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ABSTRACT

Atherosclerotic plaque rupture in carotid arteries is a major cause of cerebrovascular events. Plaque rup-
ture is the mechanical failure of the heterogeneous fibrous plaque tissue. Local characterization of the
tissue’s failure properties and the collagen architecture are of great importance to have insights in plaque
rupture for clinical event prevention. Previous studies were limited to average rupture properties and
global structural characterization, and did not provide the necessary local information. In this study, we
assessed the local collagen architecture and failure properties of fibrous plaque tissue, by analyzing 30
tissue strips from 18 carotid plaques. Our study framework entailed second harmonic generation imaging
for local collagen orientation and dispersion, and uniaxial tensile testing and digital image correlation
for local tissue mechanics. The results showed that 87% of the imaged locations had collagen orienta-
tion close to the circumferential direction (0°) of the artery, and substantial dispersion locally. All regions
combined, median [Q1:Q3] of the predominant angle measurements was -2° [-16°:16°]. The stretch ratio
measurements clearly demonstrated a nonuniform stretch ratio distribution in the tissue under uniaxial
loading. The rupture initiation regions had significantly higher stretch ratios (1.26 [1.15-1.40]) than the
tissue average stretch ratio (1.11 [1.10-1.16]). No significant difference in collagen direction and disper-
sion was identified between the rupture regions and the rest of the tissue. The presented study forms
an initial step towards gaining better insights into the characterization of local structural and mechanical
fingerprints of fibrous plaque tissue in order to aid improved assessment of plaque rupture risk.

Statement of significance

Plaque rupture risk assessment, critical to prevent cardiovascular events, requires knowledge on local fail-
ure properties and structure of collagenous plaque tissue. Our current knowledge is unfortunately limited
to tissue’s overall ultimate failure properties with scarce information on collagen architecture. In this
study, local failure properties and collagen architecture of fibrous plaque tissue were obtained. We found
predominant circumferential alignment of collagen fibers with substantial local dispersion. The tissue
showed nonuniform stretch distribution under uniaxial tensile loading, with high stretches at rupture
spots. This study highlights the significance of local mechanical and structural assessment for better in-
sights into plaque rupture and the potential use of local stretches as risk marker for plaque rupture for
patient-specific clinical applications.
© 2023 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Atherosclerotic plaque rupture in carotid arteries is the trigger
of many ischemic cerebrovascular events, such as ischemic stroke
[1,2]. Carotid endarterectomy (CEA) is a commonly used surgery to
prevent such clinical events. The patient selection for CEA is based
on, besides some systemic factors (e.g., age, gender, cardiovascu-
lar event history), only one plaque-based measure, the degree of
carotid artery stenosis [3]. However, degree of stenosis is shown to
be a poor predictor of plaque rupture, hence only a fraction of the
operated patients benefit from the CEA surgery [4]. Other factors,
such as the plaque compositional characteristics were also found to
be important indicators for such events. For this purpose American
Heart Association (AHA) provided a guide for plaque classification
[5,6], modified later by Virmani et al. [7]. According to this classi-
fication, rupture prone vulnerable plaques were identified as Type
IV, thin cap fibroatheroma with a large lipid core [8]. However, the
mentioned and some other vulnerable plaque characteristics [9,10]
are not always associated with plaque rupture. This clearly indi-
cates an urgent need for other patient-specific plaque-based mea-
sures that are predictive for plaque rupture.

From the biomechanics perspective, plaque rupture is the mate-
rial failure of the fibrous plaque tissue, which, together with some
other structural tissue components (i.e., necrotic lipid core, cal-
cifications, healthy arterial wall layers), constitute the atheroscle-
rotic plaque. To understand plaque rupture mechanics, unraveling
the tissue’s failure characteristic is of great importance. However,
up until now only a few studies have been performed. While in
some of these studies failure properties of the entire plaque was
obtained by testing complete plaques with all components intact
[11-13], in the recent studies tissue-specific characterization was
pursued for fibrous plaque tissue, separated from the rest of the
plaque [14,15]. Regardless of the tested tissue type (whole plaque
or fibrous tissue), all studies so far focused on the ultimate fail-
ure characteristics. Although ultimate strength and stretch ratio
measures can provide some insight for tissue’s failure properties,
it has been shown that the macroscopic structural failure in the
highly heterogenous fibrous plaque tissue initiates much earlier
than the ultimate failure point [15]. This implies that, rather than
the assessment of the (average) tissue properties at ultimate fail-
ure point, the assessment of the failure properties locally at the
failure initiation point is more relevant for having better insights
into plaque rupture.

