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Introduction

The rupture of atherosclerotic plaques in coronary and carotid arteries is the
primary cause of fatal cardiovascular events. However, the rupture mechanics of the
heterogeneous, highly collagenous plaque tissue, and how this is related to the tissue's
fibrous structure, are not known yet. Existing pipelines to study plaque mechanics
are limited to obtaining only gross mechanical characteristics of the plaque tissue,
based on the assumption of structural homogeneity of the tissue. However, fibrous
plaque tissue is structurally heterogeneous, arguably mainly due to local variation in

the collagen fiber architecture.

The mechano-imaging pipeline described here has been developed to study the
heterogeneous structural and mechanical plaque properties. In this pipeline, the
tissue's local collagen architecture is characterized using multiphoton microscopy
(MPM) with second-harmonic generation (SHG), and the tissue's failure behavior is
characterized under uniaxial tensile testing conditions using digital image correlation
(DIC) analysis. This experimental pipeline enables correlation of the local predominant
angle and dispersion of collagen fiber orientation, the rupture behavior, and the strain
fingerprints of the fibrous plaque tissue. The obtained knowledge is key to better

understand, predict, and prevent atherosclerotic plaque rupture events.

Ischemic stroke, often triggered by atherosclerotic plaque
rupture in carotid arteries, is one of the leading causes of
mortality and morbidity worldwide!. However, the current

surgical treatment planning strategies to prevent carotid

atherosclerosis-related stroke do not include plaque rupture
risk assessmentZ. This is mainly because the previously
suggested risk biomarkers, such as plaque cap thickness®

and lipid core size*, have been shown to have suboptimal
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predictive value for future clinical events® 8. A Dpetter
understanding of plaque mechanics and rupture mechanisms
is necessary to optimize plaque rupture risk assessment and

identify new risk markers of atherosclerotic plaques.

Plaque rupture is a local mechanical event where the
highly fibrous plaque tissue fails to withstand the mechanical
loading exerted on it by the blood pressure and loses its
structural integrity7. Despite this, the mechanics of the plaque
rupture event and its link to the underlying microstructure
are poorly understood®. The few experimental studies that
characterized plaque tissue failure features?:10.11.12,13
reported gross mechanical rupture properties (i.e., ultimate
tensile failure strain and strength), derived with the
assumption of structural homogeneity of the tissue. However,
the fibrous plaque tissue is structurally heterogeneous,
arguably mainly due to local variation in the collagen
fiber architecture. Moreover, the link between the plaque
tissue mechanical failure characteristics and the collagen
architecture was only investigated in a recent study by
Johnston et al. The authors showed an interplaque difference
in the predominant fiber orientation and reported higher
ultimate stresses and lower ultimate strains for fibrous
plaque cap samples with a predominantly circumferential fiber

orientation'®. However, the study was also limited to gross

mechanical and structural properties.

To shed light on the essential information about the local
collagen architecture and local mechanical properties of
the fibrous plaque tissue, in the current study, we have
developed a mechano-imaging pipeline. This ex vivo pipeline
enables quantification of the local collagen fiber direction
and dispersion, as well as local rupture strain. The pipeline

involves MPM imaging with SHG to image collagen fibers in

the plaque tissue, as well as DIC and uniaxial tensile testing

to quantify the tissue's rupture characteristics.

Multiphoton microscopy-second-harmonic generation (MPM-
SHG) has become a popular technique to study collagen in
biological tissues'®. The technique has many advantages
compared to other collagen imaging techniques, such as
histology”, diffusion tensorimaging (DTI)14, and small-angle
light scattering (SALS)15. First, MPM-SHG imaging is non-
destructive, which makes it ideal to combine with mechanical
testing18. Second, the SHG signal is specific for collagen, and
therefore no staining of the tissue is necessary. Due to the
long excitation wavelengths (near-infrared), the penetration
depth is greater than with other microscopy techniques16.
The high resolution (um-level) achieved with SHG imaging
also allows visualization of individual fibers. This offers many
possibilities, such as local quantification of the number of

collagen fibers, collagen fiber orientation, and distribution®.

Digital image correlation (DIC) combined with mechanical
testing is a widely used method to obtain local mechanical
properties of biological tissues20. With DIC, the displacement
of speckles applied on the tissue surface is tracked by
comparing high-speed camera images acquired during
mechanical testingzo. This image postprocessing method
is used to estimate the full-field surface strains of the

20

specimen<” and can also be used to study the rupture

behavior of the tissue?" .

Protocol

All methods described in this paper were approved by the
Ethical Research Committee at the Erasmus Medical Center
in Rotterdam; informed consent was obtained from patients
before plaque specimen collection. A workflow chart of the

protocol is given in Figure 1.
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1. Tissue collection, micro-computed tomography

(MCT) imaging, and test sample preparation

1.

2.

Tissue collection and storage

1.

Collect fresh human carotid atherosclerotic plaque
specimens from consenting patients who underwent
carotid endarterectomy surgery.

