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Abstract

Patients with vestibular schwannoma (VS) may experience facial nerve (FN) dam-
age after surgery, leading to possible facial paralysis. This is because the FN can
be dislocated by the VS and therefore its location is a priori unknown to the
surgeon. The aim of this thesis is to evaluate the feasibility to use DTI fiber
tracking algorithms for the preoperative determination of FN course in patients
with VS and to optimize the DTI sequence to decrease the total acquisition time
and improve FN reconstruction.

In this thesis, starting from an accurate evaluation of the state of the art, a
multi-shell DTI acquisition protocol was optimized and it was included in the
standard presurgical MR protocol. The presurgical MR data of five patients with
VS were analyzed. Both deterministic (FACT) and probabilistic (SD STREAM
and iIFOD2) fiber tracking algorithms were applied for the reconstruction of FN
course. The acquired multi-shell DTT data were then subsampled in four sub-
protocols: three mono-shell DTT protocols and one with half diffusion directions
with respect to the original one. The performance of these reduced protocols was
compared with that of the total protocol, to evaluate the feasibility to reconstruct
a reliable facial nerve course with a shorter acquisition time for the patient.

The qualitative validation of the results was carried out with a team of experi-
enced physicians, comparing the position of the FN with respect to the tumor
location found in-vivo during the surgery with that obtained with iFOD2 algo-
rithm applied to the total acquisition protocol. The first quantitative analysis
consisted in comparing the total and reduced protocols by assigning a score re-
lated to the reliability of the results of the tractography for the two probabilistic
tracking methods and acquisition protocols. Four common diffusion indices were
also computed for each patient and protocols for both probabilistic tractography
algorithms, with the aim to evaluate a possible relationship between facial nerve
integrity and its functionality before the surgery.

The reconstructions of FN showed that the FACT algorithm failed to generate any
streamline in any of the patients. The qualitative validation results showed that
in three of the five patients, the FN reconstruction confirmed the nerve course
that was observed intraoperatively. For the other two patients the reconstruction
did not show clear results. These two patients presented a very challenging and
particular position of the FN. Although not completely faithful to the intraop-
erative findings, the reconstructed FN in these two patients provided important
and useful information that could have helped surgeons to better plan the oper-
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ation, if known in advance. The scores resulting from the comparison between
methods and protocols suggested that the iFOD2 algorithm, applied to the to-
tal protocol, is the most suitable for FN reconstruction. It is followed by the
SD STREAM algorithm, applied to the total protocol, which could be used as a
supplementary reconstruction method to help to achieve a greater reliability of
the results obtained with the iFOD2 algorithm. These results also showed that
the total protocol can not be reduced if physiologically reliable results want to be
obtained. Therefore, the total protocol seems to have the minimum requirements
for a reliable reconstruction of the FN in patients with VS. The analysis on the
diffusion indexes did not give faithful information on the nerve integrity, although
offering interesting results in one of the difficult patients.




Chapter 1

Introduction

Vestibular schwannomas are intracranial tumours that affect 1% of the popula-
tion. Most of these tumors are treated surgically with the aim to excise the tumor
and preserve the functions of the nerves located nearby. One of these nerves is
the facial nerve, whose main function is to control all the muscles responsible for
facial expression. However, 20% of the patients undergoing this type of surgery
still experience a partial or total damage to the facial nerve [1]. The main reason
is that the facial nerve can be dislocated by the tumor and therefore its location
is a priori unknown to the surgeon. Diffusion tensor imaging (DTT) tractography
has be shown to have the potential to predict the location of the cranial nerves,
including the facial nerve (FN). Employing DTI tractography to predict FN lo-
cation nearby the tumor is however not an easy task, since several nerves are
present in the tumor area, very close to each other (see Figure 1.1). Previous
studies indeed failed to reach a 100% accuracy in the prediction of the FN loca-
tion. The aim of this thesis is to optimize the DTT acquisition protocol and the
pipeline for DTI tractography analysis for the preoperative determination of the
facial nerve course in patients with vestibular schwannomas. The results of this
analysis will be compared with intraoperative findings, thanks to a team work
that has involved several doctors of the University Hospital of Padova.
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Figure 1.1: Sagittal series of a high-resolution T2-weighted MR image showing the
sections of the internal auditory canal from medial to lateral part. The colored
numbers distinguish the main nerves that result to be very close one to each
other. Adapted from [2].



1. INTRODUCTION

1.1 Vestibular schwannoma

1.1.1 Anatomy

Vestibular schwannomas (acoustic neuromas) account for about 5% of intracranial
tumors and more than 90% of cerebellopontine angle (CPA) tumors. The tumor
originates from an overproduction of Schwann cells, which normally enclose the
nerve fibers to help support and isolate nerves. These tumors are benign and
usually slow-growing. They originate in the internal auditory canal, producing
symptoms related to the compression of the nerve in the narrow boundaries of
the canal [3]. As the tumor grows, it juts out from the internal auditory meatus
and it can affect both the face sensation nerve (the trigeminal nerve), causing
facial numbness, and the facial nerve (for the muscles of the face) causing facial
weakness or paralysis on the side of the face ipsilateral to the tumor. If the tumor
becomes large, it will eventually press against nearby brain structures (such as
the brainstem and the cerebellum), becoming life-threatening. As the vestibular
schwannoma grows, it affects the hearing and balance nerves as well, usually
causing unilateral (one-sided) or asymmetric hearing loss, tinnitus (ringing in the
ear), and dizziness/loss of balance [4]. Figure 1.2 depicts the composition of the
ear, including the outer ear, middle ear, and inner ear. From the visible part of
the outer ear that resides outside of the head, the auditory canal leads to the ear
drum and the middle ear. The middle ear is made up of three bones: malleus,
incus and stapes, that are behind the ear drum. Further inside and past the
middle ear is the cochlea, a snail shaped organ. The cochlear nerve links the
cochlea with the brain. The vestibular nerve is located outside the cochlea. The
facial nerve runs parallel to the cochlear nerve towards the brain. Further inside
the skull a vestibular schwannoma, which is enveloped by the auditory and facial
nerves, is displayed.

1.1.2 Diagnosis

The first and most common symptoms of an acoustic neuroma are: unilateral or
asymmetric hearing loss, tinnitus and loss of balance or dizziness. Unfortunately,
early detection of the tumor is sometimes difficult because the symptoms may be
subtle and may not appear at the starting stages of growth. Furthermore, hearing
loss, dizziness, and tinnitus are common symptoms of many middle and inner ear
problems. Once the symptoms appear, an accurate ear examination and hearing
and balance testing (audiogram, electronystagmography, auditory brainstem re-
sponses) are therefore essential for proper diagnosis. Magnetic resonance imaging
(MRI) scans are crucial for the early detection of a vestibular schwannoma and
are helpful in determining the location and size of a tumor and in planning its
microsurgical removal [4].




1.1.3 Therapy

Early diagnosis of a vestibular schwannoma is fundamental to prevent its severe
consequences. There are three main options for managing an acoustic neuroma:

1. surgical removal: the specific type of operation depends on the size of the
tumor and the level of hearing in the injured ear. The goal of surgery is
to remove the tumor, preserve the facial nerve to prevent facial paralysis
and preserve hearing when possible. If the tumor is small, hearing may be
preserved and accompanying symptoms may improve after its removal. As
the tumor grows larger, surgical removal becomes more complicated because
the tumor may have damaged the nerves that control facial movement,
hearing, and balance and may also have affected other structures close to
the brain. The removal of tumors affecting the hearing, balance, or facial
nerves can sometimes worsen the patient’s symptoms because these nerves
may be injured during tumor removal [4]. Figure 1.3 shows an example of
vestibular schwannoma during a surgery for its removal.

2. radiation: radiosurgery, such as Gamma Knife radiosurgery, may be adopted
to reduce the size or limit the growth of the tumor. It consists of a delivery
of a precise dose of gamma rays on the area occupied by the tumor. This
technique does not damage the surrounding tissue and it does not make any
incision. Using imaging scans, physicians pinpoint the tumor and then plan
the direction of the radiation beams [5]. Radiation therapy is sometimes
the preferred option for elderly patients, patients in poor medical condi-
tions, patients with bilateral vestibular schwannoma (tumor affecting both
ears), or patients whose tumor is affecting their only hearing ear. Risks of
radiosurgery include hearing loss, ringing in the ear, facial weakness, facial
numbness, balance problems and treatment failure that leads a progressive
growth of the tumor.

3. observation: when the tumor is small or it grows slowly and causes few or
no signs or symptoms, it may be reasonable to monitor the tumor especially
if the patient is an older adult or otherwise not a good candidate for more-
aggressive treatments. MR scans and hearing tests are used to carefully
monitor the growth of the tumor [4].




1. INTRODUCTION

Vestibular

Figure 1.2: Illustration showing the different parts of the ear: inner ear, middle
ear, outer ear. The auditory canal starts from the outer ear and leads to the
ear drum and the middle ear. The middle ear consists of three bones located
behind the ear drum: malleus, incus and stapes. Further inside we find the
cochlea, a snail shaped organ pasting the middle ear, from which the cochlear
nerve originates. Outside the cochlea there is the vestibular nerve, from which
vestibular schwannoma originates. Facial nerve runs parallel to the cochlear nerve
toward the brain. Further inside the skull there is a acoustic neuroma wrapped
around the vestibular nerve and dislocating the facial nerve. Taken from [6].

Figure 1.3: Surgical view of a vestibular schwannoma during a translabyrinthine
removal.




1.2 Diffusion tensor imaging (DTI)

During the twentieth century many magnetic resonance imaging (MRI) tech-
niques were developed and among these, diffusion tensor imaging (DTT) is one of
the most powerful, since it allows to study the alterations of the microstructure
in several neurological disorders in a non-invasive way [7]. The main advantage
of diffusion tensor imaging consists in its ability to capture the information re-
garding the diffusion motion of water molecules at the microscopic level, which
is otherwise not feasible with other conventional MR techniques. Within a tis-
sue, water molecules have a random motion and the way they move is influenced
by several factors such as restrictions due to cell membranes, cytoskeleton and
macromolecules. Therefore, by studying how these factors contribute to the over-
all diffusional process, it may be possible to obtain helpful information about the
biological microstructure and eventually about its alterations. Diffusion images
are obtained by increasing the attenuation with the application of additional gra-
dients. Therefore, this process exploits a contrast mechanism different than that
in relaxation-weighted MRI. The maps of the signal intensity S, obtained through
this mechanism, are called diffusion-weighted images (DWTI).

Neural regions are connected through axons that function as transmission lines
between these regions. Since water molecules tend to diffuse more freely along the
direction of the fiber, if we can quantify the orientational preference of diffusion,
it may be possible to relate it to the axonal orientations [8]. The extent of the
diffusive phenomenon typical of neural fibers is characterized numerically through
diffusion imaging, by determining for each voxel the so-called diffusion ellipsoid,
mathematically described by a diffusion tensor. Starting from this tensor, one
can derive the diffusion indices, introduced in detail in subsection 1.2.5, which
quantify the type of diffusional process that affects the brain regions. The 3D
representation of the structure of the fibers becomes possible with tractography
techniques. There are many approaches that can be used do to this, each with
its own advantages and limitations, as described in subsection 1.2.6.

