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The fibrous cap of an atherosclerotic plaque may be prone to rupture if the occurring stresses exceed the
strength of the cap. Rupture can cause acute thrombosis and subsequent ischaemic stroke or myocardial
infarction. A reliable prediction of the rupture probability is essential for the appropriate treatment of
atherosclerosis. Biomechanical models, which compute stresses and strain, are promising to provide a
more reliable rupture risk prediction. However, these models require knowledge of the local biomecha-
nical properties of atherosclerotic plaque tissue. For this purpose, we examined human carotid plaques
using indentation experiments. The test set-up was mounted on an inverted confocal microscope to
visualise the collagen fibre structure during the tests. By using an inverse finite element (FE) approach,
and assuming isotropic neo-Hookean behaviour, the corresponding Young's moduli were found in the
range from 6 to 891 kPa (median 30 kPa). The results correspond to the values obtained by other research
groups who analysed the compressive Young's modulus of atherosclerotic plaques. Collagen rich
locations showed to be stiffer than collagen poor locations. No significant differences were found
between the Young's moduli of structured and unstructured collagen architectures as specified from
confocal collagen data. Insignificant differences between the middle of the fibrous cap, the shoulder
regions, and remaining plaque tissue locations indicate that axial, compressive mechanical properties of
atherosclerotic plaques are independent of location within the plaque.

© 2013 Elsevier Ltd. Open access under the Elsevier QA license,
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1. Introduction

Atherosclerotic plaque rupture is the main cause of ischaemic
stroke and myocardial infarction. Plaque rupture can lead to
thrombus formation on the disrupted plaque surface and subse-
quent embolisation of thrombus into the distal vessels or to acute
vessel occlusion. Rupture prone plaques are characterised by the
presence of inflammatory cells, intraplaque haemorrhage and a
lipid rich necrotic core (LRNC) covered by a thin fibrous cap.
A reliable prediction model of cap rupture has a big impact on the
treatment of atherosclerosis and atherosclerosis-related diseases
(Rothwell and Warlow, 1999). Currently, the used methods to
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estimate plaque rupture is merely based on geometrical para-
meters, whereas biomechanical models have shown to provide a
better risk assessment (Akyildiz et al., 2011; Finet et al., 2004;
Hayenga et al.,, 2011; Salunke and Topoleski, 1997; Tracqui et al.,
2011). However, the results of these models strongly depend on
material properties of individual plaque components. Therefore,
these models will benefit from specific knowledge of material
properties of individual plaque components.

Experimental data on the mechanical properties of athero-
sclerotic tissue are scarce and show large variability, ranging from
very soft (30-40 kPa, Lee et al. 1992; Barrett et al.,, 2009) to very stiff
(of order 1 MPa, Lee et al., 1991; Loree et al., 1994; Ebenstein et al.,
2002; Holzapfel et al., 2004). Moreover, most of the data represent
only the average global stiffness of the plaque tissue tested and do
not distinguish between different components within a plaque.

Recently, an experimental technique was developed by Cox
et al. (2006, 2008), combining micro-indentation tests on soft
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Fig. 1. Sectioning of plaque tissues with a cryotome to create 200 pm thick slices for mechanical testing. Depending on the axial length of the plaque, 6-13 slices were

obtained. Adjacent slices are used for histology.

biological materials with confocal laser scanning microscope ima-
ging. We apply this technique to investigate the compressive Young's
moduli of different plaque components in the axial direction.

2. Methods
2.1. Preparing plaque tissue

Eight carotid artery endarterectomy specimens were obtained from eight
symptomatic patients (2 female, 6 male, age 59 to 87). All plaques had >70%
stenosis and low calcium content on preoperative CT angiography. Approval was
given by the Institutional Review Board of the Erasmus MC, and informed consent
was obtained. The plaques were snap-frozen, using liquid nitrogen and stored at
—80°C. In a later stage, the plaques were sectioned, using a Leica cryotome at —20°C.
Slices of 200 um thicknesses were obtained with 1 mm spacing in between for the
indentation experiments (Fig. 1).