NOTE: The plaque samples retrieved from this
surgery consist of the diseased intima layer of the

carotid artery, including the accumulation of fat (the

lipid pool) and calcifications?2.

Remove blood remnants using phosphate-buffered
saline (1x PBS) and dry the specimen with a gauze

pad.

Place the specimen in a 15 mL tube using tweezers.
Snap-freeze the tissue by placing the tube in liquid

nitrogen for 10 min.

After snap-freezing, store the sample in a -80 °C
freezer until the day of uCT imaging.

NOTE: Snap-freezing minimizes crystal formation,
leading to microstructural damage in the tissue. A
previous study on porcine aortic tissue has shown
that snap-freezing and storage at -80 °C had no

significant influence on the tissue's mechanical

properties23 .

pCT imaging

1.

On the day of uCT imaging, take the plaque
specimen out of the 15 mL tube. If the tissue sticks to
the tube, fill the tube with PBS at room temperature.
Leave the tissue in PBS until the sample can be

taken out of the tube.

Dry the plaque specimen thoroughly with tissue

paper.

10.

11.

12.

13.

Turn on the pyCT system by pressing the green
button. Press warm up in the CT software at the

bottom of the screen and wait 15 min.

Manually place an X-ray filter of Cu 0.06 mm + Al 0.5

mm in the uCT system.

Select the folder in which the images are to be

stored.

Choose the parameters in the left panel. Use the
dropdown lists to select a scanning time of 4 min,
a resolution of 172 pym, a voltage of 90 kV, an
amperage of 88 mA, a field of view of 86 mm, and

a rotation of 360°.

Open the door of the device. Pull the platform out

manually.

Put parafilm on the platform and place the sample
on the platform (toward the further extreme of the

platform).

Manually place the platform into the device and close

the door.

Activate the live mode (eye icon). Move the platform
with the arrows in the device to center the sample

in the FOV.

Start imaging (icon in the bottom-middle). Once
the imaging is finished, press the door icon at the

bottom (under the abort button).

After the pCT scan, snap-freeze the plaque
specimen again as described in step 1.1.3. Store it
at -80 °C until the day of multiphoton microscopy

imaging and mechanical testing.

Open the acquired DICOM files of the yCT imaging

in the open-source 3D Slicer software?4.
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14.

15.

16.

17.

18.

Go to Segment editor. Select create a new
segmentation | the volume to be analyzed as a

master volume.

Click on Add to add a segment. Press its name and

color to change these parameters.

To define the segments, click on effects | threshold
in the bottom part of the window. Use this threshold
tool to differentiate between calcified (>450 HU) and
non-calcified (<450 HU) tissue regions. Once the

threshold is selected, press Apply in the bottom part.

Press Show 3D (just to the right of Add) to visualize
the segmentation in the 3D view. If there are areas of
the segmentation that are not desired, remove them

with the scissors effect.

Change the opacity of segments in the
segmentation module by clicking on the name of
the desired segmentation.

NOTE: If possible, yCT imaging and reviewing of the
MCT images can be performed on the same day as
the rest of the protocol. In that case, skip step 1.2.12.
However, take into account that the subsequent
steps of this protocol are also time-consuming and
should be performed on the same day. After some
practice, and with the described settings and tissue,
MCT imaging should take ~45 min, reviewing of the
MCT images ~15 min, test sample preparation of
a single test sample ~1 h, microscopy ~4 h, and

uniaxial tensile testing ~2 h.

3. Test sample preparation

1.

On the day of collagen imaging and mechanical
testing, thaw the plaque by submersion in PBS at

room temperature for approximately 10 min.

Open the 3D construction of the plaque created in

steps 1.2.13-1.2.18 in the 3D slicer software.

Use the natural landmarks of the plaque tissue
to identify which parts of the 3D reconstruction
correspond to the real plaque sample. Identify which
area of the 3D reconstruction does not contain
calcifications and visually identify this area in the real

plaque.

Cut the plaque open along the longitudinal axis of
the artery using surgical scissors and tweezers. If a
cut is already present from the surgery, start from
this cut for optimal usage of the tissue. If the sample
does not have a tubular shape and it is difficult to
define the longitudinal direction, exclude the sample

from testing.

Cut out rectangular test samples from the plaque
specimens. Make sure the test samples are as large
as possible while avoiding tissue regions containing
tears or calcifications. Be careful during this cutting,
as a small tear or crack at the edge of the test
specimen can result in crack-propagation from the

existing crack during tensile testing.

Make sure that the test samples have a width-to-
length (WL) ratio of <1 in the gauge length once
mounted in the tensile tester. If the samples meet
this requirement, they are suitable for appropriate

tensile tests in terms of boundary conditions2°.

NOTE: The range in the sample dimensions can be
large. The samples that the authors tested had a
gauge length that ranged between 3.4 and 12.9 mm

and a width that ranged between 1.6 and 6.4 mm.

