 
strain can be a valuable marker for assessing rupture risk, it may need to 
be supplemented with other mechanical or structural markers for a more 
reliable and comprehensive evaluation.

There are some limitations associated with this study. (1) Consistent 
with previous studies [14,26], the analogs demonstrated a nonuniform 
collagen structure along the depth direction. The upper section of the 
analogs exhibited a higher intensity SHG signal, which suggests greater 
collagen density, and a more pronounced predominant fiber orientation, 
possibly due to increased nutrient availability at the surface. Due to this 
higher collagen density and more pronounced fiber orientation this 
upper layer is expected to dominate the overall stiffness and strength of 
the analogs. We anticipate that the findings on the relationship between 
structural and mechanical behavior remain valid, as also structural 
measurements are likely dominated by the upper layer. (2) The human 
plaques are under a multiaxial loading state in vivo, which is more 
complex than the uniaxial tensile loading applied to the cap analogs in 
the current study. Atherosclerotic plaques are subjected to two main 
types of loading: blood pressure and shear forces caused by blood flow. 
However, the shear stresses are much smaller—approximately three 
orders of magnitude—compared to the stresses induced by blood pres-
sure [32]. As a result, the mechanical role of shear forces in cap rupture 
is negligible, and rupture is primarily attributed to the stresses caused by 
blood pressure. Consequently, tensile tests were conducted in the 
circumferential direction, as this is the dominant loading direction in 
vivo due to the circumferential stresses induced by blood pressure. (3) 
Another limitation of our study is the homogeneity of the 
tissue-engineered cap analogs. While this homogeneity facilitates the 
relatively easy establishment of relationships between structural pa-
rameters and mechanical properties, it may not fully capture the struc-
tural heterogeneity observed in some human plaques. Nevertheless, the 
flexibility of our analogs provides control over various structural pa-
rameters, making them a valuable platform for future research. In sub-
sequent studies, we plan to introduce greater heterogeneity into our 
analogs to more closely mimic the complex variations in human plaques. 
These variations will be added incrementally to investigate the impact of 
each individual compound or modification, allowing us to explore how 
such variability affects plaque mechanics. Although these enhancements 
were not part of the current study, which focused on validating the basic 
model, we can modify several key structural parameters in future work. 
For example, we could adjust the inclusion of calcification mimics [26] 
or alter the collagen structure by introducing compounds like TGF-β, 
ribose, copper, or beta-aminopropionitrile during culture. These modi-
fications could stimulate collagen deposition, promote advanced gly-
cation end-product (AGE)-related crosslinking, and modulate lysyl 
oxidase (LOX)-mediated crosslinking.

5. Conclusion

In this study, we evaluated in detail the mechanical and structural 
characteristics of tissue-engineered atherosclerotic cap analogs, which 
we developed recently as a human disease model to understand 
atherosclerotic plaque rupture. Our findings demonstrated a good 
resemblance of the analogs with real plaque fibrous caps, both for 
collagen architecture and mechanical behavior. Furthermore, our ana-
logs provided further insight into plaque rupture, by demonstrating 
local strain concentrations at the rupture sites and the influence of local 
collagen fiber architecture on rupture propagation direction, where the 
former suggests a potential use of in vivo local strain measurements for 
plaque rupture risk assessment.
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