Distal and proximal to each test section, slices of 5pum thickness were cut for
histology. A Gomori trichrome staining was applied on these slices. This stains collagen
green/blue, muscle cells red, and nuclei black/blue. The histological images were used
to determine indentation locations by visual registration before the experiments.

Prior to the mechanical testing, the 200 pm thick sections were thawed to room
temperature and stained overnight using a fluorescent CNA35-0G488 probe
(Nash-Krahn et al., 2006). This fluorescent staining was applied to visualise the
collagen architecture of the plaque tissue.

2.2. Indentation test and imaging

To analyse the local mechanical properties of a plaque tissue, an existing
indentation test set-up (Cox et al, 2008) was adapted, using a surface force
apparatus developed by Vaenkatesan et al. (2006). At each testing location at least
three consecutive indentations were performed using a spherical indenter with a
diameter of 2 mm. During indentation the force response and the indentation
depth were recorded. As described in Cox et al. (2010), the first indentation was
considered as preconditioning and these results were not included. The measure-
ments at the same indentation location were averaged. An inverted confocal laser
scanning microscope (magnification 10x, excitation 488 nm, emission 500 nm
high-pass), located underneath the set-up, was used to visualise the collagen
structure, which were fluorescently stained (Fig. 1 and 2, Nash-Krahn et al., 2006;
Boerboom et al., 2007). More detailed information regarding the indentation set-up
can be found in Cox et al. (2005).

2.3. Data analysis

A 3D finite element model was created to simulate the indentation experi-
ments, as previously described by Cox et al. (2008). The behaviour of the tissue was
described with an isotropic incompressible Neo-Hookean model. The local shear
modulus G at the test location was estimated by fitting the model to the

experimental force-indentation-depth curve. The force response of up to 30%
indentation of the tissue thickness was used for the parameter identification
(Fig. 3). Simulations confirmed that the circumferential strain at 30% indentation of
tissue thickness was about 20%, which corresponds to the upper limit of physio-
logical strain range. The contact radius between indenter and tissue was about
0.4 mmz2. To fit the experimental data with the simulated data, the least-square
method was used. To compare the results obtained in this study with the results in
literature the Young's modulus E was calculated from the shear modulus G with

E=3G (e))

Measurement positions were classified by their indentation location and
collagen structure. Based on the collagen structure, three different types of collagen
architectures were distinguished using the confocal microscope (Fig. 2). Following
the approach of Timmins et al. (2010) and Ng and Swartz (2006), a customised
MATLAB script was generated to estimate the alignment index (AI) of the collagen
fibres. The Al was given by

§/A+8)  §/A+9)

T ox/A+o)g  40/180 ° @

where § described the sum of frequencies of fibres within + 20° of the preferred
fibre alignment (PFA) and A was the sum of frequencies of the remaining fibres
outside of this range. The sums of frequencies &z and Az described the correspond-
ing sum of frequencies for an ideal random (IR) distribution, where the fibre
dispersion is isotropic. These sum of frequencies were per definition §;z=40 and
Ar=140.

To decide if the collagen distribution was structured or unstructured an
arbitrary threshold of Al=1.4 was chosen. Therefore, locations which showed a
high amount of collagen fibres with a clear alignment (Al > 1.4) of the fibres were
classified as dense structured collagen areas (SC). Positions with high amounts of
collagen, but no clear alignment of the fibres (Al < 1.4), were characterised as loose
unstructured collagen locations (UC). Collagen poor areas, primarily in the lipid rich
necrotic core (LRNC) region, were classified as CP.

Each slice was indented at one to eight different locations. The locations were
classified as middle of the fibrous cap, shoulder region of the fibrous cap, lipid rich
necrotic core (LRNC) region and intima (remaining arterial wall regions, Fig. 4).

After the measurements the homogeneity at the tissue testing locations were
examined based on the confocal images. Two observers (CKC and ACA), who were
blinded to the stiffness results, conducted this evaluation. The following criteria led
to the exclusion of the results from further analysis:

Presence of debris or other foreign material, which were not identified as
collagen fibres.

Ruptured collagen fibres.

Gap in the tissue which did not correspond to the structure of the surrounding
tissue.

e Folded tissue, which can lead to slipping of the tissue influencing the stiffness
results.