In this section, the physical process of molecular diffusion and the imaging tech-
nique that allows to study the diffusion phenomenon will be firstly presented.
Then the indices that quantify the type of diffusional process will be discussed.
The chapter ends with a comparison between the two tractography techniques
that can be used to create a 3D representation of the fibers.

1.2.1 Molecular diffusion

DTI is an MR technique sensitive to diffusive properties of water molecules.
Molecular diffusion is the result of the translational movement of molecules via
thermally driven random motions, the so called Brownian motion. The mathe-
matical expression that describes the mobility of the molecules, was formulated
by Albert Einstein in 1905 and is expressed by the following equation:

<r*>=2-D Ty (1.1)
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1. INTRODUCTION

where < r? > is the mean diffusion distance (mm), Ty is the diffusion time (s)
and D is the diffusion coefficient (mm?/s). This last coefficient is defined by the
Stokes-Einstein equation (1.2) and describes the diffusion coefficient of a spherical

particle in a viscous fluid:

p_ ket (1.2)

6 -1rp -1

where kg is the Boltzmann’s constant (J/K), r, is the particle’s radius, 7 is the
viscosity of the fluid.
The diffusion coefficient for free water at 37°C is equal to 3 - 107?m?2s~!, how-
ever in the tissues it decreases for the presence of physiological barriers, such as
cellular membranes, macromolecules and fibers, which decrease the mobility of
the molecules. Therefore, the diffusion coefficient is an hallmark of the integrity
and the functionality of tissues and can be used to identify possible pathological
alterations.

Isotropic diffusion

Water molecules in the brain are constantly moving (in Brownian motion). When
motion is unconstrained, as in the large fluid-filled spaces deep in the brain (e.g.,
the ventricles, as illustrated in Figure 1.4), diffusion is isotropic, which means
that motion occurs equally and randomly in all directions. In this case the dis-
placements of the water molecules can be described by a Gaussian distribution
along one axis (e.g., X):

1
- 2ﬂe*12/2"2 (1.3)

where 1/0+v/27 is the scaling factor to normalize the area under the curve to 1.
In our case, the parameters o, which controls the width of the curve, tells us how
far water molecules travel on average, so it is equal to the mean diffusion distance
r. Therefore, by using equation (1.1), ¢ is equal to v/2DTy; by substituting this
equation in equation (1.3) we can obtain the population of water molecules that
moved along x at a generic time point t:

1
P(l',t) = \/ﬁex2/4Dt (14)

This shows that the longer is the time passed (t), the wider the distribution
becomes. For fixed t, higher diffusion constants lead to a wider distribution [9].
Moving in a three-dimensional space, the Gaussian distribution becomes:

1 —rTr/4Dt _ 1 _z2+y2+z2

P(r,t) = W W@ 4Dt (1.5)

This surface is called "Diffusion sphere" when the sphere radius is equal to the
square root of the quantity defined by equation (1.1) :

? + 1% + 2° = (V2Dt)? (1.6)
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Therefore, the particle motion is characterized by a single value of D, equal along
the three directions, and thus it is impossible to identify a preferential direction,
as shown in Figure 1.4.

Figure 1.4: Isotropic diffusion in a 2D space. Water molecules do not move along
a preferential direction; the motion is random.

Anisotropic diffusion

We talk about anisotropic diffusion when the motion of the molecules is con-
strained to follow a preferential direction, as in white-matter tracts (see Fig-
ure 1.5). To characterize this type of motion the constant diffusion coefficient D
is not enough anymore, therefore we can introduce the diffusion tensor D:

Dzax Da:y D:cz
Dyﬂ»‘ Dyy DZJZ
Dzz Dzy Dzz

This is a symmetric tensor, i.e. D;; = Dj; for i # j and this means that for
its complete description, six coefficients, instead of nine, are sufficient. In an
anisotropic medium, the Gaussian distribution becomes:

P(rt) = — " Dr/u (1.7)
(47(DIt)?

and the surface described by equation 1.7 is called "diffusion ellipsoid" and it
has one principal axis, which corresponds to the direction in which the major
diffusion coefficient is registered.
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Figure 1.5: Anisotropic diffusion in a 2D space: the motion is oriented more in
one direction (along y axis) than in the others.

1.2.2 Diffusion MR signal

The effect of diffusion on the MR signal was first noted by Hahn in 1959 [11| and
later by Carr and Purcell in 1954 [12|. In 1956 Torrey, by adapting the Bloch
equations, created the so-called Bloch-Torrey Equation [13]. In 1965 Stejskal and
Tanner performed an experiment called "Pulsed gradient spin echo (PGSE)",
which allowed to do the first quantitative measurements of molecular diffusion
[14]. The protons are the responsible of the signal measured with MR. With no
external magnetic field, spins have random spatial orientations and thus zero net
sum. The application of a high external and stationary magnetic field (By) at
high intensity (0.3-3T in clinical practice) causes the protons’ spins to align with
it. After (By) application, a perturbation is applied for few milliseconds and after
it the system returns to the non-perturbed state. This perturbation is caused by
the magnetic field (B;) perpendicular to (By) and at low intensity (uT). After the
removal of the (B;) field, the magnetization of the protons returns to its initial
conditions through relaxation phenomena and the Free Induction Decay (FID)
signal, which reflects the loss of residual magnetization, is measured.

The Stejskal-Tanner sequence is a particular spin-echo sequence that allows to
obtain an MR signal bound to the diffusion coefficient. The sequence consists of
one 90° radio-frequency pulse followed by a second one of 180°. The first pulse
allows the spins, previously aligned to the By field, to orient themselves to the
plane perpendicular to the direction of the magnetization vector. Spins in this
condition start oscillating at the Larmor frequency and the magnetization vector
returns to the condition preceding the application of the 90° pulse through loss of
spin-spin magnetization according to a time T2, called "transversal relaxation".
The application of the second 180° pulse allows the inversion of the spins. After

10



a certain time, called "echo time (TE)" and about 10-100ms, the residual mag-
netization MR signal is measured.

To cause the inhomogeneities that allow to generate an MR signal sensitive to
the diffusive motion of water molecules, short-term gradients have to be applied
before and after the 180° pulse, as shown in Figure 1.6. The application of a
magnetic field gradient pulse along one axis, e.g. x axis, creates a dephasing ¢;
of the magnetic moment j associated to the spin, that is function of the position
x; of the spin along the x axis. The dephasing is defined as:

1)
gbi:/ ~yGx;dt (1.8)
0

where G is the intensity of the gradient applied along the x direction, ¢ is its
duration and ~ the gyromagnetic ratio (2.7653108 rad/s-T).
If the spin is stationary, the application of two successive and opposite gradient
pulses (i.e. with the same direction, but opposite amplitude for rephasing the
spins), causes the phase shift to be null. Whereas, if the spin is exposed to
a diffusion process during the time interval At that elapses between the two
gradient pulses and moves from position x; to x9, it undergoes a net phase shift
A¢ equals to:

A¢ = ¢1 — g = Y0Gxy — v0Gry = YOG AX (1.9)

Therefore nuclear spins will encounter a dephasing that will translate in a total
magnetization reduction, as described in Figure 1.7.

90° 180°

i M
= MK

Gé -
Gdiffusion /_\ /_\

nnﬂlﬂl{\ﬂﬂnn

signal AN AT

Figure 1.6: Schematic representation of the Stejskal-Tanner sequence: a tradi-
tional spin-echo sequence with the addition of a diffusion gradient. Adapted from
[15].
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1. INTRODUCTION

10-100 ms

Excitation H First gradient | i Second gradient H Data sampling

without motion

| Dephased ‘ | Rephased ‘

Figure 1.7: Illustration showing the relationship between water motion and gra-
dient application. Each circle represents water molecules at different locations
within a voxel. The vectors in the circles indicate phases of the signal at each
location. If water molecules move between the two gradient applications, the sec-
ond pulse cannot perfectly refocus the phases, which leads to signal loss. Adapted
from [16].

1.2.3 Diffusion Weighted Imaging (DWI)

To completely characterize an isotropic diffusion process, it is sufficient to deter-
mine the value of the diffusion coefficient D, which is constant in this case.
With the Stejskal-Tanner sequence, the MR signal depends on Sy, the signal reg-
istered without the application of the gradient G, on the diffusion coefficient D
and on the so-called "b-value", according to the relation:

S = Spe P (1.10)

The b-value parameter, measured in s/mm? depends on the experimental design
and it is defined as:

b= (70G)*ty = (VOG)* (At — g) (1.11)

where G is the value of the gradient (mT/m), ¢ its duration (ms) and At the time
elapsed between the application of two successive gradients (ms). To neglect dif-
fusion phenomena that may occur during the gradient application, the condition

12



0 < At must be verified. Under this assumption the b-value assumes this form:
b= (v6G)*) At (1.12)

By substituting this in equation (1.10) and assuming that the b-value is com-
pletely known, one can obtain the following equation in the unknowns Sy and
D:

S

In(=—)=-b-D (1.13)

So
Therefore, at least two measurements are required to solve this equation. Equa-
tion (1.13) also shows that the value of the diffusion coefficient D can be recovered
by measuring the trend of the intensity logarithm of the signal as a function of b,
known parameter that changes depending on the sequence adopted, as shown in
Figure 1.8. When a single b-value is used, the DTI acquisition is called "mono-
shell", while when more than a b-value is adopted the acquisition is called "multi-
shell".
One can also note that:

e higher b-values lead to a higher weight of the diffusion effect

e by decreasing the b-value, the signal-to-noise-ratio (SNR) increases (see
Figure 1.9)

e an increase in the b-value leads to an increase in the acquisition time

Diffusion has been described until now as a microscopic phenomenon: in the same
voxel many microstructures and compartments with different diffusion coefficients
can be found. Under the assumption that diffusion time is sufficiently small to
discard diffusion phenomena between voxels, the attenuation of the signal can be
described by a multi-compartmental model through the following formula:

S _uD,
5 Zpie bD: (1.14)

i

where D; and p; are respectively the diffusion coefficient and the molecular frac-
tion that diffuse in the i-th voxel.

The ideal approach would be to estimate all the D, coefficients with a multi-
exponential fit, but this is not possible because of their intensity and variability,
which are often limited. It is therefore preferred to estimate the value of the
Apparent Diffusion Coefficient (ADC) defined as:

ADC =) " piD; (1.15)

By modeling the signal with ADC and by substituting in equation (1.13) one can
obtain: g

In(g) = —ADCb (1.16)

13



1. INTRODUCTION

ADC coefficient is determined in the same way as the diffusion coefficient D.
By estimating the ADC value for each voxel, maps related to the diffusion process,
but not to its directionality, can be obtained. In these maps the ADC value is
lower if the signal intensity is higher and viceversa, as shown in Figure 1.10.