The material properties of biological tissues depend on the un-
derlying tissue structure (microstructural components and their or-
ganization) [16]. Fibrous plaque tissue is a highly collagenous tis-
sue [17,18]. It has been shown that in healthy arteries the fib-
rillar collagen is the main load bearing constituent and arterial
wall’'s mechanical behavior, including the failure (rupture) prop-
erties, greatly depends on the organization of the collagen fibers
[19-21]. Similarly, for the fibrous plaque tissue, the collagen ar-
chitecture was suggested to dictate the tissue’s failure properties
[22]. Until now, only two studies investigated the collagen organi-
zation in atherosclerotic plaques. Akyildiz et al. assessed the col-
lagen fiber organization in carotid plaques using ex-vivo diffusion
tensor magnetic resonance imaging (DT-MRI). They reported that
the collagen fibers lay mainly on the circumferential-longitudinal
plane with negligible radial orientation [23]. More recently, John-
ston et al. examined the fiber orientation in fibrous caps of carotid
plaques with small angle light scattering (SALS), which provides
higher resolution information [14]. They observed that some caps
had a global (average) collagen orientation in the circumferen-
tial direction whereas the others in the longitudinal direction. De-
spite the great contribution of these studies on the overall col-
lagen fiber organization in plaques, there is still a gap in our
current knowledge on the local collagen organization characteris-

294

Acta Biomaterialia 164 (2023) 293-302

tics and the link of it to the failure properties in fibrous plaque
tissue.

In this study, we investigated the local structural and mechan-
ical failure properties of the fibrous plaque tissue collected from
atherosclerotic human carotid arteries. To this end, we used second
harmonic generation multiphoton microscopy imaging (SHG) for
tissue’s local collagen architecture assessment. Compared to other
techniques (e.g. as histology [24,25], SALS [14], DTI [23,26,27]) used
for collagen architecture imaging in biological tissues, SHG has
various advantages, including high resolution [28], faster acquisi-
tion, and no need of tissue preparation [26,29,30]. The local fail-
ure properties of the fibrous plaque tissue were acquired from me-
chanical tissue testing and digital image correlation (DIC). To the
best of our knowledge, our study is the first to report both local
structural and mechanical failure characteristics of fibrous plaque
tissue, and to provide their correlation locally at rupture initia-
tion, which is highly crucial for better understanding and predict-
ing atherosclerotic plaque rupture.

2. Materials and methods
2.1. Sample collection and preparation

Eighteen human CEA samples, obtained from at least 70%
stenosed arteries, were collected according to the European Guide-
lines [3] at Erasmus Medical Center in Rotterdam. Following the
tissue collection, the samples were snap-frozen in plastic vials sub-
merged into liquid nitrogen, and were stored at -80°C. The use of
the CEA samples in this study was approved by the Medical Ethics
Committee of Erasmus Medical Center in Rotterdam in compliance
with the declaration of Helsinki. An informed consent from the pa-
tient was obtained for each sample used in this study.

In order to visualize the calcified regions prior to tissue prepa-
ration, all collected CEA samples (Fig. 1A) were scanned with a
micro computed tomography (micro-CT) scanner (Quantum GX 2,
Perkin Elmer, USA). The voltage and current of the scanner were
90 kV and 88 mA, respectively. Each scan took approximately 4
minutes. Following the micro-CT imaging, the CEA sample’s 3-
D anatomy were reconstructed by using the 3-D Slicer (v 4.11)
[31] (Fig. 1B). From the micro-CT data, the calcified regions in sam-
ples were identified and rectangular shaped tissue strips (Fig. 1C)
were prepared from the non-calcified fibrous tissue regions, that
likely resembled type IV or type V lesions [5-8]. The sample size
was aimed to be large enough with a width to length ratio <1,
as advised by Mulvihill et al. [32], for the suitability for uniaxial
tensile testing. The length dimension of the strips was in the cir-
cumferential direction of the artery.

