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MR diffusion tensor imaging (DTI) was used to analyze the fibrous structure of aortic tissue. A fresh porcine aorta was imaged at
7T using a spin echo sequence with the following parameters: matrix 128 x 128 pixel; slice thickness 0.5 mm; interslice spacing
0.1 mm; number of slices 16; echo time 20.3s; field of view 28 mm X 28 mm. Eigenvectors from the diffusion tensor images
were calculated for the central image slice and the averaged tensors and the eigenvector corresponding to the largest eigenvalue
showed two distinct angles corresponding to near 0° and 180° to the transverse plane of the aorta. Fibre tractography within the
aortic volume imaged confirmed that fibre angles were oriented helically with lead angles of 15 = 2.5 and 175 + 2.5°. The findings
correspond to current histological and microscopy data on the fibrous structure of aortic tissue, and therefore the eigenvector maps
and fibre tractography appear to reflect the alignment of the fibers in the aorta. In view of current efforts to develop noninvasive
diagnostic tools for cardiovascular diseases, DTI may offer a technique to assess the structural properties of arterial tissue and

hence any changes or degradation in arterial tissue.

1. Introduction

Cardiovascular diseases are the leading cause of death in
the Western world, accounting for nearly half of all the
deaths in Europe [1]. The most common arterial diseases
are as a result of alterations in the structure of the arterial
wall [2, 3]. Principally, these structural alterations are due
to either degeneration of arterial tissue such as in the case
of aneurysms [3], or the accumulation of lipids within an
artery which can form plaques and stiffen the vessel, as in
atherosclerosis [2]. Arterial diseases often progress without
symptoms to a point where they sufficiently compromise the
circulatory system and subsequently cause a sudden, often
fatal event. In fact, aneurysms can dilate an arterial vessel
to the point where the vessel tears as a result of the blood
pressure, causing a massive haemorrhage [3]. Atherosclerotic
plaques can grow within an arterial lumen obstructing blood
flow and hence oxygen supply to an organ, causing ischemia

[2]. Ischemia can result in serious damage to vital organs and
ultimately can result in myocardial infarction or stroke.
Since arterial diseases may develop in a symptomless way,
the best way to diagnose and treat such diseases is by means
of preventive medicine and screening [2, 4]. The optimal
screening technique should be noninvasive and capable of
detecting early signs of alterations in the arterial structure.
Many hemodynamic studies have investigated the onset
of arterial disease in an attempt to provide early indicators
of arterial disease that may be detected during diagnostic
screening [4, 5]. They have shown that the arterial wall is
an active structure which is subjected to loading and able to
respond to environmental changes. In these studies attention
has been focussed on alterations in the blood flow pattern
in arteries which can create an imbalance in the complex
relationship between the forces that regulate the remodelling
of the arteries [4, 6-8]. In fact, an injury in the arterial wall
or a change in the fluid shear force can trigger an abnormal
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proliferation of the cells, thus causing atherosclerosis. These
studies show that the arterial wall is capable of remodelling
and it continuously adapts tending towards an optimal
balance between stress and strain [4, 7]. In other words,
it could be inferred that arterial diseases can be studied
by means of solid mechanics and that a disease could be
the result of a change in the vessel mechanical properties
[9]. This approach could improve the understanding of
atherosclerosis and could also be used in determining the
aetiology of aneurysms, which, is as yet not completely
understood [3].

In order to perform in vivo studies on the solid mechan-
ics of arteries a noninvasive technique that would expose
the patient to minimal harm must be used. Noninvasive
techniques that are commonly used for the study of arte-
rial diseases include Computed Tomography Angiography
(CTA) [10], Magnetic Resonance Angiography (MRA) [11],
X-Ray Angiography [12], and colour Doppler Ultrasound
[13]. These imaging modalities are limited as they can
only image the blood flow and cannot be used to study
the mechanics of the arterial wall. They can therefore only
provide information on the effect of arterial disease on
blood flow and not the underlying cause. Conventional
imaging techniques like Computed Tomography (CT) [14]
and Magnetic Resonance Imaging (MRI) [15] can be used
to image the arterial wall; however they can only provide an
anatomical description of a vessel which is insufficient for full
mechanical characterization.