9.4

©
L8]

©

In(S)=In(S0)-bD

[l
o
T

In(S) (intensity)
@
o
T

1] 100 200 300 400 500 600 700
b-value

Figure 1.8: Plot of results obtained using equation (1.13) and seven different b-
values. The diffusion coefficient D is given by the slope of the line. Adapted from
[16].

Figure 1.9: Brain diffusion-weighted images using 3 different b-values (axial view):
0, 1000 and 3000 s/mm?. Taken from [17].
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Figure 1.10: Comparison between signal intensities on diffusion-weighted images
(upper row) and ADC values (bottom row). Hyperintensity areas are those in
which the diffusion signal is higher, while hypointensity areas correspond to a
lower diffusion signal. ADC values are markedly reduced in regions with high
signal intensity on diffusion-weighted images. Taken from [18].

1.2.4 Extraction of the diffusion tensor

In those tissues where the molecular motion is anisotropic, the diffusion coefficient
is not constant anymore, but it assumes the form of a tensor. Therefore, the
equation (1.10) is modified as follows:

S = SyeVPDVET (1.17)

where b is now a vector and it is called "b-vector". Exploiting the symmetry
properties of the diffusion tensor D, equation (1.17) becomes:

ln(S—) = - [ \/E \/@ \/b_z ] Dyw Dyy Dyz \/@ (1-18)
0 Dz:r: Dzy Dzz \/E
lnsi = —(Dyaby+Dyyby+ Db, +2Dyy/byby+2D,\/byb, 42D, /byb.) (1.19)
0

Now, defining the following vectors:

b = [b,byb.+/bsby /Db /byb.] and D = [D,, Dy, D..2D,,2D,.2D,.|"

equation (1.19) can be rewritten in a compact form:

ln(%) =A=-D-b (1.20)
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1. INTRODUCTION

Hence, to determine completely the diffusion tensor, it is necessary to measure
at least six images (S; with i=1,...6) along six non-collinear directions (chosen
to uniformly sample the 3D-space) in addition to a diffusion non-weighted image
(So)-

The resulted systems is:

ln(Sl/So) ﬁ
ln(SQ/SQ) @
ln(S?,/S()) bg =S
=—|—1|-D 1.21
In(S5/50) bs
L ln(Sﬁ/So) ] L b6 ]
and it can be solved through the linear least squares (LLS) method:
D=-(b'b) b A (1.22)

or through the weighted linear least squares (WLLS) method, if additional infor-
mation regarding the measurement error are available. In this case the solution
of system (1.21) is:

D=-(b 2 ') b 'A (1.23)

where Y is the covariance matrix of the estimate error, which contains the recip-
rocal of the square of the transformed log data.

This problem can be solved also with nonlinear approaches, which aim to deter-
mine the parameters directly from the fit of the non transformed log data.
Although six directions are sufficient for the estimation of D, a better estimate of
the tensor elements can be achieved acquiring more than six images; commonly
32, 64 or 128 directions are used.

After estimating the constitutive parameters, it is possible to reconstruct the
tensor D and thus obtain, through the diagonalization operation, the eigenvalues
(A1,A2,A3) and associated eigenvectors (vq,ve,v3). The eigenvectors are represen-
tative of the principal directions of diffusion, while the eigenvalues quantify the
intensity of the diffusive process along these directions.

1.2.5 Diffusion indices

Once obtained the six parameters of the diffusion ellipsoid at each voxel, the
next task is to visualize it to appreciate the neuroanatomy of the region under
investigation [9]. The information contained in the eigenvalues and eigenvectors
can be exploited to derive representative maps of the diffusion process.

By defining v; as the major eigenvector, which is assumed to represent the local
fiber orientation, and A; the corresponding eigenvalue and combing conveniently
the remaining parameters (vq,v3,A2,A3), many diffusion indices can be defined.
These metrics reduce the 6D information of the tensor to a simple 1D scalar,
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which represents only a small part of the tensor information and can be visual-
ized as a gray or color scale map. These images can be easily interpreted and
used as a first step toward the identification of normal and pathological tissue
[19].

The indices can be divided in two main groups: rotationally variant and rota-
tionally invariant [20].

The main rotationally variant indices are:

e Axial Diffusivity (AD): it is the value of the major eigenvalue A\; and it
measures the diffusivity along the major diffusion direction

e Radial Diffusivity (RD): given by the mean of the minor eigenvalues,
it represents the diffusion process that takes place in the normal direction
respect to vy:

Ao+ A3

D —
i 2

(1.24)

e Mean Diffusivity (MD): defined as the mean of the eigenvalues, it rep-
resents the mean intensity of the diffusion tensor:

AL+ A2+ A3

MD = )\=
3

(1.25)

The rotationally invariant indices, which are not related to the reference system,
provide an objective and intrinsic measure of the structure. The main indices are

[9]:

e Fractional Anisotropy (FA): it is the most common measure that quan-
tifies anisotropy and determines the fraction of the diffusion tensor that
can be ascribed to anisotropic diffusion. FA is calculated as the normalized
variance of the three eigenvalues:

FA= ¢_¢A1 Ao)’ ’g&_A@ B = W) (1.26)

+ A3+ A3

For an isotropic medium, FA=0, while for a cylindrically symmetric anisotropic
medium (i.e. with A; > Ay = A3), FA=1.

e Relative Anisotropy (RA): it is a measure derived from the ratio of the
anisotropic portion of the diffusion tensor to the isotropic portion:

VO = 22)2+ (A2 — A3)2 + (A3 — Ap)?
fd = \/7 /\1 + A2+ A3 (1.27)

For a purely isotropic medium, RA=0, whereas for a highly anisotropic,
cylindrically symmetric medium RA tends towards v/2 [21].
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e Volume Ratio (VR): it is the ratio between the volume of the ellipsoid,
represented by the diffusion tensor, and the volume of a diffusion sphere of
radius equals to A\:

A1 Ag - Ag A1 Ag - Ag

V= (A + X+ A3) /3 3

(1.28)

It assumes values in the [0,1] range, where VR=0 corresponds to the max-
imum value of anisotropy and VR—1 to the maximum of isotropy.

In Figure 1.11 some example maps, representing different indices, are displayed.

(A) Trweighted
<7

(E}) 1-VR (F) Color map

Figure 1.11: Example indices obtained from DTI. (A) Reference Ty-weighted im-
age; (B) trace map obtained from the sum of the eigenvalues; (C) fractional
anisotropy (FA) map; (D) relative anisotropy (RA) map; (E) volume ratio (VR)
map; (F) color-coded orientation map. In the RGB map, red, green and blue rep-
resent fibers running along the right-left, anterior-posterior and superior-inferior
axes, respectively. Taken from [9].

Although rich of information, these indices derived from eigenvalues lack one
important information measured with DTI, that is the orientation of the fibers,
which is contained in the eigenvectors.

The major eigenvector v; is assumed to represent the local fiber orientation,
therefore in many studies vy and vz are discarded. The major eigenvector v,
is a unit vector; defining its components [x,y,z| in the 0-1 range, it satisfies the
criterion x? + y? + 22 = 1.

These x, v and z components can be presented separately as grayscale maps.
To obtain cleaner and more informative images, low-anisotropy regions can be
masked by multiplying the vector-component images by an anisotropy map such
as FA, thus obtaining FA-weighted vector-component images in gray-scale. To
better visualize fiber orientations in one image, a 24-bit color presentation, which
uses RGB channels, is employed: the x, y and z component images are assigned
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to three RGB principal colors and combined to make one color-coded map |9] (see
Figure 1.11f). Figure 1.12 displays the steps required to derive this color-coded
orientation map.

x-component y-component z-component

\
% B-bit (256) grayscale
2.

|

Red channel Green channel Blue channel

4 \ ¥

Figure 1.12: Steps needed to create a color-coded fiber orientation map. The x,
y and z components are those of the major eigenvector v;. Taken from [9].

24-bit color coding

_. Corpus
a callosum

1.2.6 Fiber tracking

DTI fiber tracking is a powerful tool for the study of white-matter connectivity
between voxels in the brain. The aim of DTI fiber tracking is to both localize
and assess the specific neuronal pathways and then to link this information with
the anatomical one, measured with standard neuroradiological examinations [22]
[23]. This combination between DTI fiber tracking, which is a low spatial res-
olution technique (approximately 2x2x2mm), and higher resolution anatomical
information, allows to better define specific pathways among brain regions.
Hence, 3D DTI tractography has opened up a new frontier for depicting human
neuroanatomy noninvasively [24].

DTT fiber tracking algorithms can be divided into deterministic and probabilistic
methods, as described below.
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Deterministic tractography

Deterministic approaches are based on the fundamental assumption that fiber
trajectories, also known as "streamlines", follow the major eigenvector of the
diffusion tensor, from voxel to voxel in a 3D-space. When the fiber trajectory
reaches the edge of the voxel, the direction of the trajectory is changed to match
the major eigenvector of the next voxel [24].

The streamline, considered as a continuous line, can be described as a 3D curve,
i.e., a vector r(s), parameterized by the arc length, s, of the trajectory. The
Frenet equation describing the evolution of r(s) is:

dr(s)
ds

= t(s) (1.29)

where t(s) is the unit tangent vector to r(s) at s. These vectors are depicted in
Figure 1.13. Since the direction of the tangent vector t(s) corresponds to that of
the principal eigenvector, vy, equation (1.29) can be rewritten as:

dr(s)
ds

= vi(r(s)) (1.30)

This system of three implicit differential equations can be solved by numerical
methods, using the initial condition:

r(0) =ro (1.31)

which specifies a starting point on the fiber tract, also known as "initial seed".
The most common numerical methods, employed to solve egs. (1.29) and (1.30),
are the Kuler’s and the Runge-Kutta methods.

e Euler’s Method
The diffusion tensor D(r(sg)) is evaluated starting from the seed point r(sp).
Then the Taylor series expansion of r(s) about r(sg) is used to evaluate the
position of a nearby point on r(sg), r(sy):

r(s1) =r(so) +1’(s0) - (51— So) + ... (1.32)

Since the slope of r(sy) at sp, r’(sp), can be assumed to be parallel to
vi(r(so)), a small number « (with 0 < |a| <1) can be found such that
satisfies:

r’(so) - (51— S0) ~ a-vy-r(sp) (1.33)
Once the integration step « is chosen, we can write:
r(sy) ~r(sg) +a-vy-r(sp) (1.34)

r(s;) can be estimated from the value of r(sg) and v;-r(sg). This procedure
can be repeated starting at the new point, r(s;) and can be iterated to
predict the location of discrete points along the fiber trajectory, r(s) [22].
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e Runge-Kutta Method
The 2nd-order or the adaptive 4th-order Runge-Kutta methods should be
preferred to the Euler’'s method since their estimates of higher derivatives
of r(s) are more reliable. Furthermore, with these methods it is possible to
control the amount of error introduced in each integration step by using an
adaptive step sizing.