Copyright © 2022 JoVE Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported

License

jove.com

November 2022 -189 - €64334 - Page 4 of 24


https://www.jove.com
https://www.jove.com/

jove

2. Multiphoton microscopy imaging

1.

2.

Preparations

1.

Before the day of collagen imaging and mechanical
testing, divide 40 g of a silicone elastomer base over
two 50 mL tubes and add 2 g of the curing agent to
each tube (ratio of 1:10) using a Pasteur pipet. Mix

the two components with the pipet.

Centrifuge the tubes for 1 min at 700 x g to remove

as many air bubbles as possible.

Fill a Petri dish (10 cm diameter) with a thin
layer (approximately 0.5-1 cm) of silicon and either
incubate it in the oven at 65 °C for 3 h or place it at

room temperature for 48 h.

Take a plaque test sample and fix both its ends to
the silicon by pinning needles in the tissue (Figure
2A). Make sure the luminal side of the sample is
facing upward. Insert the needles in the region of the
sample that will be in the clamps of the tensile testing

device during the mechanical testing.

Put on safety glasses. Use a side cutter to shorten
the needles so that they stick out less than a few
millimeters above the sample surface, to prevent
them from damaging the microscope objective.
Fill the Petri dish with PBS until the sample is

submerged.

Microscopy setup

1.

Make sure that a proper objective is mounted on the
multiphoton microscope. Use an objective optimized

to transmit infrared light, with a magnification of 20x.

Start up the microscope system. Open the operating

software of the microscope.

3.

When asked to initialize the imaging table, make
sure the microscope condenser arm is pushed back

and the objective is at the lowest position.
Activate the multiphoton laser.

Put the Petri dish with the test sample in it
underneath the objective, as in Figure 3. Be sure not
to place the objective above the sample yet as the
laser settings still need to be optimized. Otherwise,
the possible high power of the laser light may lead

to damage to the tissue.

Make sure that the objective is slightly immersed in

PBS. Use a pipet to add extra PBS if needed.

Set the light wavelength to 880 nm.

NOTE: This wavelength is chosen because the SHG
emission filter in the used two-photon system has
a center wavelength of approximately 440 nm. For
other microscopes, a different wavelength might be

more applicable.

Tile scan and selection of imaging locations

1.

Turn off the multiphoton laser and activate the
brightfield mode of the microscope. Then, turn on

the live scan mode.

Position the stage such that the objective is located
above the sample and bring the sample surface into

focus. Turn off the live scan mode.

Under the acquisition tab, in the second panel,
change the zoom factor to 1 by sliding the intended
bar.

NOTE: This zoom factor, together with the
magnification factor of the objective (20x), determine

the size of the captured image (739 pm x 739 pym).
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10.

Under the acquisition tab, in the second panel,
change the scan speed to 400 Hz, the line average
to 1, and the resolution to 128 x 128 pixels per
image (pixel size of ~5.8 ym x 5.8 ym) by using the

dropdown lists.

Under the acquisition tab, in the first panel, click
the raster pattern symbol and wait for a tile scan

panel to appear.

Turn on the live scan mode. Move the objective
to a corner of the sample using the knobs on the
smart panel and click the mark position symbol in
the tile scan panel. Repeat this for each corner of
the sample. If performed correctly, a grid with all

selected tiles for imaging will appear in orange.
Toggle off the auto-stitching function.

Click start in the bottom-right corner of the screen
to create a tile scan of the entire sample surface to
obtain an overview of the sample geometry.

NOTE: Based on the described settings, tissue, and
microscope system, acquiring a tile scan of the entire

sample surface takes ~10 min.

After the tile scan, observe the x- and y-coordinates
of the upper left corner of each tile in the tile scan
panel, shown automatically by the software of the
microscopy system. Note these coordinates in a

spreadsheet.

In the microscope software, in the tile scan panel,
observe the number of tiles in the x- and y- directions
in the box called scanfield. Note the size of the tile
scan in the spreadsheet. Calculate the coordinates
of the other tiles by adding/subtracting the size of the
tile (739 pym).

11.

NOTE: These coordinates are necessary to identify
the exact location of the tiles to be scanned with SHG
imaging. If the total imaging time is not a concern, all

tiles can be imaged without skipping any tile.

From the tile scan, select the tiles to be imaged
with SHG imaging. For this selection, avoid tiles that
will be in the clamps and leave one tile between
each selected tile in both the longitudinal and the

circumferential direction, as shown in Figure 2B.

4. Visualizing collagen: SHG imaging

1.

Turn off the lights in the room and cover the
microscope stage with blackout fabric also that no
light from the room reaches the detector.

NOTE: Minimizing light reaching the detectors will

decrease the noise during image acquisition.
Turn the multiphoton (MP) laser on.

Select the non-descanned detection (NDD)
detector that is equipped with a 430-450 nm

bandpass filter.

Identify the location of the tiles to be imaged by
using the information acquired in step 2.3.10. Fill in
the coordinates in the designated boxes and click
enter, so the objective moves to the right tile. Turn
on the live scan mode.