Statistical analysis was conducted to compare stiffness between indentation
locations and between collagen types. The stiffness results showed a non-Gaussian
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Fig. 3. A least-square method was used to fit a neo-Hookean material model to the
experimental force-indentation data, 30% of the tissue thickness is indented and
used for fitting to simulated data (here: 0.075 mm).

distribution. The Kruskal-Wallis test (Dunn procedure) was applied using Graph-
Pad Prism version 5.04 for Windows. A p-value <0.05 was considered as
significant result.

3. Results
3.1. Representative plaque result

In total, eight human carotid plaques were tested. Depending
on the length of the plaque, 6-13 slices were obtained per plaque.
At 284 locations, 574 measurements were performed. After exam-
ining the confocal images for homogeneity of test locations, 214
locations were used for further analysis. The average thickness of
the tested plaque sections was 240 pm ( + 80 pm).

Representative results of one plaque are shown in Fig. 5. On the
left-hand side of Fig. 5, a schematic representation of the plaque is
shown where the common carotid artery bifurcates into internal
(ICA) and external carotid artery (ECA). Among 9 slices obtained
from the plaque, the most 3 proximal slices (slice 7-9 in Fig. 5)
contained both the internal and the external artery. The other
slices only included the internal carotid artery. Above the illustra-
tion of the bifurcation, a schematic image of a slice is shown,
where the different coloured areas represent the indentation

Laser beam indicating the
indentation position

Shoulder of fibrous cap

A

/ Middle of fibrous cap '

Lipid rich” Intima
necrotic -
core (LRNC) \ } /
A, g —
. 1 mm

Fig. 4. Histological slice (bottom). The top figures show the indentation positions
indicated by the laser beam.

locations. On the right-hand side of Fig. 5, a table shows the
Young's moduli in kPa. Corresponding to the schematic image of
the slice, the different coloured columns represent the indentation
locations. The collagen rich fibrous cap and intima locations,
where further divided into dense structured collagen (SC) and
loose unstructured collagen (UC). LRNC locations were collagen
poor (CP). At slice 1-4 and at slice 6 a single location in the middle
of the cap was measured. Slice 5 had a fibrous cap large enough to
perform indentation tests at two different middle cap locations.
Each value in the table represents the average of at least two
consecutive measurements at the same location. For the middle of
the cap all values were in the range from 15 to 53 kPa with an
average of 41 kPa and standard deviation (SD) of 12 kPa. Moreover,
based on the collagen dispersion, only SC regions were found in
the middle of the cap. Most of the indentation locations at the
shoulder of the cap were also found to be SC regions. Only at slice
2 and 8 UC regions were present. The Young's modulus of the
shoulder regions ranged from 23 to 104 kPa. For this location the
average value was 43 kPa, similar to the middle of the cap.
At the intima regions, five SC and three UC locations were found.
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Fig. 5. Left: Schema of a carotid plaque at the bifurcation of common carotid into internal (ICA) and external carotid artery (ECA), Right: Young's moduli in kPa for this
plaque, SC (dense structured collagen), UC (loose unstructured collagen) and CP (collagen poor), LRNC (lipid rich necrotic core).

The Young's moduli varied from 7 to 114 kPa with an average of
40 kPa for SC and 80 kPa for UC. For this plaque only one CP
location with a Young's modulus of 18 kPa was available for
testing. To investigate the difference of mechanical properties in
the longitudinal direction of a vessel, plaques were divided into
three parts each consisting of three slices representing proximal,
middle and distal regions of the plaque. This last column of the
table shows the average values and the standard deviation of these
three regions. For this particular plaque the proximal region is
stiffer than the distal region.

3.2. Collagen structure

There were 119 positions classified as SC, 75 positions as UC,
and 20 positions as CP areas. No significant differences could be
found between the collagen rich location SC and UC (Fig. 6). The
collagen rich locations showed a high variation of stiffness results,
ranging from 6 to 891 kPa. However, CP areas had a smaller range
(9-143 kPa), and the results were significantly lower (median
16 kPa) compared to the collagen rich locations SC (median
31 kPa) and UC (median 33 kPa) (Fig. 6).