In the 1990s, researchers developed an MRI application
capable of analysing in vivo the axonal structure of the
brain called Diffusion Tensor Imaging (DTI) [16]. DTI is
capable of describing the degree of anisotropy of a tissue
by analysing the diffusion of water molecules. This motion,
which is normally random and hence the same in every
direction, that is, isotropic, is altered and constrained in a
biological tissue, that is, anisotropic, due to the composition
of the underlying microstructure [17]. DTI consists of
measuring the diffusion coefficients of water molecules in
different directions for each pixel of the image and then
creating a diffusion tensor for each pixel [18]. Furthermore,
the direction of greatest diffusion, represented by the first
eigenvector of the diffusion tensor, can be used to provide
information on the fibrous architecture of the tissue, because
water molecules will diffuse preferentially along fibres rather
than across them [17]. The process of determining the
fibre architecture from the diffusion tensor is called fibre
tractography [19]. Since the development of DTI and fibre
tractography [16, 19], these methods have been successfully
applied to the brain [20], the heart [21, 22], skeletal muscle
[23], cartilage [24, 25], and bone [26]. The combination of
DTI and fibre tractography has enabled the architecture of
the fibrous components of these tissues to be established in
vivo.

Arterial tissue can be regarded as a fibre-reinforced
material, because different kinds of fibres are present in
the arterial wall. The arterial wall can be divided in three
layers, each one with its own properties [7, 27]. The
inner one is extremely thin and is called the intima. It is
composed of endothelium and subendothelium and its role
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consists of protecting the other layers from plasma lipids
and lipoproteins. The middle layer is the media, where both
elastic laminae and smooth muscle cells (SMCs) are present.
In histological studies reported by Rhodin [27], the elastic
laminae are described to be concentrically arranged, while
SMCs are reportedly oriented diagonally at small angles,
forming a spiral around the vessel. The outer layer is the
adventitia, which is dense fibroelastic tissue without smooth
muscle cells. Large elastic arteries, such as the aorta, contain
high levels of elastin fibres in the media in order that they can
withstand the pulsatile pressure waveform produced by the
heart whilst more muscular arteries contain higher levels of
smooth muscle cells and collagen and lower levels of elastin
[7, 27]. The quantity and distribution of fibres within the
arterial wall and their quality is therefore a direct measure
of the mechanical strength and the health of arterial tissue
[9].

In this study the aim was to assess the applicability of
DTI for determining the fibre structure of arterial tissue.
In particular, DTI was evaluated to establish if it could
determine the helical and near circumferential arrangement
of fibres within the aorta that has been extensively reported
to be present within arterial tissue.

2. Materials and Methods

A porcine aorta was harvested from a six-month-old pig
of Irish breed. The thoracic-abdominal section of the aorta
was cut from the complete aorta. The vessel was 122 mm
long and had a thickness of 2 mm in the proximal section
and 1.5mm in the distal one. The external connective
tissue was removed from the aorta, and the vessel was
placed in a custom designed cylindrical chamber filled with
water. The chamber had dimensions of 32 mm diameter and
200 mm length. The chamber was designed to fit a circular
polarised whole body Radio Frequency coil for a 7T Biospec
(Bruker Biospin, Germany) Magnetic Resonance Imaging
(MRI) scanner. The sample was scanned within 24 hours
of slaughter according to the following Diffusion Tensor
Imaging (DTI) acquisition protocol: spin echo sequence;
matrix 128 x 128 pixel; slice thickness 0.5 mm; interslice
spacing 0.1 mm; number of slices 16; echo time 20.3 s; field
of view 28 mm X 28 mm.