NOTE: With other microscopes or newer versions
of the operating software, moving to locations within
the tile scan can be done automatically. In this case,
noting the x- and y- coordinates of each tile (step
2.3.10) and filling in the coordinates in the operating

software (step 2.4.4) is not necessary.

Increase the MP laser power by using the slider
in the upper panel under beam path settings

to get the highest possible laser power without
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10.

significant bleaching. Then, adjust the detector gain
to obtain bright images, but without saturated pixels,
by using the knob on the smart panel or by clicking
on the name of the detector under beam path
settings | additional channels. Typical values for

the detector gain are between 500 and 800 V.

Use the z-position knob on the smart panel to

adjust the focus plane.

Move to the top of the sample and set the positions of

the top of the z-stack by clicking on the arrowhead

in the z-stack panel (under the acquisition tab | 3rd

panel).

Then, focus on the sample until the SHG signal is no
longer detected-this is the end of the stack. Again,
click on the arrowhead in the z-stack panel to set
this position. When finished, turn off the live scan
mode.

NOTE: The tissue may not be entirely flat. Therefore,
the sample surface of different regions within the
tissue may have slightly different positions in the z-

direction.

Under the acquisition tab, in the second panel,
keep the scan speed at 400 Hz, set the line
average to 2, and the resolution to 512 x 512 pixels
per image (pixel size of ~1.4 pym x 1.4 ym) by using
the dropdown lists. Toggle on the bidirectional X

scanning button.

Click on z-step size in the z-stack panel and fill
a z-step size of 3 ym in the box. Click start in
the bottom-right corner of the screen to create
a z-stack. When finished, be sure to save the
coordinates of the tile in the file name or give each

tile its own number (as in Figure 2B).

NOTE: Based on the described settings, tissue, and
microscope system, the acquirement of a z-stack
of a single tile takes ~10-15 min. The preparation
steps (steps 2.4.4-2.4.10) are included within this

time estimate.

3. Mechanical testing

1. Preparation of uniaxial tensile testing setup

1.

Make the horizontal tensile testing setup (Figure 4)
ready for usage, following the instructions for the
tensile tester (e.g., turn on software, attach clamps,

attach load cell).

To minimize the slippage of the test sample, attach
two-sided foam tape (Figure 4A,B-2) to the inner
faces of the clamps of the tensile tester and
sandpaper to the inner side of the foam tape.
Eventually, the sandpaper will be in contact with the

test sample.

Place the heating bath (Figure 4A,B-3) in position.
Fill the heating bath with PBS up to the level of the
bottom face of the clamps, so that it does not reach

the sandpaper yet.

Turn the power source of the heating bath on and

set the temperature to around 37 °C.

Mount the high-speed camera above the tensile
testing system (Figure 4A-4), for example, by using
a laboratory stand, and mount a lens with a focal
length of 50 mm on the camera through an extension

ring.

Make sure that the clamps are in focus and that the
field of view is large enough to record the sample

during the entire stretching procedure (FOV width:
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+ the sample width; FOV length: + 2x the sample
length).

Mount the lighting system (Figure 4A-5) above the
tensile testing system, for example, by using a
laboratory stand. Turn the lighting system on and
adjust the light intensity and location so that there
are no reflections on the PBS surface to be observed

on the camera image.

Adjust the exposure time and gain of the camera

to obtain clear images.

Set the image acquisition software to capture at 30
frames/s at a resolution of 5.2 MP.

NOTE: This high frame rate is needed to perform
the subsequent DIC analysis and study the rupture

behavior.

Set the displacement speed of one of the clamps
such that the global engineering strain rate during

mechanical testing is similar to the in vivo

physiological straining rate of the tissue

(5%ls for plaque tissue26).

2. Generation of speckle pattern

NOTE: This speckle pattern protocol is based on

previous work by Walsh et a

1.

2.

|27

Dry the sample by lightly dabbing it with tissue paper.

Put the black tissue dye in the intended bucket of the

airbrush.

Connect the airbrush to the compressor. Turn the
airbrush compressor on and set the pressure to

25 PSI.

Try creating an optimal speckle pattern on paper

before spraying on the tissue. Spray a few times

until a black/white ratio of 50:5028 is met. Move the

needle of the airbrush back and forth to adjust the
roughness of the speckle pattern until the size of

a speckle is similar to the size of 3-5 pixels of the

high-speed camera??,

NOTE: The speckle pattern will be used for two
different purposes. First, the displacement of these
speckles is measured by comparing high-speed
camera images acquired during mechanical testing
(DIC, step 4.2). Second, this speckle pattern is used
to identify the rupture location on the image of the

undeformed state of the sample (step 4.3.1).

Hold the airbrush approximately 30 cm away from

the test sample and spray on the luminal surface.

Let the dye bond to the sample for 1 min at room

temperature before submerging the sample in PBS.

3. Uniaxial tensile testing

1.