Deterministic streamlines propagation stops for four reasons:
1. the tract reaches the boundary of the imaging volume
2. the tract reaches a region with low diffusion anisotropy (FA<0.18)
3. the radius of curvature of the tract is smaller than approximately two voxels

4. the eigenvector that is the most collinear is not the same as the eigenvector
associated with the largest eigenvalue

One of the problems of deterministic methods is that, at each iteration, the eigen-
values of the diffusion tensor are sorted according to their magnitude, associating
the largest eigenvalue with v;. However, noise, patient movement and distortion
from imaging artifacts, can cause these eigenvalues to be misclassified, conse-
quently leading to a misclassification of their corresponding eigenvectors. While
in areas of high SNR it is less likely to missort the eigenvalues, it occurs more
frequently in less coherently organized white matter regions where the SNR is
low. If this happens, v; no longer represents the true direction of the fiber, thus
causing the trajectory to suddenly go to the wrong direction [22].

Another important limit of this method is that it characterizes all the structures
in a voxel with a single three variate (i.e. the 3 space directions) Gaussian dis-
tribution. Thus, if the voxel contains different kinds of structures or groups of
structures of the same kind but with different microstructural or orientational
characteristics, the diffusion tensor is a representation of the "average" diffusion
properties in the voxel and fails to represent the actual microstructure. A classic
example is the so-called "crossing fibers” problem: when two or more white mat-
ter bundles cross in a voxel, the estimated diffusion tensor is much more isotropic
than it would be if only one of the bundles was present, and its first eigenvector is
in a direction between those of the two bundles. In this case, the information de-
rived by deterministic tractography does not represent the actual microstructural
characteristics of the tissue. The same issue arises with more complex configura-
tions in which more than one fiber direction is present, for example with fibers
fanning or "kissing". Possible fibers’ configurations are shown in Figure 1.14.
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Figure 1.13: Representation of a streamline as a curve, r(s). The local tangent
vector, t(s1), is identified with the eigenvector, vi(r(s;)), associated with the
largest eigenvalue of the diffusion tensor at position r(s;). Adapted from [22].
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Figure 1.14: Simulated configurations of complex fiber bundle architecture at
the length scale of a single voxel. Any tract organization is typically referred
to as "crossing fibers" including (i) bending and (ii) fanning fiber bundles. The
configuration shown in (iii) refers to interdigitating fibers, while that shown in
(iv) reflects adjacent fiber bundles. Taken from [25].
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Probabilistic tractography

Probabilistic algorithms are computationally more expensive than deterministic
ones, but can better deal with partial volume averaging effects and noise in the
estimated fibre directions. Most importantly, the outputs of probabilistic algo-
rithms are usually designed to give a connectivity index measuring how likely it
is that two voxels are connected to one another.

Probabilistic fiber tracking methods can be divided in two main classes:

e Advanced methods focused on microstructure

The objective of this class of methods is to better characterize biological
tissues through a deep description of their microstructural features. For this
purpose, these techniques precisely describe the statistical distribution of
the displacements of water molecules in the different compartments of the
tissue, and hence survey the presence and spatial organization of biological
structures. Therefore, the main idea behind these methods is to go beyond
the Gaussian model adopted for describing the diffusion process.

Many models have been proposed in the last years, the more relevant are:
DKI [26], Biexponential model [27]|, Ball and Stick [28], CHARMED [29],
NODDT [30].

e Advance methods focused on the estimation of fiber directions
The application of this class of methods requires the employment of the
so-called High Angular Resolution Diffusion Imaging (HARDI), which con-
sists in acquiring many diffusion-weighted images along multiple directions
with a single b-value. These methods estimate the Orientation Distribu-
tion Function (ODF) that is the distribution of the fibers’ directions in a
voxel (see Figure 1.15). The main application of these approaches is the
reconstruction of the trajectory of white matter bundles and the analysis of
structural connectivity between brain areas, trying to resolve the crossing-
fibers issue. The estimation of the ODF can be done through two different
methods:

— model independent methods: they estimate the diffusion-ODF profiles,
which are directly related to the displacement of water molecules. DSI
[31], QBI [32] [33], DOT [34], etc., belong to this class of methods.

— model dependent methods: they estimate the fiber-ODF, which re-
sults sharper because it directly recovers underlying fiber orientations.
Spherical deconvolution methods belong to this class and they are pre-
sented in detail, since they have been applied in this thesis.

Spherical deconvolution

This method describes the HARDI signal in each voxel as the convolution between
the fiber-ODF on a sphere and a kernel function that represents the "single fiber
response', i.e. the signal one would observe if the fibers were perfectly aligned
in each voxel. The ODF can thus be estimated as the spherical deconvolution of
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the signal with this kernel [35]:
S(v) = ODF(v) ® h(v) (1.35)

where v is the unit vector of the diffusion gradient, h(v) is the system impulse
response function or kernel and ODF(v) is the weight of the fiber response along
each direction. The ODF can be simply estimated by matrix inversion, thus per-
forming the spherical deconvolution operation. However, the spherical deconvo-
lution problem is ill-posed and hence susceptible to noise. To solve this question,
a low-pass filter can be used to attenuate or eliminate the high angular frequency
components in the ODF. However, this leads to a decrease in the angular resolu-
tion [36], but without low-pass filtering, the noise would introduce large spurious
negative lobes in the reconstructed ODF, which are physically not justifiable. An
alternative way to reduce the ill-conditioning of spherical deconvolution opera-
tion consists in adding a constraint on the presence of these negative values in
the ODF. Indeed, most white matter voxels contain contributions from few fibre
bundles, thus the ODF will be null over most of its support, except for few peaks
that correspond to the fiber orientations. Therefore, to reduce the high frequency
noise that generates negative values, it is sufficient to eliminate any negative value
in these regions of the ODF. For all these reasons the method described above is
called Constrained Spherical Deconvolution (CSD). This method has been used
in this thesis, since several studies [37] [38] demonstrated its superiority in the
context of neurosurgical planning, when compared with D'TI-based tractography.
In Figure 1.16 results from a deterministic tractography method and CSD are
compared.

Figure 1.15: ODFs reconstructed for each voxel overlaid on the diffusion image.
The box shows the ODF for an anisotropic voxel in which fibers follow more the
antero-posterior direction indicated by the green ellipsoid.
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Figure 1.16: Comparison between DTI-based tractography and CSD methods.
(i) Schematic images of voxels containing WM fibers (single fiber populations,
left and middle; 2 fiber populations, right), (ii) corresponding DWI signal, (iii)
diffusion tensor ellipsoids derived from the DWTI signal within each voxel and
(iv) fiber orientations derived using CSD. Note that in the voxel containing 2
fiber populations, the DTI model not only fails to represent the number of fiber
populations within each voxel, but also does not provide an orientation estimate
that corresponds to either of the constituent fiber populations. The CSD method
instead correctly identifies 2 appropriately oriented fiber populations in the third
voxel (see i). Taken from [41].
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Chapter 2

Materials and methods

2.1 State of the art

Before starting this work, a bibliographic research was carried out to evaluate the
state of the art in the use of DTT fiber tracking to predict the position and the
course of FN in patients with vestibular schwannoma. The focus was mainly on
two recent works by Song et al. [39] and by Yoshino et al. [40].

Song and colleagues [39] evaluated the use of fiber tracking for the preoperative
determination of the facial nerve course in 15 patients with vestibular schwan-
nomas. The MR data was collected using 3T MRI and the acquisition protocol
includes T1-weighted and T2-weighted imaging, standard preoperative sequences,
with the addition of a T1-weighted 3D FIESTA and the DTI scans. They em-
ployed a mono-shell DTI with a b-value of 1000s/mm? and 30 directions. 3D
FIESTA was used to select the coordinates of the seeds through which the FN
passed to help fiber tracking. The initial seed was set in the internal auditory
canal, the passage seed was located within the connection between the internal
auditory canal and the FN root exit zone (REZ) and the terminal seed in the
REZ. The algorithm used for tracking was not specified, but they provided the
parameters setting, reported in table 2.1. The validation of the results was per-
formed by comparing the FN tracking with intraoperative FN electrophysiological
monitoring. DTT fiber tracking was able to identify the facial nerve in 93.3% of
patients. However, in only 92.9% of the patients, the reconstructed nerve was
consistent with the surgical findings.

Yoshino and colleagues evaluated the use of fiber tractography to identify the lo-
cation of the facial and cochlear nerves in 11 patients with vestibular schwannoma
and who underwent tumor resection. MRI was performed using a 3T scanner and
mono-shell DTT data was acquired along 30 gradient directions with a b-value of
1000s/mm?, with an additional BO image. They used the B0 image to place seed
points in the internal auditory canal, to force the tracking to include the facial
and vestibulocochlear nerves. Also in this work the tracking algorithm used was
not specified. The parameters set in the algorithm are reported in table 2.1.
For validation, visualized tracts were compared with locations of the facial and
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cochlear nerves as identified by intraoperative electrophysiological monitoring.
Their results showed that reconstructed tracts corresponded to the course of the
facial or cochlear nerves in 81.8% of the cases and specifically to the FN course
in 27.3% of cases and to the cochlear nerve in 54.5% of the cases.

Work Step size | Max angle | Min length FA cutoff
Song et al. 0.2mm NA S5mm 0.1
Yoshino et al. | 160mm 30° NA 0.01 to the
tracts’ disappearance

Table 2.1: Parameters settings for tracking algorithms in the two analyzed works.
Step size set the step size of the algorithm; Maz angle is the maximum angle
between successive steps; Min length set the minimum length of any track; FA
cutoff set the FA threshold for terminating tracks. NA = not available.

2.2 Patients

Pre-surgical data of 5 patients with vestibular schwannomas (VS) of different
dimensions were acquired at the University Hospital of Padova (AOP) from March
2018 to July 2018. These patients underwent the surgery the day after the MR
acquisition. The surgery was videotaped, so that the position and course of
the facial nerve obtained through tractography could be compared with the real
position and course found in vivo during the surgery.

In table 2.2 patients’ information is reported.

Sex Age Symptoms VS location
Patient 1 | F 52 deafness, right tinnitus, dizziness right
Patient 2 | F o7 right earache, hearing loss right
Patient 3 | F 64 tinnitus, right hearing loss right
Patient 4 | M 45 tinnitus, right hearing loss right
Patient 5 | M 53 tinnitus, left hearing loss left
Mean4sd 54.24+6.9

Table 2.2: Dataset description

2.3 Acquisition protocol

The MRI data were acquired on a 3T Philips Inginia scanner at the Neuroradi-
ology Department of the AOP.