Diffusion Tensor Imaging is characterised by the appli-
cation of a diffusion sensitivity gradient over at least six
noncoplanar directions and by the application of a particular
b value, where the b value is a measure of the sensitivity to
diffusion, defined as follows:

S exp(—bD), (1)
So
where S is the signal of the image analysed with an encoding
gradient, Sy is the signal of a reference image (i.e., one
taken with a null gradient), and D is the diffusion tensor
[17]. The b value influences the signal-to-noise ratio and
also describes the impact that the diffusion has on the
image: when the b value increases, water molecular diffusion
increases and therefore the signal of the image, S, diminishes
along the direction of the gradient and the signal-to-noise
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ratio decreases [28, 29]. In contrast, for low b values the
signal-to-noise ratio can be high but diffusion of water
molecules along fibres is so low that fibre tracking may
be impeded. The b value and the gradient are connected:
the b value is proportional to gradient parameters such as
amplitude, duration, and time spacing and the most suitable
value depends on the tissue type being imaged [29, 30].
Therefore an optimal b value for arterial tissue had to be
determined. In this study the gradient was applied over
six diffusion directions and scans were repeated for six
different b values; in particular the values analysed were:
200, 400, 600, 800, 1200, and 1600 s/mm?. Five repetitions
of each measurement were taken and then averaged using
a custom routine implemented in MATLAB. Averaging the
measurements over five repetitions ensured that the results
were more robust; however, measurements obtained from
only one repetition where only the central slice of the image
was considered and where all the slices were considered
showed very little deviation from the averaged results of the
five repetitions; see Tables 1 and 2, respectively.

By analysing the images taken for different diffusion
directions for each pixel it is possible to derive a tensor
that contains the information regarding the local diffusivity.
Moreover, eigenvalues and eigenvectors can be extrapolated
from each diffusion tensor [18]. Diffusion eigenvalues are
important for the determination of a parameter called
fractional anisotropy (FA) [30]. The FA is an index of the
anisotropy of diffusion in the tissue and ranges between
0 and 1, with 0 being isotropy and 1 being complete

anisotropy. The fractional anisotropy is defined according
to (2), where D is the diffusion tensor, A1, Ay, A3 are its
eigenvalues, and tr(D) is the trace of D [30]:

(M-D)+ (L-D) + (D)’

3
FA‘\& JEESEEW )
= tr(D)
D= 3

In addition, diffusion eigenvectors are important for the
determination of fibres patterns; the first eigenvector (i.e., the
vector corresponding to the largest eigenvalue of the tensor)
represents the direction of maximal diffusion and therefore
it represents the predominant fibre direction [17, 19]. Fibre
tractography can be defined as the pixelwise interpolation of
the directions of the first eigenvector. Different interpolation
algorithms are available, and in this study the algorithm
implemented for the DTI fibre analysis was that available
in the software MedINRIA (Sophia Antipolis, France). This
software was chosen because it is optimised for DTI on
clinical datasets. In fact, in order to reduce the noise which
is common in these kinds of acquisitions, MedINRIA applies
a maximum likelihood strategy. The estimation of the tensor,
together with the use of Log-Euclidean metrics for tensor
processing, improves the quality of the fibres reconstructed,
which are tracked by using a streamline algorithm [31].
Using MedINRIA the diffusion tensor for each b value was
evaluated and the fibre tractography was performed. In order
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TasLE 1: Evaluation of the difference in the eigenvector angles between each repetition and the average over all the repetitions for the central

slice of the image.

