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Method: Arterial vessels were scanned using high-resolution quantitative suscepti-
bility mapping (QSM) at 7 Tesla. Models of vessel degradation were generated using

ex vivo porcine carotid arteries that were subjected to several different enzymatic
Funding information digestion treatments that selectively removed microstructural components (smooth
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susceptibility measured in native porcine carotid arteries was further compared to

Results: The magnetic susceptibility of native porcine vessels was diamagnetic
(Wnative = —0.1820 ppm), with higher susceptibilities in all models of vessel degrada-
tion (Yejastin-degraded = —0-0163 PPM; Xeoiiagen-degraded = —0-1158 pPM: Kyecelutarized =
—0.1379 ppm; Yfixed naiive = —0-2199 ppm). Magnetic susceptibility was significantly
higher in collagen-degraded compared to native porcine vessels (Tukey-Kramer,
P < .01) and between elastin-degraded and all other models (including native,
Tukey-Kramer, P < .001). The susceptibility of fixed healthy human arterial tissue
was diamagnetic, and no significant difference was found between fixed human and
fixed porcine arterial tissue susceptibilities (analysis of variance, P > .05).

Conclusions: Magnetic susceptibility measured using QSM is sensitive to the micro-
structural composition of arterial vessels—most notably to collagen. The similarity
of human and porcine arterial tissue susceptibility values provides a solid basis for
translational studies. Because vessel microstructure becomes disrupted during the

onset and progression of carotid atherosclerosis, QSM has the potential to provide a

sensitive and specific marker of vessel disease.
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1 | INTRODUCTION

1.1 | Carotid atherosclerosis and stroke

Atherosclerosis is a widespread form of cardiovascular dis-
ease that causes the formation of plaque inside arterial vessels.
Plaque formation is caused by a buildup of fat, cholesterol,
calcium, fibrous tissue, and other substances that disrupt the
microstructural composition of the vessel, causing narrowing
of the luminal space and stiffening of the vessel. Carotid ar-
teries are particularly prone to plaque formation, and stenosis
or rupture here can have catastrophic consequences because
these vessels carry the main supply of blood to the brain. An
estimated 20% of ischemic stroke is due to rupture of carotid
plaques, with the majority of ischemic stroke caused by ste-
nosis."? Carotid artery disease is also responsible for nearly
50% of transient ischemic attacks and linked to an increased
risk of heart attack.’ Early identification and treatment is
of utmost importance to avoid stroke-related disability and
death caused by carotid plaque. The current indicator for sur-
gical intervention is to assess the degree of stenosis caused by
atherosclerotic plaque in the vessel. Although the patency of
the blood vessel can be identified using standard diagnostic
imaging techniques (MRI, CT, and ultrasound), it has been
shown that improved specificity for stroke prediction can be
gained from identifying plaque features, such as intraplaque
hemorrhage, that are associated with increased stroke risk.*?

1.2 | QSM
Quantitative susceptibility mapping (QSM) is an MRI
method capable of spatially mapping the magnetic suscep-
tibility of biological tissue.5® Recently, a number of stud-
ies have applied QSM to carotid plaques and demonstrated
marked improvement in intraplaque hemorrhage and calci-
fication depiction compared to conventional multi-contrast
MRI’"® based on the inherent differences between the mag-
netic susceptibilities of these structures: calcifications are
diamagnetic, whereas hemorrhages are paramagnetic.M

1.3 | Arterial microstructure and QSM

Although QSM has proven promising for evaluating carotid
plaques, specific disease-driven sources of susceptibility
changes have yet to be investigated in arterial vessels and

plaques. Arterial tissue is predominantly composed of smooth
muscle cells, elastin, and collagen that are helically arranged
to form the vessel microstructure.'> The quantity, quality, and
organization of this microstructure is finely tuned to main-
tain proper physiological function in healthy blood vessels. '
Furthermore, arterial microstructure has been shown to be-
come disrupted during the onset and progression of athero-
sclerosis, and this changing microstructural arrangement may
be indicative of mechanical stability, and therefore rupture
risk, of advanced plaques.'” Because the magnetic suscepti-
bility of a tissue is governed by its molecular makeup, QSM
can provide insight into the microstructural composition of
biological tissue. To date, QSM has been demonstrated to be
sensitive to various tissue microstructural components such
as myelin in brain,'®!° collagen in liver?*?!
cartilage,zz'24 tubules in kidney,25 and myofibers in heart.”
As such, investigation of the sensitivity of QSM to arterial
microstructure is warranted to determine if this is a source
of susceptibility contrast that may provide an important bio-
marker of disease onset and progression in arteries.

and articular

14 | Aim and summary

In this study, we hypothesize that the magnetic susceptibility
of arterial vessels is sensitive to changes in the vessel wall
microstructure. To test this, a high-resolution QSM protocol
was applied to excised porcine carotid arteries subjected to a
range of enzymatic digestion treatments.”’ To relate the mag-
netic susceptibility of porcine tissue to human arterial tissue
to accelerate potential clinical translation, the same QSM
protocol was applied in ex vivo human carotid arteries. In
both porcine and human vessels, detailed histological analy-
sis was used to understand the underlying tissue microstruc-
tural composition and interpret the magnetic susceptibility of
arterial vessels measured using QSM.

2 | METHODS
2.1 | Sample preparation
2.1.1 | Porcine carotid artery

(microstructural) models

Carotid arteries were harvested from 6-month-old, large
white pigs within 3 h of slaughter. All vessels were cleaned
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of connective tissue and cryopreserved using a protocol to
preserve the integrity of tissue microstructure during freez-
ing.zg’29 In preparation for imaging, vessels were thawed at
37°C and rinsed in phosphate-buffered saline (PBS) (P5493,
Sigma Aldrich, Wicklow, Ireland).