The patients were administered the standard pre-surgical MR protocol with the
supplement of a high-resolution T1-weighted and the multi-shell DTT acquisition.
The sequences included in the acquisition protocol and the parameters set are
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reported in table 2.3. In this standard protocol, high resolution anatomical im-
ages are acquired both before and after the injection of a contrast agent. The
DTT acquisition was introduced before the administration of the contrast agent
to the patient. Compared to previous studies, our DTI protocol was optimized
to include multi-shell DTI acquisitions with several directions and two different
phase encoding. The reasons why this new protocol should perform better than
previous protocols are reported in the following:

1. The multi-shell DTT with several gradient’s directions should allow to solve
the crossing fibers issue and it is preferable in regions with low SNR like
those of the cranial nerves. In particular, by using low b-values, vascular
contributions can be eliminated whereas, by using high b-values, the fiber
tracking algorithms are able to reconstruct more tracts. However, one must
take into account that low b-values greatly reduce the angle of curvature
that the tracking algorithms can solve, while high b-values can result in a
high number of false positive.

2. The use of two DTT acquisitions with different phase encoding should help
to correct the image distortions, as better explained in 2.4.

This optimized DTI protocol was developed keeping into consideration that the
DTI acquisition had to be shorter than approximately 20 minutes to be tolerable
for the patient. The total protocol proposed in this thesis is the maximum we
could achieve with such time limitation. In table 2.4 the parameters of the two
adopted DTI sequences are reported.

Sequence TR(ms) | TE(ms) | Voxel size (mm)
Tlw 7.8 3.6 0.5x0.5x1
T2w coronal 1900 80 0.5x0.5x0.5
DTI 5408 98 2X2%2
Post-contrast HR T2w 1500 241 0.2x0.2x0.2
Post-contrast HR T1w 5.8 3 0.4x0.4x0.5

Table 2.3: Parameters settings for the sequences included in the MR acquisi-
tion. TR= repetition time; TE= echo time; HR= high resolution. The same
parameters were used in both DTI phase encoding sequences.

Sequence | Phase encoding | FOV(mm) b-values(s/mm?) N° directions
DTI-AP | antero-posterior | 2x2x2 | [0-0.1-300-1000-2000] | [1,11,8,32,64]
DTI-PA | postero-anterior | 2x2x2 [0-0.1-300-1000] [1,5,8,32]

Table 2.4: Description of the two DTI sequences adopted in the MR protocol.
FOV= field of view. Each number of directions refers to the corresponding b-
value.
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2.4 Data preprocessing

The MR data were recorded in DICOM format and then converted to NIFTI
(Neuroimaging Informatics Technology Initiative) format [42] using the dem2niiz
tool [43].

Like any other MRI technique, diffusion MRI is affected by artifacts, including
image distortion, due to magnetic field inhomogeneity and to Eddy current effect,
and motion artifacts. The distortion induced by magnetic field By takes place
when an object is placed in the MR scanner and thus disrupts the homogeneous
field By, rendering the resulting field inhomogeneous.

Distortion

Since an object is made by different tissues that have different magnetic suscepti-
bilities, the interface between these tissues and air causes dephasing of the spins,
which creates signal loss and susceptibility and distortion artifacts [44]. The
amount of distortion increases with the field strength: a 3T scanner produces
more distortion than a 1.57T scanner [9].

Different techniques can be applied to correct geometric distortions that originate
from By inhomogeneities. Four of these field-map based methods are listed below:

e The first technique estimates the By field inhomogeneity from phase images
acquired at different echo times [45] [46].

e The second field map-based method uses the field maps derived from multi-
echo gradient-echo images, which avoid complicated phase unwrapping pro-
cedures [47] [48].

e The third method utilizes image registration techniques for image distortion
correction. The distorted image is coregistered to a corresponding anatom-
ically correct MR image through an intensity-based least-squares similarity
metric [49] or log-intensity metric [50]. This approach improves the sensi-
tivity in areas of low diffusion signal.

e The last method is called "topup". It uses two or more acquisitions in
which the mapping field distortions are different. A typical approach to ap-
ply topup is to use acquisitions with opposite phase-encoding polarities, in
which the distortions go in opposite directions. From these images "topup"”
can estimate the field that maximises the similarity between unwarped vol-
umes. The similarity is evaluated with the sum of squared differences be-
tween the unwarped images [51].

Eddy currents

Eddy currents are induced when strong gradient pulses are switched rapidly. In-
deed, when the diffusion gradient pulses are switched on and off, the time-varying
magnetic field of the gradients induces a current, called Eddy current, in the con-
ductive surfaces of the MRI scanner and this current increases with the strength
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of the gradient pulses. Eddy currents generate magnetic field gradients that vec-
torially combine with the gradient pulses such that the resulted gradients are
not the same of those that were programmed to produce to final image. This
error in the local gradients produces several types of geometric distortion in the
final diffusion images: contraction or dilation of the image and overall shift and
shear (Figure 2.1). These distortions are easy to recognize by comparing diffusion
images with artifact-free anatomical images. The problem is that when gradient
pulses become stronger, these distortions may become very large. A possible so-
lution is to use a gradient coil of small dimensions placed as far as possible from
the magnet core, which can generate larger gradient amplitudes. However, the
best solution for Eddy currents is to adopt the so-called "self-shielded" gradient
coils, which are a standard practice in the MRI system. These coils use additional
wiring to decrease as much as possible the effects of the gradients outside the gra-
dient coils. Nonetheless, Eddy currents may still arise in other parts (e.g. the RF
coils), therefore the coils must be designed to reduce the amount of conductive
parts. If residual Eddy currents remain, a possible method to be applied is the
so-called "pre-emphasis", which consists in altering the shape of the currents sent
to the gradient hardware. However, this operation is not easy because multiple
corrections are needed [52].

Motion

Image misalignment artifacts are caused by subject movements during the DTI
scans. If movements are wider that the size of the image voxels, the resulted DWIs
will contain voxels not aligned for the entire duration of the scan. This issue can
be easily corrected in a post-processing phase that consists in the realignment of
the images through a 3D coregistration of multiple image volumes of the same
subject. The 3D coregistration is usually achieved through rigid transformation
that employs six parameters: three for rotation and three for translation. The
realignment process involves the interpolation of the voxels, which leads to a
smoothing effect and therefore in a loss of resolution and in a SNR enhancement

[].

Denoising

A further preprocessing step is the image denoising, which is necessary for the
removal of thermal noise. The diffusion signal is sensitized to the stochastic
thermal motion of water molecules and their interaction with surrounding mi-
crostructures, originated by diffusion gradients. Thermal noise, which corrupts
DWTI data, propagates to the parameters of interest and inhibits the quantita-
tive interpretation of the results. Therefore, image denoising, which consists in
minimizing the variance of the diffusion signal in a post-processing step, is an es-
sential step to be performed. A possible approach to remove noise was proposed
by Hotelling [53] and consists in decomposing a redundant dataset into a prin-
cipal component basis and preserving only those components that are necessary
for the description of the signal. This process is called "Principal Component
Analysis (PCA)" and allows to obtain a dataset in which most of the signal vari-

31



2. MATERIALS AND METHODS

ance is contained in few components (principal components), whereas the noise
is spread over all components. A common criterion, also used in this thesis, to
select the number of components that significantly contribute to the description
of the diffusion process, includes the thresholding of the eigenvalues associated to
the principal components [54].

Optimized preprocessing pipeline

In this work, imaging preprocessing was performed with different software, such
as FSL [55], MRtrix [56], ANTs [57] and MATLAB [58].

The first step of the preprocessing was to integrate AP- and PA-DTI sequences,
thus obtaining a diffusion image with a higher SNR and virtually distortion free
compared to the single phase encoding. Diffusion image denoising and estima-
tion of the noise level were performed using MRtriz dwidenoise function, while
diffusion image pre-processing was done with FSL eddy tool, which includes in-
homogeneity distortion correction using F'SL topup tool. In Figure 2.2 are shown
some diffusion acquired images, before and after the preprocessing step.

The second step of the preprocessing pipeline consisted in the registration of the
DTT data with the T2-weighted image. Since the FOV of post-contrast high-
resolution T2-weighted images was reduced compared to that of the DTI, a re-
sampling of the T2-weighted data over the By space was required. First, the By
image was extracted from the integrated diffusion images using FSL fslroi func-
tion, then a binary mask was created over the resampled image, to exclude those
voxels of the image that were not of interest. The threshold for the mask was
chosen manually based on the image intensity histogram. Secondly, using ANTs
Registration tool, the resampled T2-w image was coregistered with the By one,
excluding the voxels inside the binary mask. The image registration adopted the
rigid calibration mode, with 6 degrees of freedom, and used the MATTES metric
[57].

2.5 'Tractography analysis

Tractography analysis was performed with both the deterministic and probabilis-
tic approaches, in both the tumor area and in its symmetric healthy counterpart
in order to find the most suitable algorithm to track the FN course.

Deterministic fiber tracking

Deterministic fiber tracking was performed through the FACT (fiber assignment
by continuous tracking) algorithm introduced by Mori et al. in 1999 [23]. Be-
fore the introduction of this method, tracking was performed by connecting each
voxel to the adjacent one toward which the fiber direction was pointing. However,
using this approach, the tracking often diverged from the true fiber orientation,
because the choice of direction to follow was limited to only an 8 angle range,
in the 2D space, or 26 in 3D space. This problem was avoided using the FACT
algorithm, which tracks a continuous vector field instead of a discrete one (see
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Figure 2.1: Examples of artifacts due to eddy currents: contraction (top right),
shift (bottom left), and shear (bottom right). Taken from [52].

Figure 2.3). Tracking starts from the center of a voxel and proceeds according to
the direction given by the eigenvector associated to the major eigenvalue. When
the track leaves the voxel and enters the next, its direction changes according to
that of the neighbor. Thanks to the presence of continuous intercepts, this track-
ing connects the correct voxels and the true path of the fiber can be assigned. The
tracking is ended when vector orientation becomes random, therefore when the
summation of the inner products of the eigenvectors is less than 0.8, according
to the following equation:

R= Z Z abs(va,, - vay,)/5(s — 1) (2.1)

where v,, is the unit vector associated to the major eigenvalue \; and s is the
number of data points of reference. Although this method is able to overcome
some problems, it has also some limitations:

e it can not discriminate among several small projections that are very close
to each other

e it is not able to differentiate between afferent and efferent fibers
e it does not distinguish two paths that touch each other
e it can not track more than one branch of an axon

Probabilistic fiber tracking
Probabilistic fiber tracking was carried out using the Constrained Spherical De-
convolution (CSD) method, described in subsection 1.2.6. The response function
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Figure 2.2: Axial view of the same slice for: DWI with AP-phase encoding (top
left), DWI with PA-phase encoding (top right), integration between AP and
PA sequences (bottom left), integrated DWI image after the preprocessing step
(bottom right). The red arrow points to a region in which it is possible to see an
image improvement thanks to these correction steps.

was estimated through MRtriz dwiZresponse function and the fiber orientation
distributions through MRtriz dwi2fod function.

Two CSD-based methods were employed. The first CSD method used to track the
FN was the SD STREAM algorithm. Tt takes as input an ODF image represented
in the spherical harmonic (SH) basis, which contains the ODFs interpolated with
a trilinear interpolation. At each streamline step, the local ODF is sampled and
from the current streamline tangent orientation, a Newton-Raphson optimisation
on the sphere is performed. This method allows to obtain an approximate solu-
tion for an equation of the type f(x)=0 and in this case it is used to locate the
orientation of the nearest ODF amplitude peak [59].