Angles between 0°—90°

Angles between 90°-180°

Most prevalent

% of Most prevalent % of

angle range (°) occurrence angle range (°) occurrence

bl 5+25 7.29 175 £ 2.5 4.19

b2 5+25 9.12 175 £ 2.5 6.50

.. b3 5+25 12.35 175 £ 2.5 8.42
Repetition n.1

b4 5+25 13.49 175 £ 2.5 11.00

b5 5+25 15.76 175 £ 2.5 10.87

b6 5+25 17.50 175+ 2.5 10.87

bl 5+25 8.64 175 £ 2.5 5.94

b2 5+25 10.74 175 £ 2.5 8.77

” b3 5+25 13.23 175 £ 2.5 12.31
Repetition n.2

b4 5+25 15.58 175 £ 2.5 12.13

b5 5+25 17.29 175 £ 2.5 13.66

b6 5+25 18.33 175+ 2.5 15.28

bl 5+25 9.04 175 £ 2.5 6.90

b2 5+25 14.14 175 £ 2.5 10.13

.. b3 5+25 13.71 175 £ 2.5 11.39
Repetition n.3

b4 5+25 17.63 175 £ 2.5 11.39

b5 5+25 19.21 175 £ 2.5 10.43

b6 5+25 19.07 175+ 2.5 14.01

bl 5+25 8.77 175 £ 2.5 5.46

b2 5+25 13.18 175 £ 2.5 8.90

.. b3 5+25 13.05 175 £ 2.5 10.91
Repetition n.4

b4 5+25 14.80 175 £ 2.5 11.65

b5 5+25 18.07 175+ 2.5 12.75

b6 5+25 16.89 175+ 2.5 11.48

bl 5+25 8.47 175 £ 2.5 6.11

b2 5+25 10.30 175 £ 2.5 8.77

.. b3 5+25 14.80 175 £ 2.5 11.48
Repetition n.5

b4 5+25 16.06 175 £ 2.5 12.13

b5 5+25 19.82 175+ 2.5 13.09

b6 5+2.5 19.82 175 +2.5 13.09

bl 20+ 2.5 9.15 160 £ 2.5 8.77

b2 5+25 11.41 175 £ 2.5 10.88

.. b3 5+25 15.28 175 £ 2.5 12.39

Averaged repetitions

b4 5+25 17.92 175 £ 2.5 11.62

b5 5+25 19.01 175 £ 2.5 15.14

b6 5+25 18.56 175+ 2.5 15.14

to proceed with the fibre tractography a region of interest
(ROI) was manually defined that corresponded to the area
between the external and internal boundary of the aorta,
as delineated from the central image slice of the aorta. The
software then tracked all the fibres passing through that
ROI. The fibre tractography parameters were determined
through previous DTI empirical measurements on aortic
tissue and these parameters include the FA, the sampling
pixel number, the minimum fibre length in mm and the
smoothing interpolation of the fibres. These parameters were
defined as follows: the FA was set to 0.2, the value for

which no fibres were tracked in the water; the sampling pixel
number was set to 3, the number of pixels used to determine
the initial fibre vector direction; the minimum fibre length
was set to 10 mm; and the smoothing of the interpolated fibre
was set to 20% [32]; see the appendix for more details on the
process used to determine these parameters.

Subsequently, in MATLAB (Natick, MA, USA) two
custom routines were implemented, one for the analysis
of the tensor and one for the analysis of the orientation
of fibres; see Figure 1. The tensor analysis consisted of the
extrapolation of the first eigenvector from the tensor, and
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TaBLE 2: Evaluation of the difference in the eigenvector angles between each repetition and the average over all of the repetitions. In this case

the measurement is averaged over all of the slices of the volume.