To investigate the sensitivity of QSM to arterial tissue mi-
crostructure, 4 different vessel models were developed with
distinct microstructural compositions using porcine carotid
arteries. All vessels were imaged directly after treatment and
before fixation. The native vessel model refers to porcine ca-
rotid arteries that were not subjected to any treatment and
acted as a control tissue for comparison with the following
models. Details of the enzymatic digestion treatments used
to achieve collagen-degraded, decellularized,30 and elastin-
degraded models are provided in the Supporting Information
(Data S1).

2.1.2 | Human carotid artery

Carotid arteries (including the carotid bifurcation and prox-
imal sections of the common, internal, and external carotid
artery) were excised from 5 embalmed cadavers. All ca-
daver tissue was sanctioned for research use by The Royal
College of Surgeons in Ireland Research Ethics Committee
and The Royal College of Surgeons in Ireland Museum
Committee. One artery was obtained from each subject.
The subjects (3 females and 2 males) ranged from 70 to
103 years in age (mean 81.6 + 12.7 years). Cardiovascular
disease was not implicated as the cause of death in any sub-
jects. Vessels were cleaned of connective tissue and stored
in PBS. To facilitate comparison of susceptibility values
between human and porcine arteries, fixed native porcine
carotid arteries were produced by immersing native porcine
vessels in 4% formalin (HT501128, Sigma) for 7 days at
4°C. Prior to MR imaging, all samples were washed and
placed in fresh PBS.

2.2 | MR imaging

2.2.1 | Vessel positioning

All vessels were positioned using 3D-printed holders com-
posed of polylactic acid and placed in 50-mL falcon tubes
(Supporting Information Figure S1) in which samples were
immersed in fresh PBS prior to imaging at room temperature.
PBS was chosen as the “embedding” material because it has
previously been identified as providing a stable experimental
setup facilitating good image quality for QSM of postmor-
tem brain specimens.31 For the porcine vessels (native, de-
cellularized, collagen-degraded, elastin-degraded, and fixed
native), 6 vessels (n = 6) of each model were produced, and
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holders were designed to secure 6 vessels in a single 50-mL
falcon tube. For human vessels, holders were designed to
hold a single specimen.

2.2.2 | Image acquisition

A small-bore (30 cm) horizontal 7 Tesla Bruker BioSpec
70/30 USR system (Bruker, Ettlingen, Germany) equipped
with a receive-only 8-channel surface array coil, birdcage
design transmit coil, shielded gradients (maximum strength
770 mT/m), and Paravision 6 software (Bruker, Ettlingen,
Germany) was used for all imaging. For each session, a test
tube containing the vessels of interest was placed securely
in the cradle of the 8-channel surface array coil. A total of
10 scan sessions were performed (5 sessions for porcine ves-
sels, 5 sessions for human vessels).

For QSM, data were acquired using a 3D multi-echo gradi-
ent echo (ME-GRE) sequence with the following parameters:
TEs = 5, 13.1, 21.2, and 29.3 ms with monopolar readout
gradients, TR = 150 ms, flip angle = 30°, bandwidth =
34722 Hz, and averages = 2. The readout direction was ori-
ented along the long axis of the tube. An isotropic voxel res-
olution of 0.117 X 0.117 x 0.117 mm® was achieved using a
field of view (FOV) of 30 mm X 30 mm X 30 mm and a 256 X
256 X 256 matrix size. Total scan time for this sequence was
5 h 27 min.

2.3 | Image processing

For all samples, the multi-channel ME-GRE data were coil-
combined. Coil-combined magnitude images were calculated
using the root mean square (RMS) of the channels,*® and
coil-combined phase images were produced using the phase
difference approach.33

2.3.1 | QSM pipeline in porcine vessels

The QSM and R calculation is summarized in Figure 1.
R; maps were calculated using the Auto-Regression
on Linear Operations algorithm®® applied to the coil-
combined ME-GRE magnitude data. To aid masking, an
echo-combined magnitude image was calculated using the
RMS of all echoes. For QSM, an initial mask was cre-
ated by thresholding the echo-combined magnitude image
with the threshold set to include all vessels and PBS but
to exclude the 3D-printed vessel holder and air outside the
tube. The mask was manually refined to exclude air bub-
bles using the echo-combined magnitude and R} map as
references. Nonlinear field fitting35’36
field maps from the complex ME-GRE data, and remaining

was used to estimate
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FIGURE 1

wraps were removed using Laplacian phase unwrap-
ping.>” This approach (nonlinear field fitting followed by
Laplacian phase unwrapping) provided a computationally
efficient and robust approach to calculating unwrapped
total field maps and has previously been applied to inves-
tigate tissue susceptibility in ex vivo articular cartilage.22
Alternative approaches, such as linear field fitting, require
prior unwrapping of individual echoes, which would lead
to long computation times, particularly for the large ma-
trix sizes acquired here (256 X 256 X 256), whereas the
approach used in this study requires unwrapping of only a
single image. The local field map was calculated using the
projection onto dipole fields method and the unwrapped
field map and magnitude mask as input.38’39 The projec-
tion onto dipole fields method was chosen because it has
been shown to perform well in comparison to alternative
methods.*® No additional Spherical Mean Value filtering
was applied as is the default in the morphology enabled
dipole inversion (MEDI) toolbox. A susceptibility map
was calculated from the local field map using an iterative
Tikhonov method,”*!"** with correction for susceptibility
underestimation.*> The same regularization parameter (o)
was used for all samples and was chosen by performing
L-curve optimization44 in all 5 porcine datasets and calcu-
lating the mean of the individually optimized parameters.
Alternative susceptibility calculation methods (truncated
k-space division,* direct Tikhonov,”*'*® and morphology
enabled dipole inversion*’) were tested and found not to
influence the trends and final conclusions reported for por-
cine vessels (see Supporting Information Figures S9 and
S10).