2.2. Imaging and quantification of the fibrillar collagen architecture

Following the sample preparation, the tissue strips were sub-
merged into a phosphate buffered saline (PBS) solution in a glass
petri dish. To avoid any movement of the tissue strips during the
microscopy imaging, the strips were fixated with the use of sur-
gical needles to silicone rubber (Elastosil E41, Wacker, Germany)
blocks (width:2cm, length:2cm and height:1cm) that had been
cured on the glass petri dish bottom (Fig. 2A). A multiphoton mi-
croscope (TCS SP5 Confocal, Leica, Germany) with a Chameleon Ul-
tra multiphoton laser (710-1040nm) (Coherent, USA) was used to
visualize the fibrillar collagen architecture based on SHG (Fig. 2B).
Prior to the imaging, by using the bright field mode, a quick
scan (~2 mins) of the tissue strips were performed to place a
grid, composed of tiles with the size of approximately 739x739
um, for guiding the coordinates of the imaged locations. A multi-
photon laser with an excitation wavelength of 880 nmFig and a
non-descanned detector of 430 to 450 nm were used to obtain
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Circumferential

Fig. 1. Fibrous plaque tissue sample preparation. (A) Carotid plaque sample collected in an endarterectomy (CEA) surgery. (B) 3-D plaque anatomy reconstructed from the
micro computed tomography (micro-CT) scan of the CEA sample, used to locate the calcifications within the tissue. (Calcifications are in turquoise color.) (C) A rectangular
shaped fibrous tissue strips, with the long axis aligned in circumferential direction, obtained from a non-calcified region of the CEA sample. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. The pipeline of quantitative structural imaging of fibrillar collagen organization. (A) Test strip fixated with surgical needles to a silicone rubber cured on the glass
petri dish filled with PBS. (B) Strip under the microscope. (C) ROI Tile scan per each tile performed by SHG. The imaging was performed by skipping one to two tiles between
each defined tile in both circumferential and longitudinal directions (D) MIP image obtained from image stack. (E) Fiber detection by using the Fiblab Software for obtaining
the histogram of detected collagen fibers. (D) Fitting Gaussian Distribution to the collagen fiber histogram to obtain (ip, op, Ps, and Py, parameters. (SHG: Second Harmonic
Generation Multiphoton Microscopy Imaging, ROI: Region of Interest, MIP: Maximum Intensity Projection, j,: the pre-dominant angle, o},: standard deviation, Py,: isotropic

fraction, P,,;: anisotropic fraction)

structural collagen images (512x512 pixels, final resolution 1.44
pm/pixel) in every selected tile. Images were obtained at every 3
pm depth up to an approximately of 150 um depth from the lumi-
nal surface. The scanning time per each tile took ~10 mins on av-
erage. Depending on the sample size, the imaging was performed
by skipping one to two tiles between each defined tile in both cir-
cumferential and longitudinal directions (Fig. 2C). This selection of
tile subsets was in order to avoid long scanning times.

For the data analysis, the maximum intensity projection (MIP)
image of each scanned tile was obtained (Fig. 2D). The MIP im-
ages were analyzed using Fiblab [33] to extract the orientation his-
togram of the detected collagen fibers (Fig. 2E). By fitting Gaus-
sian Distribution to the histogram, the pre-dominant angle (up),
and two dispersion parameters, the standard deviation (op) and
the anisotropic fraction (P,,;), were obtained per each imaged tile
(Fig. 2F). up was defined as the peak of the fit and o as the stan-
dard deviation of the distribution. In the histogram, the area below
the baseline frequency is defined as the isotropic fraction (Ps,) and
the one above as the anisotropic fraction (P,,;). Please note that
Pai + Pso = 1 [33]. Further details of the imaging can be found in
elsewhere [34].