The second CSD method used for the streamlines generation was the «FOD2
method, based on 2" order integration over fiber orientation distributions. This
algorithm steps along a path given by an arc of a circle of fixed length (the step-
size), tangent to the current direction of tracking at the current point. The actual
path selected for each step is obtained by sampling a probability density func-
tion (PDF) and the probability of each path is calculated as the product of the
probabilities of each infinitesimal step making up that path. This probability is
approximated by computing the product of the amplitude of the ODF, evaluated
at regular intervals along the tangent to the path [37].

The SD STREAM method is less precise than the iFOD?2 since it builds the fiber
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2.5 TRACTOGRAPHY ANALYSIS

Figure 2.3: Tracking starts from the voxel with an asterisk and should follow the
bold curved arrow. Curved arrows indicate the actual fibers, while open arrows
indicate the average fiber direction in the voxel. The connected voxels resulting
from tracking are shaded by dots. (a) The discrete approach does not reconstruct
the correct pathway. (b) The continuous approach (FACT) tracks the correct
pathway, as indicated by the train of solid arrows. (¢) FACT algorithm is able to
track 3D axonal projections as long as nearby vectors are strongly aligned. (d)
When vector orientation becomes random, the algorithm stops. Adapted from
[23].

path by applying the Newton-Raphson algorithm that builds an approximate so-
lution of the nearest ODF peak. Furthermore, the iFOD2 algorithm should be
able to track with higher accuracy than the SD STREAM in regions with crossing
fibers, since iFOD2 employs a 2"? order strategy and a step-size larger than that
used in the SD STREAM method. The use of a step-size similar to voxel size
should push to a more physiological reconstruction of the tracts. Therefore, if
the interest is in having a high accuracy in the reconstruction of fiber paths, the
best solution would be to use the iFOD2 algorithm. The SD STREAM method,
which is computationally less demanding, could be successfully applied when fiber
tracking is performed in high SNR regions containing fibers that do not cross each
other.

Common tractography steps

The post-contrast T2-weighted image was used to infer prior anatomical informa-
tion that could help the fiber tracking (e.g., position and size of the tumor, likely
coordinates of the start, passage and end of the facial nerve). The coordinates of
the seeds were selected, when possible, by an expert neuroradiologist to help the
fiber tracking algorithm and they were set at the start, passage and end of the
facial nerve. The radius of these seeds was set to 2mm, a reasonable value for
including only the fibers that pass through that exact position. Additional masks,
drawn manually in MRview [56], were created to remove all fibers reconstructed
outside the area under investigation, separately for the healthy and unhealthy
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regions. Then the tumor was segmented by using ITK-SNAP software 60| and
it was provided as a region to be excluded during the streamlines generation in
the tumor area. The streamlines generation, performed using the MRtriz tckgen
and tckedit functions, was applied both in the tumor area and in its symmetric
healthy counterpart, to display the course of the nerve in the area not affected
by the tumor. The ROIs previously described were used also as either inclusion
or exclusion criteria to constrain the fibers to pass through the provided seeds.
Table 2.5 summarizes the parameters set for the MRitrixz tckgen function, for the
three tractography methods.

Algorithm name Type N° streamlines | Step size
FACT deterministic 500000 0.2mm
SD STREAM probabilistic 500000 0.2mm
1IFOD2 probabilistic 500000 1mm
Algorithm name | Max angle | Min length | FA cutoff | Seeds’ radius
FACT 9° 10mm 0.1 2mm
SD STREAM 9° 10mm 0.1 2mm
iFOD2 45° 10mm 0.1 2mm

Table 2.5: Parameters settings for tracking algorithms. N° streamlines is the
number of streamlines to be selected; Step size sets the step size of the algo-
rithm; Max angle is the maximum angle allowed between successive steps; Min
length sets the minimum length of any track; FA cutoff sets the FA threshold for
terminating tracks; Seed radius sets the radius of the sphere seed.

2.6 Total vs. reduced protocols
The next step consisted in applied the preprocessing pipeline and all three fiber
tracking algorithms in both the total multi-shell D'TT protocol and in the reduced

DTI protocols. For each patient four reduced protocols were tested, extracting
the data from the acquired available data:

e single-shell acquisition using only b=300s/mm?

e single-shell acquisition using only b=1000s/mm?

e single-shell acquisition using only b=2000s/mm?

e multi-shell acquisition using all the directions for b=300s/mm?, but ran-

domly reducing to half of the original the directions for b=1000s/mm? and
b=2000s/mm?
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2.7 TUMOR CLASSIFICATION

The rationale for this analysis was to understand whether it was possible to reduce
the total acquisition protocol and to obtain reliable results, thus speeding up the
acquisition protocol and leading to a reduction in terms of costs and invasiveness
for the patient.

2.7 Tumor classification

Before comparing the course of facial nerve obtained from DTI tractography
with the in-vivo findings, the tumors of the 5 patients were classified according
to different classification schemes. The tumor was classified according to its size,
following the Sampath classification 62| and to its position, with respect to the
pontocerebellar angle and the brainstem, according to Koos classification [63].
The Sampath classification divides the tumor in three groups based on its size:

e Group I: patients with tumors smaller than 2.5 cm in maximum dimension.

e Group II: patients with intermediate-sized tumors from 2.5 to 4 cm.

e Group III: patients with tumors larger than 4 cm in maximum dimension.
Koos grading system classifies tumors in four groups as follows:

1. Grade 1: small tumor developing in the auditory canal.

e Type 1A: tumor indenting the vestibular nerve occipitally.
e Type 1B: tumor indenting the vestibular nerve superiorly.
e Type 1C: tumor indenting the vestibular nerve anteriorly.
2. Grade 2: small tumor with protrusion into the cerebellopontine angle (CPA),

but not in contact with the brainstem from which the cranial nerves origi-
nate.

e Type 2A: tumor interposed between nerve bundles of the vestibular
and facial nerve.

e Type 2B: tumor interposed between nerve bundles of the vestibular
and facial nerve and separating the inferior and superior vestibular
nerves.

3. Grade 3: tumor that occupies the cisternal part and does not dislocate the
brainstem.

4. Grade 4: large tumor that displaces the brainstem and the cranial nerves.

Figure 2.4 displays the tumor grading system: higher degrees correspond to a
greater extent of the tumor in the cisternal part.
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GRADE 1

GRADE 3

Figure 2.4: Tllustrations of the adopted tumor grading system adopted. The red
arrow indicates the cerebellopontine cistern, the orange arrow the cerebellopon-
tine angle, the blue arrow the cranial nerves and the green arrow the brainstem.

Adapted from [63].
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Figure 2.5: The course and the branches of facial nerve are represented by the
yellow and orange lines. The colored arrows indicate the three directions that
fibers can follow: green for antero-posterior, red for right-left, blue for superior-
inferior. The convention adopted for the definition of the right-left direction is
that used in radiology. Adapted from [61].

2.8 Qualitative analysis: Fiber tracking valida-
tion

To validate the fiber tracking results, several meetings were organized with neuro-
radiologist, neurosurgeons, neurophysiologists and otolaryngologists who are part
of this project. During these meetings, the position of the FN with respect to the
tumor location found in-vivo was compared with that obtained with DTI trac-
tography. A majority vote rule was applied to delineate the position of the nerve
for each patient for both the in-vivo and the tractography results. The in-vivo
analysis was carried out by the medical team looking at the videos recorded dur-
ing the surgeries. The method described in [62], which divides the cochlear and
facial nerve location into anterior, posterior or polar (around the upper or lower
pole) was employed to classify the FN position relative to the tumor location.
The anterior and posterior locations are further subdivided into superior, medial,
or inferior thirds of the tumor capsule. The colored streamlines were instead vi-
sualized over the coregistered T2w image, focusing on those regions with a high

39



2. MATERIALS AND METHODS

fiber density, calculated using the MRtrix tckmap function. Figure 2.5 shows the
color legend of the streamlines: different colors mean different directions followed
by the fibers.

2.9 Quantitative analysis

2.9.1 Total vs. reduced protocols

The comparison between the total and reduced protocols was carried out by
assigning a score to the results of the tractography for the different methods and
protocols. This score was assigned by three independent and expert observers
who compared the reconstructed course of the FN nerve with its real in-vivo
course, as shown in the recorded surgery tape. A score of 1 was assigned by each
observer when there was agreement between in-vivo and reconstructed patterns,
whereas a score of 0 was assigned otherwise. Individual observers’ scores were
then added together and a ranked in order to evaluate the best tractography
method and the most appropriate protocol to use.

2.9.2 Metrics comparison

Maps of AD, ADC, FA and RD (see subsection 1.2.5) were obtained for each
patient and for the only method (between FACT, SD STREAM and iFOD2) that
in the previous analysis resulted successful. These maps were constructed starting
from the preprocessed DWIs, by using the MRtriz tensor2metric function. The
maps were then sampled to select only the values of the diffusion indices in the
regions of reconstructed tracts, for the unhealthy FN locations. This analysis was
performed to evaluate whether all or at least one of the diffusion indices could
describe the microstructure of the fibers in these regions and whether there is any
relationship between nerve integrity and functionality.
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Chapter 3

Results

3.1 Tumor classification

Table 3.1 describes the dimensions, determined by the neurosurgeons, of the five
analyzed schwannomas and their classification according to Koos and colleagues
in [63] and explained in section 2.6. Table 3.2 displays a comparison between
the percentage of frequency of VS size evaluated by Sampath and colleagues in
[62] and that determined in this work. Tumors are classified in group I in all five
patients and are of small size, according to the majority of the cases analyzed in
[62].

VS size (mm) | VS grade
Patient 1 16x9 2A
Patient 2 13.5x6.5 2A
Patient 3 22x17 3
Patient 4 15x13 3
Patient 5 15.5%9.5 2A

Table 3.1: Size of vestibular schwannoma, determined along the two perpendic-
ular larger dimensions and its grade, according to Koos classification, in the five
patients.

Group I | Group IT | Group IIT | N° patients
Sampath et al. 61% 24% 15% 1006
This work 100% 0% 0% 5

Table 3.2: Percentage of frequency of tumor size evaluated in [62] and in this
work.
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3.2 Qualitative analysis: Fiber tracking valida-
tion

Table 3.3 reports the location of facial nerve in relation to the VS position, evalu-
ated at the origin of the FN in the brainstem and at the passage in the cerebello-
pontine cistern. In Figure 3.1, a further comparison with the findings of Sampath
and colleagues [62], is displayed. In particular, the percentage frequencies of the
sections in which the FN was found in the cisternal tract in relation to the VS,
are compared with those found in [62].