Susceptibility map

Local field-map

lterative Tikhonov

Outline of QSM pipeline for porcine carotid artery tissue models

2.32 | QSM pipeline in human vessels

All 5 human vessels scanned in this study had regions of ad-
vanced atherosclerotic disease close to the bifurcation (see
Figure 7 yellow arrows). These heavily diseased regions
contained structures with little or no signal that caused sig-
nificant streaking in the final susceptibility maps likely at-
tributable to the presence of calcification or hemorrhage. To
investigate the impact of these low signal-to-noise (SNR) re-
gions on the susceptibility measurements made in regions of
the common carotid unaffected by disease/plaque, 2 different
masking procedures were compared for QSM (Figure 2).

Comparison of masking procedures for human vessels
First, a tube mask was generated for each human vessel that
included heavily diseased low SNR regions. This mask was
generated by thresholding the echo-combined magnitude
image to exclude the 3D-printed vessel holder and air outside
the tube and include all other contents of the tube, that is,
PBS and the whole vessel (including diseased regions). No
manual refinement step was implemented here due to the dif-
ficulty in distinguishing diseased regions from air bubbles.

Second, a noise mask was generated for each human vessel
that excluded heavily diseased low SNR regions. High noise
regions in areas of advanced atherosclerotic disease were
identified by thresholding the inverse noise map (calculated
during nonlinear field fitting36 using noise propagation46) at
one-third of the mean voxel value contained within the fube
mask. To generate the final noise mask, the regions of high
noise identified by the inverse noise map were removed from
the tube mask (see Figures 2 and 8).
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FIGURE 2 Outline of QSM pipeline for human carotid specimens. Two different masks were compared to investigate the impact of low SNR,

diseased regions on the susceptibility measured in nearby healthy regions of the common carotid artery. The noise mask pipeline (orange) excluded

regions of low SNR from the background field removal and susceptibility calculation steps using a mask that was calculated by thresholding the

inverse of the residual noise map produced from the nonlinear fit of the complex data. This was compared to a tube mask pipeline (green) that used

a simple tube mask that was manually defined on the echo-combined magnitude image. This mask included all the material present in the tube and

the high-noise regions

OSM calculation in human vessels

Masking procedures were compared for final susceptibil-
ity map calculation through comparison of tube mask and
noise mask QSM pipelines. For both pipelines, field maps

3336 and un-

were generated using nonlinear field fitting
wrapped using Laplacian phase unwrapping.37 At this point,
the pipelines diverge as background field removal and sus-
ceptibility calculation steps require masks identifying the
region of interest (ROI). Local field maps were calculated
with the projection-onto-dipole-fields method** using the
unwrapped field map and a ROI mask as input, that is, tube
mask for the tube mask pipeline and noise mask for the noise
mask pipeline. Using the relevant local field map and mask
as inputs, susceptibility maps were calculated for the fube
mask and noise mask pipelines using the iterative Tikhonov
approach as described for the porcine arteries. The same
regularization parameter (o) was used for all samples and
was chosen by performing L-curve optimization44 for both
tube mask and noise mask pipelines in all 5 human datasets

and calculating the mean of the individually optimized pa-
rameters. Similar to the porcine vessels, alternative suscep-
tibility calculation methods (truncated k-space division,
direct Tikhonov, and morphology enabled dipole inversion)
were tested and found not to influence the trends and final
conclusions reported for human vessels (see Supporting
Information Figure S11).

2.4 | Histological analysis

To allow histological validation, the model tissues (native,
decellularized, collagen-degraded, and elastin-degraded
vessel models) were fixed immediately after MR scanning
for histological processing by immersing vessels in 4% for-
malin for 7 days at 4°C. Stepwise dehydration was performed
on the fixed tissue in ethanol to xylene, and samples were
then embedded in paraffin wax and sectioned into 8 um-thick
slices prior to staining.
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For porcine and human vessels, Hematoxylin and Eosin
(H&E), Picrosirius red, Verhoeff’s elastin, and Alcian
blue staining were performed to identify the presence of
smooth muscle cells, collagen, elastin, and glycosamino-
glycans, respectively.”’ Additionally, Alizarin Red staining
was performed on human vessels to identify the presence
of calcium. Histological imaging was performed using an
Olympus BX41 microscope with Ocular V2.0 software
(Teledyne Photometrics, Tuscon, Arizona) for the porcine
models and an Aperio CS2 microscope with ImageScope
software V12.3 (Leica Biosystems Imaging, Inc., Vista,
California) for the human arteries. Bright-field microscopy
was performed for all stains with additional polarized light
microscopy on Picrosirius red to infer the orientation of col-
lagen fibers.