2.3. Mechanical testing

Immediately after the SHG, the tissue strips were prepared for
mechanical testing. First, a speckle pattern was applied on the lu-
minal surface of the strips, by using an airbrush filled with black
tissue dye (24113-2, Polysciences Inc., Ott Scientific) to enable lo-
cal tissue deformation measurements with a DIC analysis. Subse-
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quently, the strips were placed into a custom-built uniaxial ten-
sile testing setup. The setup consisted of two clamps (one sta-
tionary and one moving), a heating bath filled with 37°C PBS so-
lution, a 10 N load cell (LCMFD-10N, Omega Engineering, USA),
a linear actuator (EACM2E10AZAK, Oriental Motor, Japan), a ring-
shaped light source and a 5.3 Megapixels CMOS Camera (PL-D725,
Pixelink, USA) (Fig. 3A). In order to minimize tissue slippage in
the clamps, sandpapers (P180, Conrad Electronic Benelux B.V., The
Netherlands) were glued to the inner face of the clamps and a
torque screwdriver (Garant, Germany) was used to apply 0.2 Nm
on clamp screws.

At the beginning of the tensile testing, a pre-load of 0.05N was
applied to remove the tissue slack and have a flat strip surface.
Then, the strip thickness was measured by 3-D scanning the strip
with an ultrasound system (Vevo 3100, FUJIFILM, Visual Sonics Inc.,
Canada) using a 21 MHz central frequency 2-D linear transducer
(MX250) (resolution in the tissue thickness direction = 75 pm). Af-
terwards, the strips were preconditioned 10-times under uniaxial
tensile conditions up to 10% of the gauge-length (GL), which was
defined as the distance between the two clamps. Following the
preconditioning, the strips were stretched with a constant speed of
0.05 mm/s until complete failure. The strips were video-recorded
by the high-resolution camera with 5 frames/s during the tests for
subsequent DIC analysis (Fig. 3B).

2.4. Global ultimate failure and local failure assessments

The force recordings and the GL based displacement measure-
ments were used to calculate the commonly used global ultimate
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the tensile stress-stretch ratio curve.
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Fig. 4. The procedure for rupture-specific (Frame 330) structural information acquisition. Step 1: Visual identification of rupture initiation (Frame 304) and the rupture
location both on the rupture initiation frame (Frame 304) and on the reference frame (Frame 1). Step 2: Rupture region co-registered to the microscopy image using the

anatomical landmarks (marked in red and blue circles).

failure stress and stretch ratio (the peak of the stress-stretch ra-
tio curve) (Fig. 3C). For stress calculations, the thickness measure-
ments from the ultrasound scans were used. Engineering stress is
reported in the rest of the paper as the stress measure, and the
stretch ratio as the deformation measure.

For the local failure assessment, DIC analyses of the video
recordings of the strips were performed with Ncorr Open-Source
2-D DIC Software (version 1.2) [35]. A subset radius of 30 pixels
and a spacing of 3 pixels were used for DIC. DIC-derived maximum
stretch ratio at the rupture initiation location were reported for lo-
cal failure assessment. Rupture initiation was detected by visual in-
spection. Moreover, average stretch ratio within the strip’s region
of interest (ROI) was calculated. The ROI was defined as the tissue
area between the two clamps excluding the strip regions that are
within ~1 mm distance from each clamp. These regions were ex-
cluded to avoid any noisy data in the DIC measurements due to
the presence of air bubbles that accumulated near the clamps.

2.5. Fiber architecture determination at rupture initiation

Following the mechanical testing, the rupture location was de-
termined by careful visual examination of the high-resolution cam-
era (5.3 MP CMOS, 5 frames/s) recordings (Step 1 in Fig. 4). After
the rupture region was identified on the rupture initiation frame
(Step 1, Frame 304 in Fig. 4), the same location was identified on
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the reference image frame (Step 2, Frame 1, Fig. 4), with the aid
of the distinct local pattern of the speckles in this region. Then,
the recognition of the rupture region on the microscopy image was
performed manually by using the natural anatomical landmarks of
the specimen shape, such as the curved segments of the edges.
A few of such landmarks are indicated (red and blue circles) for
the representative case in Fig. 4 (Step 2). Once the co-registration
of the reference camera frame to the microscopy image was per-
formed successfully, the fiber orientation and dispersion informa-
tion in the rupture region were obtained from the microscopy
image.