Origin Passage
Patient 1 | antero-inferior antero-medial
Patient 2 | antero-inferior antero-medial
Patient 3 | antero-medial | posterior (ribboned)
Patient 4 | antero-medial antero-superior
Patient 5 | antero-medial antero-superior

Table 3.3: Location of FN compared to that of the VS, assessed at the origin of
the nerve and in the cisternal passage tract.

(i) UPPER (ii) (iii)
POLE 14% i 0% 0
SUPERIOR ,,_T,\ 33.5% F_r,\\U-M — "_Tf\(]/n
“"’ ‘l »? “’\ : ‘p' “ : ‘J’
R st (apsiie] (5 L]
MEDIAL S ) 0% e ) 0.3% 40% S 20%
¢ - < : < i
Nh et I/ S / e /
INFERIOR 4.9% 0.5% 0% 0%
LOWER 2.5% 0%

POLE
ANTERIOR «—— POSTERIOR

Figure 3.1: (i) Illustration showing a cross section of the VS with the possible
locations in which the facial nerve could be found. (ii) Percentage frequencies of
the sections in which the nerve was found in relation to tumor position, reported
in [62]. (iii) Percentage frequencies of the sections in which the FN was found in
patients acquired in this thesis work. Adapted from [62].

For each patient, a brief description of the FN course and its reconstruction
obtained from the different fiber tracking algorithms are reported in the follow-
ing. Only results of the SD STREAM and iFOD2 algorithms are reported, since
the FACT algorithm failed to generate any streamline in any of the patients. As
example, a facial nerve reconstruction without the use of exclusion ROI is pre-
sented for the first patient, to underline how important was to exclude areas not
involved in the passage of the nerve. A comparison between the SD STREAM
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3.2 QUALITATIVE ANALYSIS: FIBER TRACKING VALIDATION

results and those of iFOD2, obtained applying the total acquisition protocol, is
made only for the second patient. The graphical comparison between results of
different protocols is illustrated as an example only for the fifth patient. The
color legend of the streamlines is that reported in Figure 2.5.

Patient 1

This patient was affected by right VS. From the intraoperative evaluation, the
course of the facial nerve resulted straight from the brainstem to the auditory
internal canal. It originated in the antero-inferior position with respect to the
VS and it was in the antero-medial position during its passage in the cisternal
tract. The reconstruction of the FN with iFOD2 algorithm confirmed the course
of the nerve as recorded during the surgery. Figure 3.2 shows the resulting fibers
obtained using the iFOD2 algorithm, without the aid of additional masks to
exclude the tracts reconstructed outside the regions of interest. The goal of this
image is to underline how difficult it would be the reconstruction of the FN
without providing additional masks to help tracking algorithms to isolate the
fibers related to the FN only. Figure 3.3 displays the FN reconstructed with
iFOD2 algorithm in the healthy part. The 3D reconstruction of FN in the right
unhealthy part is shown nearby the tumor mass in Figure 3.4. Figure 3.5 shows
an intraoperative visualization of the FN after the removal of the tumor.

Figure 3.2: Fibers reconstruction with iFOD2 algorithm, without using exclusion
masks. The streamlines are displayed superposed on the high resolution T2w
image. The point where the yellow straight lines cross indicates the position of
passage of the FN. This latter is not distinguishable, given the large number of
reconstructed fibers.

43



3. RESULTS

Figure 3.3: Reconstruction of FN in the left healthy part using the iFOD2 algo-
rithm. The course of the healthy FN results straight and well defined, as expected.
The segmented tumor mass is represented on the right in red scale.

Figure 3.4: Reconstruction of FN in the right unhealthy part using the iFOD2
algorithm. The point where the yellow straight lines cross indicates the position of
passage of FN in the antero-medial portion of the tumor capsule. The segmented
tumor mass is represented on the right in red scale.

44



3.2 QUALITATIVE ANALYSIS: FIBER TRACKING VALIDATION

Figure 3.5: Intraoperative image of the FN after the removal of the tumor mass.
The nerve is between the two black lines.

Patient 2

The VS was observed in the right part. The FN originated in antero-inferior
position with respect to the VS location and then it moved to the antero-medial
part of the VS. The facial and cochlear nerves resulted very close to each other,
in fact the tumor dislocated both nerves and compressed them.

Also for this patient the FN reconstruction, obtained with the iFOD2 algorithm
and shown in Figure 3.6, confirmed the intraoperative evaluation.

In Figure 3.7 the FN reconstruction obtained with the SD STREAM algorithm
is also displayed. This figure highlights that this latter method is less precise and
generates fewer fibers than the iFOD2, as explained in section 2.5. Figure 3.8
shows an intraoperative image in which the FN after tumor removal is clearly
visible after tumor removal.
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Figure 3.6: Reconstruction of FN in the right unhealthy part using the iFOD2
algorithm. The point where the yellow straight lines cross indicates the position of
passage of FN in the antero-medial portion of the tumor capsule. The segmented
tumor mass is represented on the right in red scale.

Figure 3.7: Reconstruction of FN in the right unhealthy part using the SD
STREAM algorithm. The point where the yellow straight lines cross indicates
the position of passage of FN in the antero-medial portion of the tumor capsule.
As compared to the reconstruction in Figure 3.6, the SD STREAM algorithm
generates fewer fibers and seems less accurate.
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Figure 3.8: Intraoperative image of the FIN after the removal of the tumor mass.
The nerve is indicated between the black arrows.

Patient 3 - limit case

In this patient the tumor was found on the right part. This patient was labeled
as "limit case" because the FN was divided into many and very thin fibers that
were spread on the posterior part of the tumor. In this position, the FN was
the first thing that the surgeon encountered before reaching the tumor. The
localization of these fibers by the surgeon took a long time and, without the aid
of electrostimulation, it would have been impossible to recognize that those fibers
were part of the facial nerve. Once the nerve was recognized, the surgeons had to
decide whether to remove the tumor, thus damaging the FN, or to not excise the
tumor mass. After reaching a consensus with the patient’s family, the surgeon
removed the tumor and the FN had to be artificially reconstructed. This led
to a definitive paralysis on the right part of the face of the patient. The iFOD2
algorithm reconstructed a very different course of the FN compared to those of the
previous patients (Figure 3.9). This particular distribution of the fibers of the FN
on the tumor capsule was confirmed by intraoperative results. In this particular
situation, if the surgeons knew in advance that the course of the reconstructed FN
resulted in a set of fibers distributed on the tumor in that particular location, they
would have planned the surgery differently. Moreover, the patient would have
been informed in advanced of the complexity of the surgery and of the associated
risks and possible outcome. Figure 3.10 shows an intraoperative image of the
posterior part of the tumor.
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Figure 3.9: Reconstruction of FN in the right unhealthy part using the iFOD2
algorithm. The fibers result in a very confused configuration on the posterior
part of the tumor capsule. The segmented tumor mass is represented on the left

in red scale.

Figure 3.10: Intraoperative image of the posterior part of the tumor wrapped by
the fibers of the FN. Since the nerve was found to consist of a set of tiny fibers,
these are represented in the figure by the black arrows. On the right part of the
image the probe that was used for electrostimulation is also visible.
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Patient 4 - limit case

The patient was affected by right VS. The FN originated in the antero-medial
face of the tumor, in a direction perpendicular to that of the vestibular nerve.
This configuration represented a second limit case, since the facial nerve usually
has a course parallel to the vestibular nerve. In the cisternal tract the FN moved
on the antero-superior part of the tumor. Since the maximum curvature angle
allowed for the iFOD2 algorithm was set at 45°, the reconstructed FN course was
not completely faithful to the intraoperative results. However, the algorithm was
able to reconstruct an approximate course of the FN. The FN reconstruction is
shown in Figure 3.11, whilst Figure 3.12 shows the FN after the tumor removal.

Figure 3.11: Reconstruction of FN in the right unhealthy part using the iFOD2
algorithm. The course of the nerve shows a very high angle of curvature, which,
although not exactly reflecting the intraoperative findings, provides a good ap-
proximation. The segmented tumor mass is represented on the right in red scale.
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Figure 3.12: Intraoperative image of the FN after the removal of the VS. The two
black arrows point to the location of the FN.

Patient 5

In this patient the VS was observed in the left part. The FN originated antero-
medially with respect to the tumor and then it moved to antero-superior position.
The course of FN observed during the surgery was a typical course. The iFOD2
algorithm indeed reconstructed the FN in a very accurate way, as shown in Fig-
ure 3.13. The qualitative comparison between the different reduced protocols
applied with the iFOD2 algorithm is presented for this patient as illustrative ex-
ample. The following considerations on reduced protocols are valid also when
the SD STREAM algorithm is applied, but taking into account that the recon-
structions become worse. In Figure 3.14 the FN reconstruction by applying the
protocol with a single b-value equal to 300s/mm? is displayed. This reconstruc-
tion shows that by using a mono-shell DTI protocol with a low b-value, the
reconstructed fibers are fewer if compared with those of the total protocol and
the curvature angles of the fibers are not very physiological. Furthermore, for
this patient the reconstructed nerve appears to consist of two different fiber pop-
ulations that are joined together by the algorithm. In Figure 3.15 the results
of the single-shell DTI protocol with b-value equal to 1000s/mm? are displayed.
The same considerations can be made as in the previous case. Instead, by us-
ing only a high b-value equal to 2000s/mm?, more tracts are generated and the
reconstruction seems to provide interesting results. It is worth noting, however,
that high b-values lead to diffusion images with low SNR thus increasing the
chance to get false positives. The last tested reduced protocol was that obtained
by reducing the diffusion directions to half of the originals. With this reduced
protocols, the reconstruction the reconstruction of FN, displayed in Figure 3.17,
is not physiological, since it is not plausible that the FN course makes such high
curvature angles in the cisternal tract. In Figure 3.18 the FN observed during
the surgery, after the tumor removal, is shown.
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Figure 3.13: Reconstruction of FN in the left unhealthy part using the iFOD2
algorithm applied to the total protocol. The point where the yellow straight lines
cross indicates the position of passage of FN in the antero-superior portion of
the tumor capsule. The segmented tumor mass is represented on the right in red

scale.

Figure 3.14: Reconstruction of FN in the left unhealthy part using the iFOD?2 al-
gorithm applied to the mono-shell DTI protocol with b-value equal to 300s/mm?
and the iFOD2 method. The course of the FN results non-physiological if com-
pared to that of the total protocol.
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Figure 3.15: Reconstruction of FN in the left unhealthy part using the iFOD2 al-
gorithm applied to the mono-shell DTT protocol with b-value equal to 1000s/mm?
and the iFOD2 method. The angles of curvature of the fibers highlight a non-
physiological course of the FN.

Figure 3.16: Reconstruction of FN in the left unhealthy part using the iFOD?2 al-
gorithm applied to the mono-shell DTT protocol with b-value equal to 2000s/mm?
and the iFOD2 method. The tracts generated are similar to those of the total
protocol, but it is likely that many tracts coincide with false positives.
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Figure 3.17: FN reconstruction by applying the half protocol and the iFOD2
method. The course of FN is not physiological if compared with that found with
the total protocol.