For human vessels, alignment of histology to QSM was
performed as follows: with anatomical features as landmarks,
the first echo of the magnitude combined ME-GRE image
was used to guide the identification of tissue sections in the
common carotid for histological analysis. The location of the
selected region on the ME-GRE image was noted and used
to guide the manual alignment of the digitized whole-mount
histology image to the relevant MRI slice. The final align-
ment of histology to MRI was refined via manual rotation and
scaling of the histology image (see Figure 4 and Supporting
Information Figures S2-S6)

2.5 | Data analysis

2.5.1 | ROI

For both human and porcine tissue, ROIs were manually de-
fined for each vessel using the echo-combined MRI magni-
tude image. Care was taken to position ROIs within arterial
tissue and avoid regions of partial volume near the edges
of each vessel. This was facilitated by the high resolution
of the ME-GRE data. ROIs in human vessels were limited
to normal-appearing arterial tissue in the common carotid
artery. This was achieved by cross-referencing the MRI de-
fined ROI with histology and excluding regions from the
final ROI that showed abnormal smooth muscle cell, col-
lagen, elastin, GAG, or calcium content as identified by
histology and defined by Stary et al.*® (see Figure 4 and
Supporting Information Figures S2-S6). Using the echo-
combined magnitude image, ROIs were manually defined
for PBS in each sample. Following ROI definition, ROI
mean susceptibility values were extracted for each vessel
and for PBS in each sample. To compare across samples,
vessel susceptibility was referenced to PBS.* This was
achieved by subtracting the mean PBS susceptibility from
the mean vessel susceptibility in the same sample.

2.5.2 | Statistical methods

For porcine vessels, the null hypothesis of no susceptibil-
ity difference between tissue models (native, decellularized,
collagen-degraded, elastin-degraded, and fixed native) was
tested using a 1-way analysis of variance. If the null hypoth-
esis was rejected, post hoc pairwise comparisons were per-
formed using the Tukey-Kramer method. To compare the
susceptibility measurements made using tube mask and noise
mask pipelines in human common carotid arteries, the intra-
class correlation coefficient™® was calculated. For compari-
son of susceptibility measurements made in human common
carotid arteries with those in fixed native porcine arteries,
the null hypothesis of no susceptibility difference between
groups (human common,p, ask- Numan common, ;e sk, and
fixed native porcine) was tested using a 1-way analysis of
variance. If the null hypothesis was rejected, post hoc pair-
wise comparisons were performed using the Tukey-Kramer
method.

3 | RESULTS
3.1 | Histology
3.1.1 | Histological validation of tissue models

Figure 3 presents histological validation of the vessel mod-
els where enzymatic digestive treatments were used to
selectively remove smooth muscle cells, elastin, and col-
lagen in selected groups of porcine carotid arteries. H&E
staining confirms the absence of smooth muscle cells in
the decellularized vessels (Figure 3D); Verhoeff’s elastin
stain confirms the degradation of elastin in the elastin-
degraded vessels (Figure 3G); and Picrosirius red verifies
the removal of collagen in the collagen-degraded vessels
(Figure 3N,R). Furthermore, H&E staining (Figure 3A-D)
verifies that smooth muscle cell content remained intact
in the non-decellularized vessels; Verhoeff’s elastin stain-
ing (Figure 3E-H) verifies that elastin content was main-
tained in the non-elastin—degraded vessels; and Picrosirius
red staining with bright field microscopy (Figure 3M-P)
and polarized light microscopy (Figure 3Q-T) verifies
the preservation of collagen content and orientation in the
non-collagen—degraded vessels. Alcian blue staining
(Figure 3I-L) showed a decrease in GAG content across all
the degradation models when compared with native tissue.
This may be explained by the leaching of glycosaminogly-
cans out of the tissue in order to maintain osmotic balance
due to the presence of PBS. Although this has not been ob-
served in arterial tissue, it has been observed in interverte-
bral disc and articular cartilage.”!
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FIGURE 3 Histological validation of porcine carotid artery tissue models. Enzymatic digestion treatments were used to selectively remove
components of the arterial microstructure creating 4 different tissue models: native, collagen-degraded, elastin-degraded, and decellularized porcine

carotid artery

3.1.2 | Histological validation of ROIs in
cadaver vessels

Figure 4 shows example H&E in human common carotid
artery for a representative cadaver specimen imaged in this
study. Supporting Information Figures S2-S6 display histo-
logical analysis and ROI definition for each human vessel.
Histology was used to guide the definition of MRI ROIs
in “normal”’-appearing common carotid tissue by avoid-
ing regions of obvious abnormality or disease defined as

a disruption to cell, collagen, GAG, elastin, or calcium
content.

32 | MRI

3.2.1 | QSM of tissue models

Figure 5 presents susceptibility and R} relaxometry maps
for each of the vessel models. Susceptibility maps produced
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(A) Magnitude Image
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(B) Region of Interest (€)

H&E Histology

FIGURE 4 Example of MRI ROI definition in normal-appearing human common carotid. ME-GRE images (A) with ROI overlay (B)
are displayed alongside H&E histology (c). H&E histology identifies regions of intimal thickening (Ci) and (Cii) and healthy-appearing vessel

microstructure (Ciii). Abnormal regions are excluded from ROI definition on the magnitude images (green and yellow arrows (B)). Detailed

comparison of MRI ROIs and histological analysis for each vessel are shown in Supporting Information Figures S2-S6. GRE, gradient echo; H&E,

Hematoxylin and Eosin; ROI, region of interest
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Susceptibility maps produced for the different porcine carotid tissue models (native, decellularized, collagen-degraded, and

elastin-degraded) using the iterative Tikhonov approach (A-D) alongside maps of R (E-H). Equivalent susceptibility maps calculated with

alternative susceptibility calculation methods (truncated k-space division, direct Tikhonov, and morphology enabled dipole inversion) are compared

in Supporting Information Figure S8

using the iterative Tikhonov method are presented in 3 differ-
ent viewing planes (axial, coronal, and sagittal in the context
of the tube, which was placed with its long axis parallel to the
orientation of B) for qualitative comparison of image qual-
ity. The regularization parameter used for susceptibility map
calculation in porcine vessels was a = 0.02, as determined by
taking the mean of the L-curve optimization** across the 5
samples (Supporting Information Figure S7).