3.3. Indentation locations

Based on the histology images, indentation locations were
chosen before performing the experiments. There were 43 inden-
tation locations identified as middle of the fibrous cap, 61 as

Collagen structure
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Fig. 6. Box and whisker plots (minimum-maximum) of the Young's moduli,
structured (SC), unstructured (UC) and collagen poor areas (CP), ***p-value < 0.001.

shoulder regions of the cap, 90 indentation locations as intima,
and 20 as LRNC.

Table 1 summarises the results of all plaques tested. In Fig. 7,
the logarithmic scaled y-axis displays the Young's modulus in kPa,
the x-axis shows the indentation location, middle of cap (med-
ian=31 kPa), shoulder of cap (median=27 kPa), intima (med-
ian=46 kPa), and LRNC locations (median=16 kPa). It was found
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Table 1
Summary of indentation test results, Mid—Middle of fibrous cap, Sh—Shoulder of cap.
SC/Mid SC/Sh SC/Intima UC/Mid UcC/Sh UC/Intima CP/LRNC
No. of test locations 29 36 54 14 25 36 20
Minimum in kPa 12 6 6 1 9 1 9
25% Percentile in kPa 18 18 17 14 15 30 12
Median in kPa 36 26 35 28 27 58 16
75% Percentile in kPa 54 43 95 34 46 109 22
Maximum in kPa 891 182 305 166 203 475 143
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Fig. 7. Box and whisker plots (minimum-maximum) of the Young’s moduli of the
different indentation locations and the significance of the values compared to each
other, * p-value < 0.05, ***p-value < 0.001.

that the fibrous cap and intima regions are significantly stiffer than
the LRNC regions. No differences were observed between the
middle and shoulder of cap, and the intima locations.

3.4. Inter- and intra-plaque variability, comparison between
longitudinal and transversal slices, and change of mechanical
properties in longitudinal direction

The axial compressive Young's modulus of each plaque, exclud-
ing the collagen poor locations, are summarised in Fig. 8. The
results show that there is a large variation in Young's moduli
within each plaque, especially for plaque 6 (11-891 kPa). Due to
this variation, no significant differences between plaques were
observed.

The indentation tests were performed in axial direction of the
artery on transversal slices. For one plaque, part of the tissue was
sliced in the longitudinal direction and these longitudinal slices
were used for testing. The resulting Young's moduli show no
significant differences between the transversal and longitudinal
slices (data not shown).

From proximal to distal, the results indicated no significant
differences in Young's modulus. In three atherosclerotic plaques
the fibrous cap at the proximal region showed higher stiffness
than the distal region. However, in two cases the proximal site was
softer than the distal side. For the remaining three plaques,
numbers of indentation locations at the fibrous cap were not
sufficient to make a comparison between proximal and distal
regions.

4. Discussions

In this study we used an indentation test and inverse FE
analysis to estimate the compressive Young's moduli of carotid
atherosclerotic plaque tissue in axial direction. Assuming isotropic
neo-Hookean behaviour, the Young's moduli were found in the
range from 6 kPa to 891 kPa (median of 30 kPa) corresponding to
values found in the literature. Collagen poor regions were softer
than collagen rich locations. However, no significant differences
were observed between the Young's moduli of structured and
unstructured collagen architectures. Moreover, no significant
differences were found between the middle of the fibrous cap, the
shoulder regions, and remaining intima locations. Therefore, the
results indicate that the macroscopic behaviour of carotid athero-
sclerotic fibrous plaque tissue can be approximated by a single
material model. However, it should be noted that the sample size
(8 endarterectomy specimens) may not be sufficiently large to detect
a statistical difference between the middle and shoulder regions of
the fibrous cap, particularly since other patient-specific variables
(age, gender, etc.) had not been controlled for.