Angles between 0°—90°

Angles between 90°—180°

Most prevalent

% of Most prevalent % of

angle range (°) occurrence angle range(°) occurrence
bl 5+25 7.09 175 £ 2.5 4.36
b2 5+25 9.76 175 £ 2.5 6.72
.. b3 5+25 11.33 175 £ 2.5 8.42
Repetition n.1
b4 5+25 12.55 175 £ 2.5 10.06
b5 5+25 15.08 175 £ 2.5 10.72
b6 5+25 14.99 175 2.5 10.43
bl 5+£25 8.69 175 £ 2.5 5.50
b2 5+£25 10.85 175 £ 2.5 8.34
” b3 5+25 12.70 175 £ 2.5 10.13
Repetition n.2
b4 5+25 14.21 175 £ 2.5 11.15
b5 5+25 16.28 175+ 2.5 11.37
b6 5+25 15.63 175+ 2.5 12.48
bl 5+£25 8.18 175 £ 2.5 6.35
b2 5+25 11.59 175 £ 2.5 9.21
.. b3 5+25 12.96 175 £ 2.5 10.72
Repetition n.3
b4 5+25 15.93 175+ 2.5 11.24
b5 5+25 16.19 175+ 2.5 11.48
b6 5+25 17.59 175+ 2.5 12.72
bl 5+25 8.12 175 £ 2.5 5.52
b2 5+25 11.48 175 £ 2.5 9.54
.. b3 5+25 12.85 175 £ 2.5 10.32
Repetition n.4
b4 5+25 14.45 175+ 2.5 11.04
b5 5+25 16.17 175+ 2.5 11.11
b6 5+25 16.80 175 2.5 11.26
bl 5+£25 7.42 175 £ 2.5 5.63
b2 5+25 11.46 175 £ 2.5 8.36
.. b3 5+25 12.44 175 £ 2.5 10.10
Repetition n.5
b4 5+25 13.29 175 £ 2.5 12.00
b5 5+25 16.24 175+ 2.5 12.31
b6 5+25 16.24 175+ 2.5 12.31
bl 20+ 2.5 9.14 175 £ 2.5 7.45
b2 5+£25 10.28 175 £ 2.5 9.35
.. b3 5+25 12.57 175 £ 2.5 10.14
Averaged repetition
b4 5+25 14.65 175+ 2.5 10.48
b5 5+25 13.45 175+2.5 13.20
b6 5+25 14.03 175+ 2.5 13.31
the determination of the angle it formed with the x-y plane, x = Rcos(t),
as illustrated in Figure 2(a). This was conducted on a single — Rsin(t) 3)
slice of the image (the central one). In order to study the V= ’
consistency of the results over the length of the sample, the z=ct,

average of the tensor over all the slices was considered, and
the angle of the eigenvector calculated. In both cases the
study was focused on the ROI defined in MedINRIA.

The fibre distribution was analysed in another routine
that assumed each fibre to be a portion of a helix. Conse-
quently, the fibres could be represented by the following set
of equations which are the general equations for a helix [33]:

where t is the angle with the x axis, R is the radius and c is the
lead. From these equations the definition of the helix angle
can be derived and used to define the lead fibre angle, that is,
the angle shown in Figure 2(b), as follows:

tan(6) = %. (4)
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FI1GURE 2: (a) Convention for the lead fibre angles calculated in this
study; (b) definition of the fibre angle.

In order to apply these equations the fibres’ coordinates,
which were stored in an ASCII coded text file, needed to
be converted from the image reference system to cylindrical
coordinates, and therefore a centre had to be determined.
Therefore, the ROI mask was used to determine the centre
of mass of the aortic section and this was taken as the origin
of the reference cylindrical coordinate system. Once the
coordinates were converted, (4) was applied and the resultant
fibre angle distribution was computed. For each fibre, the
fibre angle was evaluated for each point of the fibre and then
the median was taken. Test helices were created in MATLAB
for the purpose of testing this routine. The helices had known
angles (30°, 45°, and —30°), and the routine described above
was successful in determining their lead angles.

3. Results

The process of determining the fibrous structure of the aortic
tissue is illustrated in Figure 3, where all of the steps in the
imaging and postprocessing procedure are shown. Firstly,
the anatomical image resulting from the scan is used to
determine the ROI; see Figures 3(a) and 3(b). Secondly,
the diffusion tensor is analysed in MATLAB and the angle
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between the first eigenvector and the x-y plane determined
and mapped onto the ROI; see Figures 3(c) and 3(d). From
both of these images it can be seen that the region of the
aorta in the image is still recognisable using the tensor map.
Finally, the tensor is analysed using MedINRIA and the fibres
tracked through the ROI of the aorta; see Figures 3(e) and
3(f). From these images it can be seen that the fibres plotted
are distributed throughout the thickness of the aorta and that
they are predominantly oriented circumferentially within the
x-y plane of the aorta.