2.6. Statistical methods

The average stretch ratio from the ROI of the strips and the
maximum stretch ratio at the rupture initiation location were com-
pared by using non-parametric Wilcoxon signed rank test for a
statistical significance. In addition, the local structural parameters
WUp, 0p and Py,; between the rupture initiation region and the non-
rupture regions were compared by using a Linear Mixed Model.
The Linear Mixed Model approach was selected for the statistical
analysis as the regions were not independent (i.e., some regions
were from the same strip), which was implemented in the model
by identifying the individual tissue strip numbers as random fac-
tor. All analyses were performed with SPSS (IBM SPSS 27 Software,
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Fig. 5. (A) Tile scan applied on a representative tissue strip (#4) during the second harmonic generation multiphoton microscopy imaging (SHG) (Note that only the num-
bered tiles were imaged), (B) the map of the predominant angle (j,) (represented by black lines), and the standard deviation (0},) and the anisotropic fraction (P;) (both
represented by the colormap) for this representative tissue strip (Please note that the values for the unnumbered tiles were obtained from interpolation, only for illustrative
purposes here.). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Armonk, New York) and a p-value < 0.05 was considered signifi-
cant.

3. Results
3.1. Collagen fiber organization

From 18 CEA samples, 30 rectangular-shaped fibrous plaque tis-
sue strips were obtained. On all tissue strips, SHG was performed
successfully, and the collagen fiber organization parameters (i.e.,
Wp, 0p and Pyp;) were measured locally. A representative case (tis-
sue strip #4) is shown in Fig. 5(A). The local wp (black lines) and,
op and Py,; (background color for both) measurements on the strip
are illustrated in Fig. 5(B). For this representative strip, 17 (71%) of
the 24 scanned tiles showed a predominant circumferential align-
ment (i.e., -45°<u,<45°, circumferential direction = 0°). The me-
dian [Q1:Q3] value was 8° [-9°:44°] for pp, 25° [22°:30°] for oy,
and 0.57 [0.36:0.69] for Pyy;.

For the entire strip set (n = 30), 17 (£ 5) tiles per strip were
imaged on average. The distributions of up, op, and Py, per tis-
sue strip is demonstrated in Fig. 6. In overall, for 87% of the 497
tiles imaged, up was between -45° and 45°, indicating an align-
ment closer to circumferential direction rather than longitudinal.
All tiles from all strips combined (n = 497), the median [Q1:Q3]
was -2° [-16°:16°] for pp, 23° [19°:29°] for o), and 0.49 [0.38:0.62]
for Py

3.2. Gauge length based ultimate failure characteristics

Of the 30 tissue strips, 16 were tested mechanically. The re-
maining 14 strips could not be used for mechanical tissue charac-
terization due to existing structural damages prior testing (identi-
fied in high-resolution camera images). The mean (+ SD) thickness
was 1.1 (£ 0.4) mm, the mean width was 3.3 (£ 1.1) mm, and the
mean length was 5.9 (+ 2.6) mm, for the mechanically tested 16
strips. (Please note that the length dimension was along the cir-
cumferential direction of the artery and the width along the axial
direction.) The width to length (W/L) ratio for all test strips was
< 1 (mean + SD of 0.6 £+ 0.2), where the average relative stan-
dard deviation for the width of the strips was 6.4% and the one for
the thickness was 15.2%. Sample specific dimension could be found
in the supplementary material (Supplementary Table I). The ten-
sile stress-stretch ratio curves of all strips until the ultimate fail-
ure are demonstrated in Fig. 7(A). In all 16 tested strips, non-linear
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stiffening behavior was observed. Five of the strips had the final
complete rupture in the central region (i.e., at least ~1 mm away
from the clamps) and 11 strips in a clamp region (within ~1 mm
from the clamps) (a representative case per each category is shown
with their corresponding stress-stretch ratio curves in Supplemen-
tary Material Fig. 1). The ultimate tensile stress for the central rup-
ture cases ranged between 0.12 and 0.36 MPa with a median of
0.26 MPa, and for the clamp rupture cases between 0.16 and 1.01
MPa with a median of 0.33 MPa (Fig. 7(B)). The associated ultimate
stretch ratio values for the central rupture cases ranged between
116 and 1.49 with a median of 1.33, whereas for the clamp rup-
ture cases it ranged between 1.20 and 1.64 with a median of 1.42
(Fig. 7(C)). Although one would expect the opposite trend from
the theoretical viewpoint, interestingly both ultimate tensile stress
and stretch ratio values for the clamp rupture group were slightly
higher than the central rupture group; however with no statistical
significance between the two groups.