A literature review revealed that there is a high variability of
stiffness values of plaque tissue (Lee et al., 1991; Lee et al., 1992;
Loree et al., 1994; Loree et al., 1994a; Beattie et al., 1998; De Korte
et al., 2000; Kanai et al., 2003; Holzapfel et al., 2004; Barrett et al.,
2009). Our results are in the lower region of the range reported in
literature and are consistent with the values obtained by Lee et al.
(1992) and Barrett et al. (2009) (Table 2). However, our results
differ from the values obtained by other groups (Lee et al., 1991;
Loree et al., 1994; Loree et al., 1994a; Beattie et al., 1998; De Korte
et al, 2000; Kanai et al., 2003; Holzapfel et al., 2004). Possible
explanations for this might be the different methods used to
measure the mechanical properties of atherosclerotic plaque
tissue which lead to the measurement of different Young's moduli
(Table 2). In addition, the direction of measured stiffness also plays
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Table 2
Measured Young's moduli (in kPa) for atherosclerotic plaque tissue.

Specimen type Test method

Classification

Lee et al. (1991) Abdominal aorta

Loree et al. (1994)  Abdominal/thoratic
aorta

Lee et al. (1992) Abdominal aorta

Beattie et al. (1998) Aorta Bi-linear isotropic

De Korte et al. (2000) Femoral/coronary
arteries
Carotid artery

Incremental pressure-strain

Ebenstein et al. Radial nano-indentation and FTIR

(2002)

Kanai et al. (2003) Iliac artery Circumferential incremental with transcutaneous
ultrasound
Holzapfel et al. Iliac artery Axial and circumferential tension

(2004)

Barrett et al. (2009) Carotid artery

Current study Carotid artery

Radial compression, dynamic, values at 1 Hz

Circumferential tension, static creep type test

Radial compression, static creep type test and ultrasound 41 + 19 (n=14)

Radial indentation and inverse FE analysis -

Axial indentation and inverse FE analysis

Cellular
510 + 220 (n=7)

Hypocellular
900 + 220 (n=9)

927 + 468 2312 +2180 (n=9)
(n=12)
Non-fibrous Fibrous

82+33 (n=18)

4, strain < 18%
39, strain > 18%

483, strain < 8.2% 1820,
strain > 8.2

222 (n=13) 493 (n=62)

620 (60-4900) 1500 (100-21500)

81+40 (n=9) 1000 + 630 (n=9)
- Axial, 1200 Circum, 840
(n=107)

33 (21-300, n=8)

Collagen poor Collagen rich

16 (9-143) 32 (6-891)

Middle Cap Shoulder Intima
Cap

31 (11-891) 27 (6-203) 46 (6-475)

a role. The anisotropy of the tissue suggests that testing the
stiffness of plaque tissue in different directions will lead to
different results, although our values obtained from testing a
small set of longitudinal slices were comparable to the results
we obtained for transversal slices. Furthermore, different values
might be the result of the measurements of different specimen
types. Since the geometry of arteries at different locations varies
and arteries from various locations experience different stresses
and strains, it is suggested that the biomechanical properties of
arteries from different location also vary. Differences between the
values we obtained and the results of the other research groups
might be also caused by the various methods used to classify the
tissue. In our study we distinguish between collagen structure and
between different plaque locations.

Measurements at same indentation positions led to a mean
difference of 12% (4 14%) showing that the indentation test
method itself is reproducible. Taking the 25% and 75% percentile
as range, the variability is similar to the range obtained by Barrett
et al. (2009) and Lee et al. (1992). It is smaller than the variability
obtained by other research groups (Loree et al., 1994; Beattie et al.,
1998; Ebenstein et al., 2002). Since the range of values we found is
similar for each plaque we tested and this is also observed by most
research groups, the obtained range must reflect the variable
nature of the mechanical properties of biological tissue.

It is suggested that, due to the different shear stress between
the proximal and distal regions, different plaque morphology and
therefore different stiffness results in those regions of the plaque
can be expected (Dirksen et al., 1998; Slager et al., 2005; Gijsen
et al, 2008). Gijsen et al. (2008) showed on human coronary
arteries that the shear stress upstream is significantly higher than
downstream. Dirksen et al. (1998) found a significant difference
between the cell compositions of proximal and distal parts of
carotid plaques. Therefore, the results from literature suggest that
also the stiffness of the fibrous cap proximal and distal of a plaque
could be different. Using plaque tissue from carotid endarterect-
omy patients, it was possible to analyse the changes of stiffness

from proximal to distal locations in five samples. No significant
differences could be observed.