The results for the tensor orientation were analysed for
different b values to determine the influence of the b value
on the tensor angles obtained. For the tensor representing
the central slice and the averaged tensor, the angle between
the first eigenvector and the x-y plane had greater variability
for small b values and became increasingly more consistent
at higher b values; see Figures 4 and 5. Two dominant
eigenvector angles, close to 0° and 180°, are evident for the
analysis of the tensors of the central slice image for all b
values (Figure 4), whilst three, close to 0°, 90° and 1807,
are present in the averaged images (Figure 5). However, by
using the parameters defined above to carry out the fibre
tractography such that the fibre angles were tracked, two
dominant fibre angles were found between 15° + 2.5° and
175° +2.5°, respectively (Figures 6 and 7). These angles were
found to be independent of the b value applied during the
imaging sequence. In the fibre tractography plots (Figures 6
and 7), the fibre angle distribution is evaluated over bands of
5°, and centred in the middle of each band.

4. Discussion and Conclusions

The arterial wall constitutes a highly organized tissue which
must withstand a complex network of forces acting on it, as
shown by Burton [6] and Peterson et al. [34]. The organisa-
tion of the tissue is therefore of utmost importance, as it has
to offer distensibility and resistance [7]. The arterial tissue
mechanical properties are derived from its microstructure
which is constituted by collagen, elastin fibres, SMCs, and
ground substances [27]. The fibrous components reinforce
the structure and their distribution generally corresponds
to the direction of maximum stress [6, 7]. The orientation
of arterial fibrous components has been studied with many
different techniques including histology [27], scanning elec-
tron microscopy (SEM) [35], confocal electron microscopy
[36], and confocal laser scanning microscopy [37]. All of
these techniques were consistent in finding that arterial
tissue fibres are woven according to a helical pattern with
a small pitch. In particular, in the study from O’Connell
et al. [37], where the three-dimensional architecture of
arterial fibres was reconstructed by means of microscopy,
they demonstrated that all three fibrous constituents of the
artery (i.e., collagen, elastin fibres, and SMCs) are aligned
predominantly in the circumferential direction and in partic-
ular approximately =10° from the circumferential direction.
The results presented in the current study are in accordance
with this result. Firstly, by looking at Tables 1 and 2 it can
be seen that in every repetition (as well as in the averaged
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FIGURE 3: Steps in the DTT procedure and image postprocessing; (a) MRI anatomical scan, (b) the ROI of the aorta, (c) a map of the angle of
the first eigenvector with the x-y plane, (d) a map of the angle of the first eigenvector with the x-y plane with the ROI clearly identified, (e)
the results of the tractography process with the fibres superimposed on the reference image, and (f) the aortic fibres within the ROT alone.

repetitions) the eigenvector angle is predominantly oriented
in the range of 5 = 2.5° and 175 = 2.5°. The tensor maps,
where the angle of the first eigenvector with the x-y plane
is mapped, also show that the main diffusion direction has
a small angle. In particular, by looking at the map for a
single slice, it is clear to see that only the angular extremes,
0° and 180°, are evident on the contour map of the artery
(Figure 4). This trend was seen in all individual slices where
the eigenvector of the diffusion tensor was determined;
however, when considering the overall sample, as in Figure 4,
areas with eigenvectors at 90° to the x-y plane are also
present. By comparing the maps of the pixelwise eigenvectors
for individual slices (central slices are shown in Figure 4)
to that of the averaged tensor (Figure5), it appears that
some changes in the diffusion direction occur in parts of
the vessel such that pixels with 0° and 180° eigenvector
angles in different slices when averaged result in an angle
of 90°. Therefore, analysis of the averaged tensor gives an
indication of changes in the diffusion along the length of the
vessel whilst individual slices give information on the local
diffusion and may be indicators of fibre directions in specific
regions of the vessel.

To establish fibre directions more conclusively, fibre trac-
tography needs to be performed and the fibre tractography

on the diffusion tensors in the current study identified
dominant fibre angles of 15 + 2.5° and 175 + 2.5°, as
seen in Figures 6 and 7. This is consistent with the fibre
direction reported in the literature for arterial tissue by
O’Connell et al. [37]. This result is also in agreement with
the eigenvector angles obtained directly from the diffusion
tensor. Differences between the eigenvector angles and the
fibre angles are to be expected due to the fact that these can
be regarded as two different entities. In fact, even though the
determination of the fibres is based on eigenvector angles,
it is the three-dimensional eigenvector arrangement that
dictates the fibre together with the constraints imposed by
the tractography algorithm.