Place the sample in the clamps of the tensile tester,
with the circumferential direction of the samples
aligned with the tensile stretching direction and the
luminal side of the sample facing upward. Make sure
the initial gauge length is set such that the WL ratio

of the strips is <1.

Tighten the screws of the grips by applying a torque
of 20 cNm using a torque screwdriver. Do this
gradually by applying a small torque to each screw

before applying the final torque.

Visually inspect if the sample contains any tears that

could influence the tests.

Introduce more PBS into the heating bath until the
sample is submerged and wait until the temperature

of the PBS has reached 37 °C again.
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10.

Acquire a calibration image with the high-speed
camera, in which the test sample and a ruler are
included as a reference. Make sure the ruler is at
the same distance from the camera objective as the

luminal surface of the sample.

Tare the load cell and start recording the global force
and displacement measurements from the load cell

and the actuator of the tensile tester.

Straighten the sample by applying a prestretch of
0.05 N to get rid of the slack in the sample. Perform
10 cycles of preconditioning up to 10% strain based
on the gauge length measurement by the actuator

after the application of prestretch.

Start the uniaxial tensile testing until complete failure
of the sample, while recording a video of the
sample deformation with the high-speed camera.
After tissue failure, stop recording the global force
and displacement measurements.

NOTE: Some commercial tensile testers can
perform steps 3.3.6-3.3.9 automatically. The current
protocol describes the manual steps to be taken if

this automatic option is not included in the tensile

tester being used.

Remove the test sample from the tensile testing

device and discard it appropriately.

When testing the next sample, replace the

sandpaper and foam tape on the clamps.

4. Data analysis

1.

1.

Collagen organization analysis

Open the z-stacks obtained during MPM with SHG
in Imaged and create maximum intensity projections

(MIPs) of each z-stack.

2.

Analyze each MIP with the open-source MATLAB-

based FOA (Fiber Orientation Analysis) tool30 to
measure the orientation angle of the individual
collagen fibers present in the tiles. Use the following
parameters: Scales: [3 4 5] or [2 4 6], depending
on the vessel diameter, and Vesselness threshold:
0.999, 0.9995, or 0.9999, depending on the intensity
of the SHG signal.

NOTE: More details about how to use this tool can

be found in the software's manual®’ .

Use another open-source MATLAB-based tool,

FibLab32, to fit a Gaussian distribution to the angle
distribution histogram.
NOTE: More details about how to use this tool can

be found in the software's manual®2.

From the Gaussian distribution plot obtained using
FibLab, extract the following structural parameters
from the workspace of MATLAB: the predominant
fiber angle (pp), which is the mode of the

distribution, the standard deviation (op) of the
fiber angle distribution, and the anisotropic
fraction (Pani =1 - Piso)-

NOTE: The isotropic fraction is the area under
the baseline in the Gaussian distribution, while
the anisotropic fraction contains the area of the
peak on top of that baseline33. Both op and Panj
provide information about the dispersion of the
fibers' orientation in the tile region.

For visual inspection, plot pp by using oriented lines

and op and Panj by using color maps.

Digital image analysis and rupture analysis
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1. Perform visual inspection on the camera images to
identify the frame in which rupture initiation occurs.

On this frame, visually identify the rupture location.

2. Perform visual inspection on the camera images to
identify any eventual crack or tear at the location of
rupture at the start of mechanical testing. If such a

tear is present, exclude the sample from analysis.

3. Perform the DIC analysis with the open-source,
MATLAB-based software Ncorr (v1 .2)34. Follow the

steps in the Ncorr manual3®.

1. Use the camera images recorded during the
tensile test with the high-speed camera for
DIC. Select the last frame before the final
stretching until failure (after preconditioning) as
the reference image. For the current images,
select all images from the start of the final
stretching until the last frame before the frame

in which rupture initiation occurred.

2. Select the sample surface as the region of
interest (ROI). Exclude the areas that are near
(approximately 1 mm) to the clamps, as the
strains in these areas will be highly influenced

by the grips.

3. Perform DIC analysis by using the following
parameters: Subset radius: 30 pixels; Subset
spacing: three pixels; Iteration cutoff: 50;
Norm of the difference vector cutoff: 10-5;

Strain radius: 5; Auto propagation, step#: 5.

4. From the DIC analysis with Ncorr, obtain

the Green-Lagrange (or Eulerian strain)

distributions of the ROI. Use these strain

distributions to calculate the average Green-

Lagrange strain of the entire plaque sample
surface at the last frame before rupture.
Calculate the Green-Lagrange strain at the

rupture location.

3. Correlating structural and mechanical data at the rupture

location

1. Using the natural landmarks in the test sample and
the applied speckles on the test sample, identify
the rupture location (identified in step 4.2.1) on the

reference image (step 4.2.3.1).