Figure 3.18: Intraoperative image of the FN after the removal of the VS. The
nerve is that contoured in black.
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3.3 Quantitative analysis

3.3.1 Total vs. reduced protocols

The scores assigned to the total acquisition protocol and to the reduced ones
(see subsection 2.9.1) are reported for both probabilistic tracking methods in
table 3.4 for iFOD2 algorithm and in 3.5 for the SD STREAM one. The scores
were assigned by the three observers and given on the basis of the goodness of
the facial nerve reconstruction, evaluated by comparing it with the real course
of the nerve as found in the video recorded during the surgery. The results
show that the iFOD2 algorithm applied to the total protocol seems the most
appropriate to carry out the reconstruction of FN, followed by the SD STREAM
algorithm always applied to the total protocol. This suggests that the total
protocol guarantees the possibility to find more fibers and with less false positives
than the protocol using the higher b-value (2000s/mm?) only and reconstructs
more physiological curvature angles than the protocols with low b-values.

TOTAL | b=300 | b=1000 | b=2000 | HALF
Patient 1 3 1 2 1 2
Patient 2 3 1 2 3 3
Patient 3 1 0 1 1 0
Patient 4 1 0 1 0 0
Patient 5 3 0 0 2 0

Table 3.4: Sum of the scores given by three independent observers to the total
and reduced protocols tested with the iFOD2 tracking algorithm. Each observer
could give a score of 1 if the reconstructed FN had a pattern similar to the one
of the video or of 0 otherwise. The score equal to 3 represents the unanimous
vote of the observers and therefore a complete success in reconstructing the FN
course.

TOTAL | b=300 | b=1000 | b=2000 | HALF
Patient 1 3 0 1 2 0
Patient 2 3 0 0 3 0
Patient 3 0 0 0 0 0
Patient 4 1 0 1 1 0
Patient 5 0 0 0 0 0

Table 3.5: Sum of the scores given by three independent observers to the total
and reduced protocols tested with the SD STREAM tracking algorithm. Each
observer could give a score of 1 if the reconstructed FN had a pattern similar to the
one of the video or of 0 otherwise. The score equal to 3 represents the unanimous
vote of the observers and therefore a complete success in reconstructing the FN
course.
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3.3.2 Metrics comparison

Since the previous analysis suggested that the most reliable method for FN re-
construction is the iFOD2, the diffusion indices AD, ADC, FA and RD were
evaluated only for this method. Figures 3.19, 3.20, 3.21, 3.22 and 3.23 report
the four diffusion metrics (AD, ADC, FA and RD) for each of the five different
protocols in each of the 5 patients. These figures show that for patients 1, 2 and
5 all metrics show considerable variations between the different protocols, with
a similar pattern for all metrics. Patient 3 and 4, instead, our case limits, show
a different pattern across protocols among the metrics. In particular, FA seems
to show an opposite behavior compared to the other three metrics. Finally, in
Figure 3.24 a further comparison between diffusion metrics obtained in the five
patients when adopting the total protocol is displayed. The results show that
patient 3, one of our case limit, presents values in all four metrics far away from
the values obtained in the other patients, above all for FA metric. Patient 4,
instead, the other case limit, does not seem to behave differently than the other
patients.
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Figure 3.19: Diffusion metrics comparison between the five protocol tested in
patient 1. The mean value of the metrics is represented by the square and the
standard deviation by the error bar.
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Figure 3.20: Diffusion metrics comparison between the five protocol tested in
patient 2. The mean value of the metrics is represented by the square and the

standard deviation by the error bar.

571

D-S

METRICS COMPARISON BETWEEN PROTOCOLS - PATIENT 3

AD

S

mm2/s

]

i t

0.8

0.6

a.u.

0.4

0.2

i i
TOTAL b=300 b=1000 b=2000 HALF
FA
TOTAL b=300 b=1000 b=2000 HALF

-3 ADC
3 =10
w2 +
&
E t
1 t
§ 1
o
TOTAL b=300 b=1000 b=2000 HALF
-3 RD
3 =10
w2
4 %
£
1 3 J
¢ E

TOTAL

b=300 b=1000 b=2000 HALF

Figure 3.21: Diffusion metrics comparison between the five protocol tested in
patient 3. The mean value of the metrics is represented by the square and the
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Figure 3.22: Diffusion metrics comparison between the five protocol tested in
patient 4. The mean value of the metrics is represented by the square and the

standard deviation by the error bar.
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Chapter 4

Discussion

4.1 Qualitative analysis

The qualitative analysis performed with a team of experienced physicians showed
that in three of the five patients, the FN reconstructions confirmed what was seen
during the surgery. Instead, for the two cases of the third and fourth patients, de-
scribed as limit cases, the reconstructions, although not completely faithful to the
intraoperative findings, have anyway allowed to evaluate the feasibility of the use
of probabilistic fiber tracking algorithms even where the FN takes very complex
configurations due to the presence of the tumor that dislocates it. For these last
two critical cases, having known before the surgery that the FN assumed such a
complex configuration, would have helped the surgeons to plan the operation in
a better way, making important decisions before the surgery. Nevertheless, even
in the other three cases, in which the facial nerve was detected more easily dur-
ing the surgery, the pre-operative DTT fiber tracking reconstructions could have
helped the best planning of the surgery. Moreover, they could have reduced the
duration of the surgery, thanks to a faster localization of the course of the facial
nerve.

4.2 Quantitative analysis

4.2.1 Total vs. reduced protocols

The analysis of fiber tracking results obtained from the total and the reduced
protocols suggested that the use of low b-values leads to reconstruct diffusion
images with high SNR but, at the same time, it only manages to solve lower and
less physiological curvature angles. The use of only high b-values, instead, leads
to a higher number of false positives in the reconstructed fibers, but manages to
solve larger curvature angles.

The conclusion that can be drawn from the comparison between protocols is that
only the total multi-shell DTT protocol is able to give physiologically plausible
results, while none of the reduced protocols provides results reliable enough to be
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4. DISCUSSION

employed in clinical practice. Therefore, the total acquisition time for an accurate
reconstruction of the facial nerve can not be reduced to less than 40 minutes.

4.2.2 Metrics comparison

Figures 3.19, 3.20, 3.21, 3.22 and 3.23 reported in subsection 3.3.2 show that
all metrics present considerable variations between the different protocols in all
patients. The most interesting metric seems to be FA, which has a different
behavior in the two case limit patients compared to the other three easier patients.
For this metric, remembering that FA values less than 0.18 are considered to
describe a diffusive isotropic process, the following observations can be made
regarding the figures mentioned above:

1. Patient 1: the mono-shell protocols with b=1000s/mm? or b=2000s/mm?
emphasize an isotropic feature of the reconstructed fibers.
This is in agreement with the fiber tracking results where, for these two
protocols, the origin of the FN seemed to be not differentiated with respect
to that of the cochlear nerve. Therefore, remembering that the reported FA
values are a mean of those obtained from the maps constructed from the
tracking results, even if a few low FA values are present, they can lead to a
much lower average value.

2. Patient 2: the same considerations as in the previous case can be made
regarding the two mono-shell protocols.

3. Patient 3: the values of FA suggest a high degree of anisotropy, hence the
expected results would be a single well-oriented fiber package.
However, considering the intraoperative results, as explained in the previ-
ous section, the nerve in this patient was divided into many fibers. The FA
values of the five protocols are therefore untrustworthy as already under-
lined by the scores given to fiber tracking results for this patient in Table
3.4.

4. Patient 4: the FA values underline a degree of low anisotropy that is not in
agreement with the straight course of FN, although in this patient FN was
found to be perpendicular to the vestibular nerve.

These values reflect an inaccurate fiber reconstruction.

5. Patient 5: the values of FA are very different between protocols, especially
among single-shell protocols.
These results confirm the scores in Table 3.4, except for the mono-shell
protocol with b=2000s/mm?. This could be due to the fact that some
fibers correspond to false positive and are reconstructed randomly without
following the preferential direction followed by other fibers.

The metrics comparison between patients reported in Figure 3.24 shows that all
the diffusion indices of patient 3, one of the two limit cases, deviate from the
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4.2 QUANTITATIVE ANALYSIS

average of the other values, especially for the FA value.

This could be due to the fact that the large number of fibers that are reconstructed
in this patient have very discordant directions, as underlined by the wide standard
deviation of the FA value, which can range from about 0.6 to 0.8.
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Chapter 5

Conclusions

The results of this thesis showed that DTI fiber tracking can be a powerful aid
for a better presurgical planning of vestibular schwannoma removal. Applying
fiber tractography to evaluate the facial nerve course is not an easy task, since it
is very close to the cochlear nerve. Furthermore, cranial nerves regions are at low
SNR and fibers can present complex patterns. For these reasons the analysis of
fiber tracking results obtained with the four DTI sub-protocols showed that the
use of low b-values does not manage to solve high fiber curvature angles, whereas
high b-values lead to a high number of false positive. Therefore, only the total
multi-shell DTT protocol provided results reliable enough to be employed in clin-
ical practice. The analysis also demonstrated that only probabilistic algorithms
manage to solve complex fibers patterns and can give a faithful reconstruction
of the course of the facial nerve. Among the tested fiber tracking algorithms,
the deterministic method (FACT) was discarded, since it failed to generate any
streamline in any of the patients. The SD STREAM algorithm, being in its
mathematical description less precise in evaluating the distribution of the fibers,
was not always able to reconstruct streamlines for the nerve, although providing,
when the reconstruction was successful, meaningful results. The iFOD2 algo-
rithm resulted to be the most suitable for FN reconstruction. The SD STREAM
method could therefore be used to support the validation of the iFOD2 results.

The qualitative validation of results carried out with a team of experienced physi-
cians showed that the multi-shell DTT protocol, with the anatomical help of the
standard pre-surgical MR sequences, was able to reconstruct the course of facial
nerve in a physiologically way and faithful to the intraoperative findings in 3 of
the 5 patients. In two cases, described by the surgeons as limit cases, the recon-
structions, although not completely faithful to the intraoperative findings, have
anyway allowed to evaluate the feasibility of the use of probabilistic fiber tracking
algorithms. For these two cases, having informed the surgeons before the surgery
of the complex pattern of the fibers present nearby the tumor, would have al-
lowed to better plan the surgery and to inform the patients about the possible
post-surgery complications. The faithful reconstruction of the facial nerve has
been made possible only by providing additional anatomical information to the
tracking algorithms. Therefore, the cooperation between experienced physicians
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and the bioengineering team was essential for the success of this project.

The results of this thesis will promote further steps in the project: firstly the appli-
cation of this D'TT fiber tracking pipeline on a cohort of healthy controls matched
for sex and age with a cohort of unhealthy patients and secondly the loading of
the reconstructed nerve courses on the neuronavigation system that surgeons use
as aid during the surgery. This additional real-time and patient-specific informa-
tion should decrease the duration of the surgery, help the surgeons to preserve
the facial nerve, and improve patients’ outcome.
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