All of these results support the use of DTI as a means
of obtaining a reliable description of the natural fibre
orientation of arterial tissue in a noninvasive way; whereas
techniques such as histology and microscopy need the tissue
to be harvested and fixed. Harvesting the vessel, whilst
clearly invasive, also has implications for the structural
properties since that it removes any in situ longitudinal or
circumferential prestretches. Moreover, with most of these
techniques only small bi-dimensional portions of the arterial
wall can be analysed, while with DTT it is possible to obtain
the global, three-dimensional, fibre orientations.
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FIGURrE 4: Contour maps of the angle between the first eigenvector and the x-y plane for the central slices of the image data sets for the

different b values.

Another interesting feature of this study is the determi-
nation of the most appropriate b value for the analysis of
the fibrous orientation within the arterial wall. The optimal
b value in DTT is dependant on the tissue being studied;
for example, a value of 1000 s/mm? has been reported for
cartilage [24], whilst 400 s/mm? has been used for the medial
nerve in the human wrist [28, 38], and values between 500
and 800 s/mm? for the myocardium [39, 40]. The b value
appears to be connected with the composition of the tissue

studied and therefore can be used for the diagnosis of
diseases that alter such composition [41, 42].

To the best of the authors’ knowledge a suitable b value
for DTI of arteries has not been reported to date and
therefore a range of increasing b values were used in this
feasibility study. To find the optimal b value the information
in each image set for this range of b values had to be analysed,
in particular the amount of significant data obtained in
each image had to be quantified. For each b value the
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F1Gure 5: Contour maps of the angle between the first eigenvector and the x-y plane for the averaged tensors of the image data sets for the
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tensor maps and the fibre tracts were analysed and data
such as the eigenvector angle and fibre angle distribution
were extrapolated. Finally, these data were compared over
the different b values in order to define the optimal one. It
is possible to make this comparison by looking at the results
shown in Figures 4-6.

For b values less than or equal to 600s/mm? it can
be seen that while there is agreement with higher b values
in terms of the fibre angles plotted (Figures 6 and 7), the
corresponding tensor map is not coherent. It can be seen in

Figures 4 and 5 that for b1 and b2 a variety of angles are
obtained; whereas for higher b values and in particular for
b4, the angles determined converge on two dominant angles.
This is supported also by an analysis of the eigenvector
angle orientation for the different repetitions. Tables 1
and 2 show that for b1 the orientation registered in the
average of the repetitions is different from that obtained
for each single repetition. This is due to the higher level of
incoherence of pixel values at bl over the different repeti-
tions.
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FiGURE 6: Distribution of the fibre angles over the analysed volume
for different b values, (a) number of fibres; (b) percentages of fibres.
The fibre angles are evaluated over bands of 5° and centered in the
middle of each band.

At the same time, for b values higher than 800 s/mm?,
the tensor maps show small changes, especially in Figure 5.
This is confirmed in Figure 6 where the number of fibres with
intermediate angles, especially in the range between 40°-90°
obtained for b5 and b6 are higher than at b4. In addition, the
highest number of fibres is tracked for values in the range
b2 to b4 whilst the number reduces from b2 to bl, and
b4 to b6. These results suggest that the optimal b value for
arteries may be around 800 s/mm? (b4), as this is the value
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FIGURE 7: Histogram representing the fibre angle distribution for
different b values. For ease of representation it has been split into
two graphs: (a) 0° to 90°; (b) 90° to 180°. The angles are evaluated
over bands of 5° and centered in the middle of each band.

for which there is a balance between the eigenvector angles
in the tensor maps and the fibre data obtained by the fibre
tracking procedure.