2. Using the natural landmarks in the test sample,
make an overlay of the reference image and the
tile scan (step 2.3) to identify the rupture location
on the tile scan. Identify the MPM-SHG tile where
the rupture happened. If the rupture is not in a
tile scanned with the MPM-SHG, identify the tile
closest to the rupture location. Obtain the structural

parameters found at the tile where rupture occurred.

Representative Results

Tissue collection and test sample preparation

The tissue collection yields plaque fibrous tissue specimens
that can be dissected into individual test samples for structural
imaging and uniaxial tensile testing. Ideally, a collected
fibrous tissue sample contains areas with little to no tears
(Figure 5A) and macrocalcifications (Figure 5B). An excess
of these tears and calcifications (Figure 5C) may lead to
plague samples that do not meet the previously mentioned

sample dimension requirement of WL 1.

Multiphoton microscopy imaging
SHG imaging and image postprocessing provides MIPs from
each imaged tile (Figure 6A,B). Further post-processing by

fiber detection (Figure 6C) yields fiber orientation histograms
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(Figure 6D) from which collagen structural parameters can
be extracted (Figure 6E). In addition, color maps showing
the local structural collagen parameters across the entire
plague sample can be obtained for visual analysis (Figure
6F,G). For the representative test sample in Figure 6, a large
intrasample variation in the structural collagen parameters is
found (average + SD of pp = -34° £ 32° op = 21° £ 4% Pap
= 0.49 = 0.14, if the circumferential direction is defined as
0°). This intrasample variation emphasizes the importance
of obtaining local structural parameters instead of assuming

homogeneity.

Mechanical testing

Rupture behavior

The high-speed camera provides images of the deformation
and rupture behavior of the plaque samples during
mechanical testing (Figure 7). From these images, the
location of rupture initiation and the rupture propagation
path can be identified. The rupture identification results are
suboptimal if bubbles or reflections are present in the camera
images, or if the rupture propagates too fast to be captured

by the chosen frame rate.

Local strain patterns

Digital image correlation analysis on the camera recordings
acquired during the uniaxial tensile testing provides the local
tissue deformation maps, such as the Green-Lagrange strain
maps shown in Figure 8. These maps display the three strain
components (exx, €xy, and eyy) at the frame before rupture

initiation. From these strain maps, the average strains in a

region of interest and local strain at a spot, such as rupture

location, can be extracted.

For the representative sample in Figure 8, the local
strain data show a large intrasample variation. For the
representative test sample in Figure 8, a large intrasample
variation in the local strains is found (the ranges of the
observed strains are as follows: exx = -0.30-0.17; exy =
-0.13-0,20; eyy = 0-0.40). This emphasizes the importance of
obtaining local data instead of gross, average values obtained

with the assumption of tissue homogeneity.

Correlating mechanical and structural tissue information
The above-mentioned results allows association of the local
deformation and rupture behavior of the tissue to the collagen
architecture. Once the rupture location is identified on the
camera recordings (Figure 9A), it can be mapped back to the
reference camera image (Figure 9B) and to the microscopy
tile scan (Figure 9C). This provides the MPM-SHG tile where
the rupture happened and the structural parameters found at
this tile (Figure 9D). The structural parameters found in the
tile where rupture occurred in a representative sample, shown
in Figure 9, are pp =28°, op = 19°, and Pgnj = 0.6. The same
procedure can also be applied to the non-ruptured tissue
locations. It is important to note that mapping the rupture
location on the reference image from the rupture frame may
be challenging in case of a poor speckle pattern and unclear
natural landmarks. In addition, if the natural landmarks of the
tissue are not clear enough, co-registration of the tile scan

overlay and the high-speed camera images may be difficult.
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—
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—

Perform tensile test
while recording video
of specimen

—

Data analysis:
obtain local
mechanical parameters

* To be able to perform
digital image correlation (DIC)
» To |ocate the rupture location on
the undeformed sample

* Location of rupture initiation
e Local strain fingerprints (DIC)

Figure 1: Workflow chart of the presented experimental protocol. Please click here to view a larger version of this figure.
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A.Region of interest

C.SHG imaging

B.Tile scan

Figure 2: Selection of tiles for SHG imaging from the tile scan. (A) Test sample pinned in silicon. (B) Tile scan of the
test sample obtained by brightfield microscopy. The tiles that are selected for SHG imaging are marked by blue squares.
(C) Maximum intensity projection of the MPM with SHG. Scale bar = 140 pm (C). Abbreviations: SHG = second-harmonic

generation; MPM = multiphoton microscopy. Please click here to view a larger version of this figure.
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Figure 3: Plaque sample placed under the objective of the multiphoton microscope. The location of the plaque sample

is secured by a phosphate-buffered saline-filled Petri dish. Please click here to view a larger version of this figure.
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. Load cell
. PVC clamps with sandpaper and foam tape
. Heating bath

. High resolution scientific camera

. LED ring light source

. Linear cylindrical actuator

. Plague sample prepared for testing

~N ;s Ww e

Figure 4: Custom-designed uniaxial tensile tester with its different components indicated. (A) Total overview of the
system. Note that the sandpaper inserts in the clamps are visible as only the bottom clamps are attached. (B) Zoomed-in
image of the clamps of the tensile tester with the test specimen ready for testing. Abbreviations: PVC = polyvinyl chloride;