Qualitative differences are apparent when comparing the
susceptibility maps of different vessel models. The suscepti-
bility of native (Figure 5A) vessels appear the most diamag-
netic, with the susceptibility of decellularized (Figure 5B)
and collagen-degraded (Figure 5C) vessels appearing
elevated in comparison while maintaining contrast with the
background fluid. The susceptibility of the elastin-degraded
vessels (Figure 5D) appear the most elevated, with almost
no susceptibility difference with the surrounding fluid.
Qualitatively, R} relaxometry maps demonstrated similar

but inverse trends to the susceptibility maps, with R of
native vessels (Figure 5E) appearing highest and R of
elastin-degraded vessels (Figure SH) appearing lowest and
similar to that of surrounding background fluid.

As a quantitative comparison, Figure 6 shows box plots
of the susceptibility and R values measured in each vessel
(n = 6 per model) and grouped by tissue model. The mean
(+ standard deviation [SD]) susceptibility of PBS mea-
sured across the 5 samples was 0.0219 + 0.0121 ppm.
Susceptibility and R; measurements in fixed native porcine
carotid artery (n = 6) are presented for later comparison with
human vessels. The baseline magnetic susceptibility of native
porcine arteries was found to be diamagnetic with a mean
value of —0.1820 ppm, and vessel susceptibilities ranged
from —0.2346 ppm to —0.0092 ppm across all tissue models.
The mean susceptibility of the tissue models (Yejasiin-degraded =

-0.0163 ppm;){collagen—degraded =—0.1158 PPIY; Xdecellularized =
—0.1379 ppm; Kfixed native = —0.2199 ppm) exhibited the
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FIGURE 6 Box plots comparing measurements extracted from vessels (n = 6) of each tissue model for QSM (A) and R} maps (B). Gray data
points represent susceptibility measurements in individual vessels. Measurements compared using ANOVA and post hoc test (¥*P < .05, **P <

.01, ¥#%P < .001, ****P < .0001). Equivalent measurements made using alternative susceptibility calculation methods are presented in Supporting

Information Figure S10. ANOVA, analysis of variance
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FIGURE 7 Measurements in human cadaver samples were confined to “normal” common carotid artery tissue with no areas of atherosclerotic
disease. The location of the common carotid ROI is displayed on first-echo magnitude images from the ME-GRE acquisition. Common

(red asterisk), internal (yellow asterisk), and external (green asterisk) carotid arteries can be seen in the sagittal/coronal magnitude images.

Representative QSM axial images in the common carotid ROI are presented alongside first-echo magnitude axial images with red ROI overlaid.

ME, multi-echo
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fOHOW]ng trend: Xelastin—degraded > Zcollagen»degraded > Xdecellularized
> Mnative > Xeixed native- S1gnificant differences were detected

between the susceptibility of the vessel models (analysis of
variance, P < .001). Post hoc pairwise comparisons revealed
the susceptibility of collagen-degraded vessels to be signifi-
cantly higher than native vessels (P < .01), the susceptibility
of elastin-degraded vessels to be significantly higher than
all other vessel groups (P < .001), and the susceptibility of
fixed native vessels to be significantly lower than both de-
cellularized (P < .01) and collagen-degraded vessels (P <
.001). Comparing vessel-wise measurements of R}, the null
hypothesis was rejected (P < .001), indicating differences be-
tween groups. Post hoc testing revealed significantly lower
R} in elastin-degraded vessels compared to all other vessel
models (P < .001).

3.22 | QSM of human common carotids

In the human carotid arteries, regions of advanced disease
were seen close to the bifurcation in all 5 vessels scanned in
this study (Figure 7, yellow arrows). These heavily diseased
regions contained structures with little or no signal—Iikely
attributable to the presence of calcification or hemorrhage.
For a representative vessel, susceptibility maps are pre-
sented for tube mask and noise mask pipelines, with the re-
gion where the ROI was defined indicated in red (Supporting
Information Figure S9). It can be seen that human carotid
vessels exhibited pronounced streaking artefacts attributed
to the inclusion of low SNR regions in the QSM calculation
(tube mask). Streaking was visibly reduced in the susceptibil-
ity maps produced using the noise mask pipeline (Supporting
Information Figure S9). The optimal regularization param-
eter was determined as o = 0.02 using L-curve optimiza-
tion, remaining the same as that used for the porcine vessels
(Supporting Information Figure S7).

Figure 8 shows susceptibility measurements in human
common carotid arteries. The mean susceptibility of human
common carotid was —0.1898 + 0.0253 ppm using the noise
mask pipeline and —0.2007 + 0.0183 ppm using the tube mask
pipeline. This is in comparison to the fixed native porcine ca-
rotid arteries, which had a mean susceptibility of —0.2199 +
0.0100 ppm. Figure 8A directly compares common carotid
susceptibility measurements between the noise mask and
tube mask pipelines, with an intraclass correlation coefficient
value of 0.88 (P < .05) being obtained between the pipelines.
Figure 8B displays box plots of the mean susceptibility in
each vessel using the noise mask and tube mask pipelines
compared with those in fixed native porcine carotid arteries.
The null hypothesis was not rejected (P > .05); however, the
P value of 0.050 was close to the significance level of 0.05.
No significant difference was seen in the PBS susceptibility
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FIGURE 8 Magnetic susceptibility of human common carotid.
The effect of masking out noisy regions on mean susceptibility values in
the cadaver common carotid ROI are shown in (A). Agreement between
different masking pipelines was excellent using the following criteria:
poor, < 0.4; fair, 0.41-0.59; good, 0.60-0.74; and excellent, > 0.75.%
Box plots comparing susceptibility measurements in cadaver common
carotid arteries with those in fixed porcine carotid arteries is shown

in (B). Susceptibility values were compared using ANOVA, and no
significant difference was seen between groups (P = .0501). Equivalent
measurements made using alternative susceptibility calculation methods
are presented in Supporting Information Figure S11

reference between the human and porcine vessels (analysis of
variance, P > .05).