A limitation of this study is a lack of direct validation
of these results through histology [27] or through other
microscopic techniques [35-37]. The main objective of this
study, however, was to use DTI for imaging the arterial
structure and to compare the preliminary results obtained
with the data available in the literature in order to show
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the feasibility of this approach. Another limitation was the
analysis of a vessel in the unloaded configuration, whereby
the circumferential stretch was preserved, but the longitudi-
nal stretch was lost. Taking these limitations into account it is
still clear that DTT of arterial tissue is feasible and that it can
be used to successfully image the fibrous structure of arterial
tissue in a noninvasive way.

In the future, DTT of an arterial vessel in a longitudinally
tethered state and loaded with a pulsatile lumen pressure will
be carried out, and finally the technique will be translated
to an in vivo setting. The result of this procedure will be a
noninvasive imaging technique with the potential to study
the fibrous architecture of arteries in vivo which can be used
for early diagnosis of arterial diseases.

Appendix

The appropriate tensor and tractography parameters were
defined by means of a number of sensitivity tests. In order
to obtain the most suitable value for each parameter, a range
of values were applied and the differences observed between
the results obtained considered, to establish the most suitable
parameter for this particular application.

For the tensor parameters, the background suppression
and the tensor smoothing had to be set. The background
suppression consists in setting a threshold on the signal of the
image under which no tensor will be estimated, based on the
reference image S,. This value was set to 1,000 (compared to a
maximum signal of 32,766) in order not to interfere with the
fibre tracking due to the fact that some areas of the arterial
tissue were nearly as dark as the background. Regarding the
tensor smoothing, a feature available in MedINRIA to reduce
the noise of the tensor was set to “high,” because by analysing
the different FA maps, this was found to be the only value that
would suppress the effect of the surrounding water.

For the fibre tractography, the optimal FA threshold, the
minimum fibre length, the smoothness of the fibres, and the
sampling parameters had to be established. The FA value
was analysed first. Fractional anisotropy can be regarded
as a tool to erase the noise and therefore the threshold
value of FA influenced the amount of fibres tracked in the
total image volume. The optimal FA should track fibres
predominantly in the region of interest. For the aorta
encased in fluid, extremely low FA threshold values (<0.15)
resulted in large amounts of fibres being tracked in the water
volume, while high FA threshold values (>0.3) resulted in
very few fibres being tracked even in the aortic volume.
Empirically we found that for an FA threshold value of 0.2
most of the fibres were tracked in the aortic volume and
almost none in the water. Following the establishment of
a suitable FA value, the effect of the minimum length of
the fibre tracked was considered. Over two different sets
of images, three different fibre lengths were considered; 5,
10, and 15mm. For a setting of 5mm many fragmented
fibres were tracked while for 15mm only a few fibres,
albeit extremely long fibres, were tracked. By comparison
to available histological data on aortic tissue, a minimum
fibre length of 10 mm showed an optimal tradeoff between
the number of fibres and their length for all the different b
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values and enabled a suitable sample from which average
fibre directions could be ascertained. The value of 10 mm
corresponds to one third of the planar resolution of the
image. The influence of the smoothness parameter on the
fibres tracked was also addressed. This parameter defines
the smoothness of the curvature of the final fibre and
ensures that large discontinuities in curvature from pixel to
pixel of the image are identified such that they cannot be
considered one fibre. For the chosen fibre length of 10 mm,
variations in the smoothness value over a large range (20%-—
80%) showed that the fibre number tracked is relatively
insensitive to this parameter and a value of 20% was applied
to all subsequent images. Finally, the sampling parameter
was investigated. The sampling parameter accounts for the
number of pixels used for the determination of the fibre.
A sampling parameter of one pixel, although extremely
accurate, is computationally expensive. Empirically we found
that a sampling parameter of three, where fibre tracking is
only performed in one voxel out of each three, yields very
good accuracy by comparison to a sampling of one pixel and
reduces the computational time considerably [32].

List of Symbols

: Image with a null gradient (reference image)
Image corresponding to an encoding gradient

: Sensitivity to diffusion factor, i = [1-6]

Diffusion tensor

: Eigenvalues, i = [1,2, 3]

Angle with the x axis

Helix lead constant

Helix radius

Fibre angle.
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