3.3. Rupture initiation site: DIC-derived failure stretch ratio

Of the 16 strips that were mechanically tested, nine strips had
rupture initiation in the central region. These nine strips included
the five strips with a final rupture in the central region and four
others, which had the final complete rupture in a clamp region,
but the rupture initiation in the central region. The latter group
of four strips was added to the analysis as the rupture initiation
was in the central region and the DIC measurements were still re-
liable. For these nine strips, the stretch ratio at the rupture ini-
tiation site could be assessed with DIC analysis, whereas for the
other seven strips with the rupture initiation at a clamp, bubbles
accumulated at the clamps prevented DIC analysis at the rupture
initiation site. DIC-derived tensile stretch ratio results at the rup-
ture initiation timepoint on a CEA strip (#13) with the rupture ini-
tiation in the central region is shown in Fig. 8(A). For the strip,
the tensile stretch ratio distribution was nonuniform and ranged
up to 1.20 with a median of 1.10. The rupture initiation site had a
stretch ratio of 1.17. The nonuniform stretch ratio distribution was
observed for all nine strips with the range up to 1.63 with a me-
dian of 1.12, where the ROI-average stretch ratios varied from 1.07
to 1.18 with a median of 1.11 (Fig. 8(B)). The max tensile stretch
ratio at the rupture initiation sites ranged from 1.10 to 1.47 with a
median of 1.26, and were statistically significantly higher than the
ROI-average stretch ratios (Fig. 8(B)).
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3.4. Rupture initiation site: collagen fiber organization

The structural information of tissue strips with center region
rupture were analyzed to compare the collagen fiber organization
in the rupture regions with the ones in the non-ruptured regions.
Comparison of the nine rupture regions to the 138 non-ruptured
regions (here the regions refer to the tiles of the SHG) from nine
tissue strips with a central rupture in terms of wp, op and Py
are shown in (Fig. 9). For the rupture regions, the median [Q1:Q3]
was -4° [-15°:28°] for the wp, 26° [19°:30°] for the op, and 0.53
[0.43:0.61] for the P,,. Meanwhile, the non-ruptured regions had
median [Q1:Q3] of 5° [-11°:22°] for the wp, 23° [19°:29°] for the
op, and 0.51 [0.39:0.64] for the F,,;;. No statistical significance in
these structural measures were found between the ruptured and
non-ruptured regions.

4. Discussion

In this study, we examined the local mechanical failure and
structural properties of atherosclerotic plaque fibrous tissue, in or-
der to gain fundamental insights for atherosclerotic plaque rupture.
Special attention was put on rupture initiation as this is more rel-
evant than the ultimate failure analysis for understanding the rup-
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ture mechanics of the heterogenous plaque. This required high res-
olution, local assessment of failure and structural properties, which
we achieved with DIC and SHG assessments.

Our local predominant angle measurements demonstrate that
the local collagen fiber orientation in plaque fibrous tissue usu-
ally closer to the circumferential direction rather than the longi-
tudinal direction, although there is some deviation from the ex-
act circumferential direction. The structural organization in plaques
was also investigated previously by Johnston et al. [14] and Aky-
ildiz et al. [23]. Whereas the former group’s SALS measurements
demonstrated slightly less circumferential alignment of collagen
fibers in fibrous caps (40%) than we did in our current study, the
latter one identified with DTI a predominant circumferential align-
ment in CEA samples, similar to our findings. The main loading due
to the in-vivo cyclic pressure in the arteries is in the circumferen-
tial direction. As also suggested for the healthy arterial wall layers
by Timmins et al. [36], the collagen fibers have a crucial role in the
overall load-bearing task in biological tissues. The predominant cir-
cumferential alignment of collagen fibers in plaque fibrous tissue
supposedly helps this function during intraluminal pressurization
of the artery [37].