LED = light-emitting diode. Please click here to view a larger version of this figure.
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Q)

y 07

Optimal O Suboptimal

Figure 5: Tissue collection and sample preparation results from representative samples. (A) Fresh and intact plaque
sample, retrieved from consenting patients who underwent carotid endarterectomy surgery. (B) 3D reconstruction from a
MCT scan. Calcified tissue is shown in light blue and non-calcified in red. An optimal sample without calcified tissue could be
obtained from the area between the blue lines. (C) 3D reconstruction from the yCT scan showing a suboptimal plaque with
an excess of calcified tissue. Scale bar = 3 mm. Abbreviation: yCT = micro-computed tomography. Please click here to view

a larger version of this figure.
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Figure 6: MPM-SHG results from a representative sample. (A) Tile scan overview; the selected tiles for imaging are

shown in blue. (B) MIPs from various tiles. (C) Fiber detection by the FOA tool from a selected tile (#1). (D) Fiber orientation

histogram from a selected tile. (E) Fiber orientation histogram + Gaussian fit, from which collagen structural parameters

can be extracted from a selected tile. (F) Representation of the pp (orientation black line) and op (background color) across

the entire plaque sample. (G) Representation of the pp (orientation black line) and Panj (background color) across the

entire plaque sample. Scale bars = 140 um (B,C). Abbreviations: MPM-SHG = multiphoton microscopy-second-harmonic

generation; MIPs = maximum intensity projections; FOA = fiber orientation analysis; pp = predominant fiber angle; Panj =
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anisotropic fraction; op = standard deviation of the fiber angle distribution; Pjso = isotropic fraction. Please click here to view

a larger version of this figure.

4. Rupture propagation 5.Total rupture

3.Rupture propagation

2. Rupture initiation

1. Intact tissue

Figure 7: Rupture initiation and propagation in a plaque tissue sample during the tensile test procedure.1)
Prestretched state, intact tissue. 2) Rupture initiation-first frame in which rupture is observed. The rupture initiation location

is marked with a red square. 3) and 4) Rupture propagation. 5) Complete rupture of the plaque sample. Scale bars =1 mm.

Please click here to view a larger version of this figure.

Longitudinal (g.) Shear (g,y) Tensile (g,y)

Cire

Long
Entire plaque: -0.14 + 0.07 Entire plaque: 0.05 + 0.06 Entire plaque: 0.18 £ 0.07
Rupture location: 0.03 Rupture location: 0.07 Rupture location: 0.38

Figure 8: Green-Lagrange strain patterns of a representative sample (exx, €xy, and eyy) at the frame before rupture,
obtained with DIC analysis. Average and standard deviation over the entire plaque are given, together with the strain at

the rupture location. Abbreviations: DIC = digital image correlation; exx = longitudinal strain; exy = shear; €yy = tensile strain.

Please click here to view a larger version of this figure.
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B.Reference frame
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Figure 9: Overlay image of the rupture location (red square) on images. (A) High-speed camera image, where rupture

is identified (rupture frame). (B) High-speed camera image, where only prestretch is applied (reference frame). (C) The tile

scan image obtained via microscopy. (D) A color-coded map showing local collagen structural parameters at various tiles.

The pp (orientation black line) and Pgnj (background color) across the entire plaque sample are presented. Abbreviations: pp

= predominant fiber angle; Pgnij = anisotropic fraction. Please click here to view a larger version of this figure.

Discussion

The current study focused on developing a mechano-imaging
pipeline to study the correlation between the local collagen
orientation and dispersion, local mechanical properties, and
rupture behavior of fibrous atherosclerotic plaque tissue. The
protocol described herein is innovative for several reasons.
First, this is the first time that digital image correlation
has been applied to measure the local deformation of
fibrous plaque tissue under mechanical loading. Second,
this protocol provides the necessary information to analyze
the association between the local deformation pattern and
the local collagen architecture of the fibrous plaque tissue.
The importance of the local assessment is emphasized by
both the strain data and the collagen data presented in the
results section, which show the heterogeneous nature of the
tissue. Therefore, the use of techniques that enable local
assessment, such as the ones utilized in this protocol, is

recommended for future studies of fibrous plaque properties.