4 | DISCUSSION

4.1 | Main findings

In this study, we demonstrate for the first time the sensitiv-
ity of magnetic susceptibility, measured using QSM, to the
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microstructural composition of arterial tissue. Vessels with dif-
ferent microstructural compositions were generated by apply-
ing different enzymatic digestion treatments to ex vivo porcine
carotid arteries. For each model (decellularized, collagen-
degraded, and elastin-degraded), 6 vessels were imaged using
a high-resolution QSM protocol and compared to untreated
(native) and fixed native porcine carotid arteries (Figure 5).
The microstructural composition of each vessel model was val-
idated using histology (Figure 3), and statistically significant
differences were found between the group mean susceptibility
of porcine vessels with different microstructural compositions
(Figure 6). Post hoc statistical testing revealed significantly
higher susceptibility in collagen-degraded vessels compared
to native vessels, whereas no such difference was present in
equivalent R relaxometry measurements. Significantly lower
susceptibility was measured in fixed native vessels com-
pared to both decellularized and collagen-degraded vessels,
with no such statistical differences existing in the equivalent
R, measurements. Significantly higher susceptibility and R
were measured in elastin-degraded vessels compared to all
other vessel models. However, the measurements made in the
elastin-degraded vessels were confounded by partial volume
effects with PBS due to a large increase in extracellular space
caused by elastin removal (further discussion in Section 4.2.2).
This suggests that QSM offers improved sensitivity to the mi-
crostructural composition of arterial vessels, in particular col-
lagen, when compared to equivalent R measurements.

To provide a comparison with human tissue, susceptibil-
ity was measured in ex vivo human common carotid arter-
ies using the same high-resolution QSM pipeline (Figure
7). Regions of advanced disease were present in these ves-
sels, leading to streaking artefacts in the susceptibility maps.
Exclusion of these low SNR regions resulted in a qualitative
improvement in the susceptibility maps (Figure S9). However,
using intraclass correlation coefficient, “excellent” agree-
ment>> was found between human common carotid measure-
ments extracted from susceptibility maps that were calculated
using pipelines, which included and excluded the low SNR
diseased regions (Figure 8A). One explanation for this agree-
ment is that the common carotid is positioned far enough away
from the streaks (originating in the bifurcation) that they have
very little effect on the mean susceptibility measured in that
region. An example of this can be seen in Figure S9. Statistical
testing revealed no significant differences between magnetic
susceptibilities measured in fixed human common carotid ar-
teries and fixed porcine vessels (Figure 8B).

4.2 | Susceptibility and arterial
microstructure

Experimental results from porcine vessel models (Figure 6)
suggest tissue susceptibility, measured using QSM, is sensitive
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to the microstructural composition of arterial vessels. The
baseline magnetic susceptibility of native porcine arteries was
found to be diamagnetic with a mean value of —0.1820 ppm
and agrees well with the value of —0.25 + 0.14 ppm reported
for popliteal artery wall in vivo.**

42.1 | Collagen

Collagen present in arterial tissue is primarily of type I and
type IIL>° At a molecular level, these collagen types ex-
hibit the characteristic triple helical structure, leading to
a diamagnetic susceptibility as described by Wei et al.?*
Compared to native vessels, a significantly higher suscep-
tibility was measured in collagen-degraded vessels (Ay =
0.0662 ppm), whereas no such significant difference was
apparent in the equivalent R} relaxometry measurements.
This agrees well with studies of collagen susceptibility in
articular cartilagezé“54 and liver fibrosis,21 which observed
collagen as strongly diamagnetic. Although articular car-
tilage degradation associated with collagen loss has been
shown to cause changes in measured susceptibility in
ex vivo studies of articular cartilage failed to de-
tect differences in the susceptibility of collagen-degraded
samples.”> The differences in the results found in ex vivo
collagen-degraded articular cartilage and arterial vessels
may well be explained by differences in experimental
setup, susceptibility reference material, and enzymatic di-
gestion treatments. It is important to note that collagen was
completely removed from the samples imaged in this study
(Figure 3N,R), and PBS was used as a consistent suscepti-
bility reference between samples.

Vivo,55

422 | Elastin

At a molecular level, elastin is highly cross-linked, with
these cross-links existing in a a-helical conformation.*®
Results presented in this study suggest elastin to have a dia-
magnetic susceptibility. However, no specific measurements
of elastin magnetic susceptibility have been reported prior
to this study. Significant differences were seen between the
measured susceptibility of elastin-degraded vessels and all
other vessel models, including native and fixed native ves-
sels. The elastin-degraded group also demonstrated the
largest deviation in measured susceptibility from native ves-
sels. However, as evidenced histologically by H&E staining
(Figure 3A,C), the removal of elastin results in a less com-
pact microstructural arrangement of tissue when compared
to native vessel histology. This suggests that the removal of
elastin results in an increased extracellular space, allowing
the penetration of surrounding PBS into the tissue micro-
structure. This is supported by the visible increase in size
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of the vessels and the distinct lack of contrast seen between
elastin-degraded vessels and the surrounding PBS in QSM
(Figure 5D). Therefore, it is difficult to conclusively assess
the contribution of elastin to vessel susceptibility from the
tissue model presented here.