Besides the predominant angle, we also assessed local disper-
sion of the collagen fibers, through two parameters, o, and Py
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Fiber dispersion is an important structural feature for fibrous tis-
sues as it impacts the tissue’s (anisotropic) mechanical behav-
ior [38]. We observed substantial inter- and intra-strip variation
for both dispersion parameters. Similar to our findings, Johnston
et al. in carotid plaques [14], and Douglas et al. in coronary
plaques [25] observed intra- and inter-sample dispersion of colla-
gen fibers. These findings indicate that not all collagen fibers are
perfectly oriented in the predominant direction. This may serve
the purpose to aid the redistribution of the stress and stretch ratio
more uniformly within the plaque where the complex geometry of
atherosclerotic plaque cause highly nonuniform stress and stretch
ratio distribution [39,40].

To examine any local structural difference between rupture ini-
tiation region and the rest of the tissue, we compared the ruptured
and non-ruptured tiles. Our analyses did not demonstrate any sta-
tistically significant difference in wp, op and Py,; between the two
groups. However, it is important to emphasize that these structural
parameters were obtained in the unloaded state of the fibrous tis-
sue strips before the mechanical testing. During the mechanical
loading the collagen fibers may undergo affine or non-affine de-
formation [41], leading to reorientation of the fibers and change
in the fiber dispersion. Future studies can examine this by com-
bining structural imaging with mechanical testing, as suggested by
Jett et al. [42], that combined polarized spatial frequency domain
imaging system with a biaxial mechanical testing device.

The fibrous plaque tissue demonstrated non-linear stiffening
behavior prior rupture under uniaxial loading, also shown by oth-
ers previously for fibrous plaque tissue and entire plaques [11-
15,43]. With regards to rupture characterization, although our main
focus was on rupture initiation, we also assessed the ultimate
rupture properties to compare our findings to the previously re-
ported ones. By employing the commonly used GL-based assess-
ment, we identified median [Q1:Q3] ultimate tensile strength for
the strips with central rupture. Our results (0.26 [0.22-0.30] MPa)
are within the range of the values reported previously for fibrous
plaque tissue, where Johnston et al. [14] measured slightly higher
(0.59 [0.40-1.41] MPa, ultimate engineering stress for the strips
with predominant circumferential fiber alignment) and Teng et al.
[15] slightly lower (0.16 [0.07-0.26] MPa, ultimate Cauchy stress)
values than ours. For the ultimate stretch ratio, Johnston et al.
[14] observed a median value of 1.09 [1.05-1.12] (for the strips with
predominant circumferential fiber alignment) and Teng et al. [15] a
median value of 1.18 [1.10-1.27]. Our results (1.33 [1.23-1.40]) are
higher than these two studies, yet the measured range (1.16 -1.49)
is comparable what Teng et al. [15] reported (1.03-1.47). However,
it should be noted that these compared studies used different ap-
proaches for strain measurements, such as DIC or marker tracing.
In our study, the global deformation measurements were based on
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gauge length measurements. Hence, the global strain result differ-
ences could be partly due to the differences in strain measurement
techniques. In addition, both studies investigated fibrous plaque
tissues from cap regions whereas our study was not limited to
the specimens from the cap region. Both our results and the ones
from the work of Johnston et al. [14] demonstrate regional variance
in the structural features of fibrous plaque tissue, even within a
tested specimen. Future studies are warranted to research any pos-
sible structural differences between the plaque caps and the non-
cap plaque regions, beyond the already demonstrated local differ-
ences.