To analyse the influence of the collagen structure on the
mechanical properties a confocal microscope was used to identify
the collagen structure of the tested tissue location. The results
show a wide spread of mechanical properties between plaques.
Stiffness values of collagen poor locations, which are mostly found
in the LRNC, have less variation than collagen rich regions.
A statistical analysis using a non-parametric approach indicated
that the collagen rich locations (structured and unstructured)
are significantly stiffer than collagen poor locations. For collagen
rich positions, no significant differences are found between the
different collagen structures, suggesting that the architecture of
collagen has no obvious effect on the Young's modulus. It is
surprising that our results show no influence of the collagen
structure on the stiffness results. Reasons for this might be the
use of an isotropic model assuming homogeneity of the sample
which might not reflect the actual mechanical behaviour of the
tissue. In addition, it has to be noted that not only the collagen
structure but also the amount of collagen influences the stiffness
of the plaque tissue. The quantity of collagen was not measured
during this study. Burleigh et al. (1992) showed that plaque caps
seem to require more quantities of collagen than neighbouring
intima to maintain the same mechanical strength indicating that
the collagen structure in the cap is less efficiently organised than
in adjunct intima. The result of Burleigh et al. (1992) suggests that
for the stiffness of plaque caps the amount of collagen play a
bigger role rather than the collagen structure. Therefore, the last
point is probably the main reason why we could not observe a
significant difference between structured and unstructured col-
lagen fibres.

For different indentation locations of single slices, it is observed
that the fibrous cap tissue and intima tissue are significantly stiffer
than the collagen poor regions which could be expected. However,
no differences were found between the middle parts of the cap
tissue, shoulder regions of the cap, and intima positions suggesting
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that one material model can be used to approximate the diseased
intima and fibrous cap. On the other hand, considering the high
variability of results, it is clear that finding a significant tendency is
difficult.

A limitation of the study is the fact that the samples were
frozen for logistical reasons. According to Schaar et al. (2002), the
influence of freezing on the mechanical properties of coronary
arteries plays only a limited role. The freezing protocol applied in
this study included dipping the sample in liquid nitrogen for snap
freezing. This procedure is widely used to avoid ice-crystal
formation. Hemmasizadeh et al. (2012) used nano-indentation to
show that snap-freezing and storage at —80°C had no significant
influence on the mechanical properties of porcine aortas. There-
fore, the probability of damage of the collagen fibres due to ice-
crystal formation was minimised. Furthermore, the indentation
tests were performed at least twice at the same indentation
location and the results were reproducible indicating that no
damage to the tissue architecture occurred. The measurements
were controlled by confocal microscopic visualisation and also no
damage to the tissue was observed. Moreover, the histological data
was examined and indicated that no damage due to ice-crystal-
lisation was present.

In literature the mechanical properties of atherosclerotic
plaques are usually given only as Young's moduli. Furthermore, it
is not always clear whether or not this is a Young's modulus
determined at small strains, or a secant modulus of the slope of a
curve at a certain strain level. Considering these reservations, the
obtained values from this study were compared to the results in
literature using E=3G, which is only valid at small strains.

The values of the lipid core regions appear to be higher than
previously reported data (Cheng et al.,, 1993). A possible explana-
tion might be that the mechanical tests were performed at room
temperature. Testing at this temperature might affect the values
for lipid core regions. The physiological mechanical properties of
the lipid rich necrotic core at body temperature might be very
different from their mechanical properties at room temperature.
Therefore, these results should be dealt with caution when
including them in simulations, since this may have a strong impact
on the biomechanical stress analysis of plaques (Tang et al., 2005).

In conclusion, the system proved to be suitable to measure the
local mechanical properties of plaque tissue. The compressive
mechanical properties of human plaques in axial direction are
lower than previously reported. Mechanical testing of fibrous cap
tissue and surrounding intima tissue showed similar mechanical
properties between these locations. They are significantly stiffer
than collagen poor regions.
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