423 | Smooth muscle cells

Considerable overlap is seen between the measured suscep-
tibilities of decellularized and native vessels. The slightly
higher group mean susceptibility of decellularized vessels
was not significantly different from that of native vessels
(Figure 6).

The results from all these porcine artery models suggest
that QSM is most sensitive to detecting changes in arterial col-
lagen. Further work is required to investigate the integrity of
the elastin model and the resulting abolition, following elastin
degradation, of the diamagnetic susceptibility found in native
porcine arteries. An alternative approach to characterizing the
magnetic susceptibility of elastin is to use 3D printed tissue
scaffolds where the density of elastin can be tightly controlled.”’

Although all the enzymatic digestion treatments in this
study were performed on porcine carotids, the study did not
control for the differences between proximal or distal sec-
tions of the porcine vessels. A gradual change in microstruc-
ture exists across the length of the carotid vessel, with more
proximal regions being more elastic and distal regions being
more muscular.'® This variation likely explains the suscepti-
bility and RJ contrast differences between arteries in Figure
5 (i.e., top 3 vessels in the collagen model and variation be-
tween decellularized vessels); however. the digestive treat-
ments performed were designed and confirmed to selectively
remove all of a specific microstructural component from a
given vessel.

424 | Susceptibility anisotropy

Although this study has demonstrated the sensitivity of
QSM to arterial microstructure, specific components such
as collagen are known to possess B, orientation-dependent
magnetic susceptibility.?'> In this study, all vessels were
imaged at the same orientation to the main magnetic field
(long axis of the vessel parallel to B). Because arterial
collagen and elastin fibers are circumferentially arranged,
these fibers will be oriented at 90° to B, facilitating con-
sistent comparison of measured susceptibility within and
between vessels. Because QSM assumes isotropic sus-
ceptibility, further work is required to assess the suscep-
tibility anisotropy of arterial tissue and the anisotropic
contributions of its microstructural components, collagen
in particular.>

43 | Human artery
43.1 | Comparison of human and
porcine vessels

From Figure 8B, variability of vessel susceptibility across
the group is visibly lower for porcine vessels compared to the
human samples. This may be partially attributed to the low
variability in the age of the pigs compared to the human sub-
jects but also to differences between fixation and embalming,
respectively. Porcine vessels were imaged directly after fixa-
tion, whereas time from embalming was not controlled for
in human vessels. Evia et al. reported no systematic change
in magnetic susceptibility of fixed post-mortem brain over
a period of 6 weeks,*® but changes in susceptibility outside
this timeframe may be possible. Although specific informa-
tion regarding time from embalming to scanning is not avail-
able for the human vessels, imaging of all vessels included
in this study occurred after this 6-week time frame. The vari-
ability in susceptibility seen between human vessels could
also be due to biological variability (e.g., age, sex, body size,
and disease status), as well as its effect on the embalming
protocol.

Despite this variability, there was no statistically signif-
icant difference measured between the magnetic suscepti-
bility of human and porcine arterial tissue. This suggests
that the sensitivity of magnetic susceptibility to micro-
structural composition, demonstrated in porcine arterial
tissue, is also likely to be found in human arterial tissue.
This provides a promising springboard for studies seeking
to translate QSM for use in characterizing human carotid
arteries and disease.

Significant differences between vessel mean suscep-
tibility values calculated using different techniques were
seen in this study (Figure S11). However, the trend of
degradation-dependent susceptibility differences was
identical in use of all susceptibility calculation methods
(Figure S10).

43.2 | Fixed porcine tissue

The group mean susceptibility was slightly lower in fixed
tissue (y = —0.2199 ppm) compared to native vessels (y =
—0.1820 ppm), although this difference was not statisti-
cally significant (Figure 6). As noted by Wei et al,”! fixa-
tion alters tissue microstructure through crosslinking of
proteins, and differences in measured susceptibility are not
surprising. Differences in susceptibility between in vivo
and fixed ex vivo mouse brain have been reported,59 and it
has been noted that changes in tissue relaxation times that
accompany fixation could impact QSM measurements of
susceptibility.”®
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4.4 | Conclusion, impact, and future work

In diseased arterial tissue, key components of the tissue mi-
crostructure, such as collagen fibers, smooth muscle cells,
and elastic lamina, become disrupted, impairing vessel
function. A number of recent studies have demonstrated
the application of QSM for imaging carotid plaque in vivo,
highlighting that many technical challenges associated with
imaging carotid arteries using QSM in a clinical setting can
be overcome.”'® These studies have demonstrated marked
improvement in the depiction of intraplaque hemorrhage and
calcification in vivo but have largely ignored differences in
regional plaque susceptibility that may be driven by com-
positional variations in the microstructure of fibrotic plaque
tissue. Results from this study highlight that QSM is sensi-
tive to the microstructural composition of arterial tissue, and
with further development it has the potential to offer unique
insight into the onset and progression of carotid atherosclero-
sis. Such characterization of carotid plaques has the potential
to improve the assessment of stroke risk using MRI®! and
could complement existing MRI methods capable of detect-
ing downstream hemodynamic alterations.®>®* Future work
will focus on QSM of diseased arterial tissue ex vivo, using
the insights from this study as a basis to fully characterize the
susceptibility contributions from intraplaque hemorrhage,
calcifications, lipid, and tissue microstructure in heterog-
enous atherosclerotic plaques.
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SUPPORTING INFORMATION
Additional Supporting Information may be found online in
the Supporting Information section.