Our DIC analyses showed large local variation in stretch ratio
values. This behavior, in our opinion, is not surprising considering
the heterogenous structure of the fibrous tissue [14,44], and clearly
indicates the necessity of local stretch ratio measurements for ac-
curate failure characterization of the fibrous plaque tissue, rather
than average stretch ratio measurements for the entire tissue strip
[45], obtained from e.g. traditional GL-based assessment. Moreover,
we observed that the rupture initiation happened always much
earlier than the ultimate rupture, the former being more relevant
for gaining better insights into plaque rupture. Another important
finding of the current study is that the rupture initiation sites
showed always high local stretch ratios. This indicates the possi-
bility of local stretch ratio to be used as an imaging for rupture
risk assessment marker in atherosclerotic plaques. In coronary ar-
teries, local stretch ratio measurements can be achieved with in-
travascular imaging techniques based on ultrasound [46] and opti-
cal coherence tomography [47]. For carotid arteries, extracorporeal
ultrasound can provide such stretch ratio measurements [48].

There are some limitations associated with this study. (1) The
SHG was advantageous in several aspects; however, the imaging
depth was limited to ~150 pwm. Our (unreported) analysis showed
similar structural fiber organization at different depths within this
imaging depth of SHG. Further research is warranted to check if
the collagen architecture differs in deeper segments. Yet, we expect
the findings of our study on structure and mechanical behavior re-
lation to hold since both strain measurements and rupture events
were captured on the luminal surface. (2) DIC provided the assess-
ment of the luminal surface deformation, not any subsurface defor-
mation. The latter can be quantified by the combination of optical
coherence tomography and digital volume correlation [49]. Yet, we
think that the luminal surface deformation quantification provides
the necessary information for characterization of the rupture on
the luminal surface. (3) The mechanical testing was performed in
the circumferential direction. Although the main in-vivo loading is
in this direction, a more comprehensive analysis of the anisotropic
behavior can be performed by testing the tissue in the other direc-
tions under uniaxial tensile loading or biaxial tensile testing con-



S.G. Torun, Pd.M. Munoz, H. Crielaard et al.

ditions. Moreover, our tests were quasi-static and did not include
any dynamic component, that is present in vivo plaque loading, for
instance, due to the pulsatility of the blood pressure. The influence
of such dynamic effects on plaque rupture is still unclear as the
biological tissues structurally adapt and remodel depending on the
loading exerted on them. (4) Collagen amount (content) may be
another important structural feature. However, this study was not
designed to obtain collagen content information as Johnston et al.
[14] and Davis et al. [50] demonstrated that the collagen content in
fibrous cap samples did not have a significant influence on tissue’s
strength. (5) Besides the local stretch ratios obtained in this study,
the information of local stresses, mainly at the rupture initiation
regions is of importance to obtain a comprehensive analysis on
the complex rupture process. However, this requires local stiffness
knowledge. This can be potentially obtained by inverse finite ele-
ment modeling approach, which was previously used for the stiff-
ness assessment of the individual plaque components [51,52], and
warrants future studies. (6) The W/L ratio obtained in this study
is in accordance with the study of Mulvihill et al. [32], where the
specimens with a W/L ratio < 1 were deemed suitable for uniaxial
tensile testing. As advised in their study, due to the challenges in
acquiring human plaques samples and for the risks of affecting the
mechanical properties of during small dimension sample prepara-
tion, tissue strips with W/L ratio <1 were included in this study
with possible minor strains (strain in the direction orthogonal to
the loading direction) associated < 12%. (7) The local thickness af-
fect both the local stress and strain measures. Further research is
warranted for the assessment of local thickness at rupture regions.

5. Conclusion

Atherosclerotic plaque rupture is a local mechanical failure of
the fibrous plaque tissue. Local structural and mechanical charac-
terization of the heterogeneous atherosclerotic fibrous tissue, es-
pecially in the rupture initiation location is crucial for having bet-
ter insights in plaque rupture. To the best of our knowledge, this
study is the first one that provided local structural and mechanical
characteristics of the fibrous plaque tissue, and their correlations at
the rupture and non-ruptured regions. Our structural findings sug-
gest an overall collagen orientation that is close to circumferential
direction, with substantial fiber dispersion locally. Under uniaxial
tensile testing conditions in the circumferential direction, the fi-
brous tissue demonstrated a clear non-uniform stretch distribution.
The local stretches at the rupture initiation sites were statistically
significantly higher than the rest of the tissue. This further demon-
strates the importance of local tissue characterization for better in-
sights into the mechanics of plaque rupture and a potential use of
stretch as a rupture risk marker.
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