Test sample preparation is among the critical steps of this
protocol. Carotid plaques are mainly collagenous tissues;
however, they may contain calcifications that are considered
to affect the overall plaque mechanical behavior36-37 . As the
study focuses on the fibrous tissue component of the plaque,
calcifications are avoided in the test samples by using uCT
imagin938. If uCT is not available, other imaging techniques
such as MRI or OCT3? can be considered for detecting the
calcified regions in the plaque. Obtaining fibrous tissue test
samples that are free of calcifications and are of a large
enough size that is workable for mechanical testing may
be a challenging task for plaques that are heavily calcified
or contain dispersed calcifications. Another challenging task
in the protocol is generating an optimal speckle pattern
for digital image correlation. Optimal DIC requires a black/
white ratio of 50:5028 and speckles the size of three to
five pixels?? to ensure appropriate quality. Failure to meet
these requirements may result in inaccurate local strain

measurements. Finally, mapping the rupture location to the
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SHG images can be challenging if the natural landmarks of a
tissue are not clear. For such samples, application of several

fiducial markers to the tissue before imaging will be helpful.

The MPM-SHG technique used in the current protocol is
superior to many other collagen imaging techniques, as
it is a high-resolution and non-destructive technique with
a relatively large penetration depth. Yet, the penetration
depth (<400 pym) of MPM-SHG poses a limitation, as it
does not allow imaging the entire thickness of the test
samples, which ranged between 0.5 and 2 mm. In a recent
study with diffusion tensor magnetic resonance imaging (DT-
MRI), we have demonstrated that the predominant fiber
orientation in the deeper parts of the plaque tissue can be
different from the one in the more superficial, luminal parts
of the tissue'*. Therefore, further studies are warranted to
investigate the local collagen architecture in the deeper parts
of thick fibrous plaque tissue samples and its relation to the
local tissue mechanics. For this purpose, polarized spatial
frequency domain imaging (pSFDI) can be utilized. This
recently developed optical imaging technique was reported
to have the potential to measure fiber orientation as deep as
0.8 mm in mitral valve leaflets'2. The pSFDI also offers a
fast acquisition, which could also facilitate visualization of the
entire sample area instead of only a selection of tiles, as is the
case in the current protocol. Another limitation of the current
protocol is that only surface deformation could be identified.
In future studies, mirror-assisted multi-view DIC*0 or digital
volume correlation (DVC)*! can be included in this protocol
to obtain additional information on the volumetric, subsurface

strains.

The current experimental protocol can be further extended
or modified in several ways to obtain additional information

about plaque rupture mechanics and its relation to the

underlying microstructure. First, the current protocol includes
uniaxial tensile testing in the circumferential direction.
This type of mechanical testing was chosen since the
plague predominantly experiences tensile stretch in the
circumferential direction in vivo. For more comprehensive
mechanical characterization, this protocol can be further
extended to incorporate inflation testing, biaxial testing,
or uniaxial tensile testing in the longitudinal direction.
Second, the current protocol only focuses on obtaining
local strains through DIC. However, a more complete view
of the plaque mechanical behavior can be acquired by
also including local stress analysis in the protocol, yet
this requires characterization of local stiffness. Although
currently challenging, this can be achieved by computational
techniques such as the inverse finite element method42:43
and the virtual fields method**. Aside from experimental
adaptation, some additional postprocessing steps can also
be added to the current protocol. First, instead of only
identifying the rupture location, the crack-propagation path
can be identified via the obtained high-speed camera
images. This propagation path can be correlated to local
structural and mechanical parameters. Second, the rupture
initiation location was visually identified in the described
protocol. A previous study on non-biological tissues has
used discontinuities in DIC strain measurements to detect
rupture45. Applying such automated rupture detection on
plaque tissues can possibly improve the accuracy of the
rupture detection. Finally, a great advantage of MPM-SHG
compared to other collagen imaging techniques is that it
visualizes individual collagen fibers. Therefore, the data
obtained via this protocol can also be used to investigate
additional local collagen characteristics, such as the collagen

content.
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This protocol can be used to provide a better understanding
of the local characteristics of fibrous plaque tissue, the
component that mechanically fails in plaque rupture in vivo.
This information is needed to establish new structural and
functional imaging markers that predict plaque rupture in
patients. These new markers are necessary, since the
previously suggested risk biomarkers have been shown to
have suboptimal predictive value for future clinical events®:6.
In the future, OCT and ps-OCT can possibly identify and

quantify fibrous tissue in the arterial system?6:47.48 |

n
addition, strain was regarded a surrogate marker for local
plaque composition49. Thus, in vivo strain measurements*®
could potentially aid in the identification of plaque stability
in patients. However, one should be careful with directly
translating the obtained results to in vivo plaque rupture.
First, the fibrous plaque tissue experiences more complex
loading in vivo than the unidirectional tensile loading
used in this protocol. Second, atherosclerotic plaques are
multicomponent structures; the in vivo stress and strain
distributions in the fibrous plaque tissue can be affected by
the presence and location of the other plaque components,

such as calcifications3” .

This mechano-imaging pipeline can also be utilized to study
other collagenous tissues. Global mechanical testing and
structural imaging of collagen are already widely used for
biological tissues. However, local assessment of pre-failure
and failure properties, as well as collagen architecture,
is critical for accurate mechanical characterization of
heterogeneous fibrous tissues. We anticipate that the
structure of this new protocol will provide further insight into
the interplay between the microstructure and mechanics of

several biological tissues.
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