FIGURE S1 To facilitate imaging of ex vivo carotid arter-
ies custom-made 3D printed holders were used for porcine
(A) and human (C) carotid arteries. Final sample set-up prior
to MR imaging shows porcine (B) and human (D) carotid
arteries positioned in 50 ml Falcon tubes and suspended in
PBS using the custom holders. Note that 3D printed holders
are composed of a bioplastic (polylactic acid) and appear-
ance varies due to the use of poly lactic acid filaments with
different colours — silver coloured filament (A) and (C), black
coloured filament (B) and (D)

FIGURE S2 Magnitude image (A) and common carotid ROI
definition (B) informed by histology for cadaver sample SO1.
ROIs were limited to normal appearing arterial tissue in the
common carotid. Regions of abnormal smooth muscle cells
(C), collagen (D and E), elastin (F), GAG (G) and calcium
(H), as identified by histology, were excluded from the final
ROI. From H&E histology regions of cell debris indicative
of necrotic core (ci), normal appearing tissue (cii) and the
cholesterol crystals (ciii) are evident

FIGURE S3 Magnitude image (A) and common carotid
ROI definition (B) informed by histology for cadaver
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sample S02. ROIs were limited to normal appearing ar-
terial tissue in the common carotid. Regions of abnormal
smooth muscle cells (C), collagen (D and F), elastin (E),
GAG (G) and calcium (H), as identified by histology, were
excluded from the final ROI. From H&E histology regions
of thickened intima (ci and cii) and normal appearing tissue
(ciii) are evident. Regions (ci) and (cii) were excluded from
the final ROI

FIGURE S4 Magnitude image (A) and common carotid ROI
definition (B) informed by histology for cadaver sample S03.
ROIs were limited to normal appearing arterial tissue in the
common carotid. Regions of abnormal smooth muscle cells
(C), collagen (D and E), elastin (F), GAG (G) and calcium
(H), as identified by histology, were excluded from the final
ROI. From histology, bilateral regions of thickened intima
are evident and excluded from the final ROI (yellow arrows)
FIGURE S5 Magnitude image (A) and common carotid ROI
definition (B) informed by histology for cadaver sample S04.
ROIs were limited to normal appearing arterial tissue in the
common carotid via histology visualising smooth muscle
cells (C), collagen (D and E), elastin (F), GAG (G) and cal-
cium (H)

FIGURE S6 Magnitude image (A) and common carotid ROI
definition (B) informed by histology for cadaver sample SO5.
ROIs were limited to normal appearing arterial tissue in the
common carotid. Regions of abnormal smooth muscle cells
(C©), collagen (D and E), elastin (F), GAG (G) and calcium
(H), as identified by histology, were excluded from the final
ROI. From histology, a region of thickened intima is evident
and excluded from the final ROI (yellow arrow)

FIGURE S7 L-curves of all samples presented in this study
used for choosing iterative Tikhonov regularisation parame-
ter, a. The optimal iterative Tikhonov regularisation parame-
ter was determined to be = 0.02 for this study

FIGURE S8 Susceptibility maps produced for the different
porcine carotid tissue models (native, decellularised, colla-
gen degraded and elastin degraded) using different suscepti-
bility calculation approaches (TKD, direct Tikhonov, itera-
tive Tikhonov and MEDI). Maps of R, presented on bottom
row

FIGURE S9 Visual comparison of QSM pipelines including
and excluding high-noise regions (tube mask and noise mask)
in a representative human cadaver carotid artery. The com-
mon carotid ROI was defined in “normal” appearing tissue
between the red dotted lines

FIGURE S10 Boxplots comparing susceptibility measure-
ments extracted from vessels (n = 6) of each tissue model
for different susceptibility calculation approaches (TKD (A),
direct Tikhonov (B), iterative Tikhonov (C) and MEDI (D)).
Grey data points represent susceptibility measurements in in-
dividual vessels. Susceptibility values for tissue models com-
pared using ANOVA and post-hoc test (¥*P < .05, **P < .01,
#EEP <001, ¥*#*F¥P < .0001)
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FIGURE S11 (A-D) Comparison between masking pipe-
lines of susceptibility measures in cadaver common carotid.
For all dipole inversion approaches, agreement between
masking pipelines was excellent using the following criteria
- Poor < 0.4, Fair - 0.41-0.59, Good - 0.60-0.74, Excellent
> 0.75 [Ref 50 main text]. (E-H) Boxplots comparing sus-
ceptibility measurements in cadaver common carotid ar-
tery with fixed porcine carotid artery. Susceptibility values
were compared using ANOVA and no significant differ-
ence was seen between groups (TKD P = .7197, Tikhonov
P = 27322, Iterative Tikhonov P = .050082 and MEDI
P = .559292) Comparison between dipole inversion meth-
ods in cadaver tissue showed significant differences between
methods (ANOVA, P < .01). Post-hoc testing showed TKD
measured a significantly lower susceptibility compared to it-
erative Tikhonov (P < .01) and MEDI methods (P < .001),

direct Tikhonov measured significantly lower susceptibility
than MEDI (P < .05). It is also notable that the variation be-
tween vessels is reduced with the application of the iterative
methods (i.e. wider spread of measured vessel susceptibility
in Figure S11A,B.E & F compared to Figure S11C,D,G &
H). This is due to the inclusion of noise weighting terms and
regularisation employed by the iterative fitting methods
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