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Introduction

The main obstacle for the focal delivery of systemic therapeutic agents within the brain is due
to the natural defense of the brain. Particularly, the brain’s vascular system called Blood-Brain-
Barrier (BBB) keeps various substances found in the bloodstream out of the brain parenchyma
while being permeable to substances essential to metabolic function such as O, CO2 and
hormones. The BBB is composed of several cell types, in particular the presence of astrocytic
peduncle and pericyte outside the endothelial cells and the tight junctions between endothelial
cells give to the BBB the role of protective barrier hindering the entry of most drugs in the
cerebral parenchyma. However, the BBB can be bypassed with different local drug delivery
techniques that have been developed in order to increase local drug concentration without
increasing systemic side effects. Among these, a promising technique in the field of local
delivery is the convection enhanced delivery (CED), developed in the early 1990s by Edward
Oldfield et al. [3].

CED is an infusion technique which exploit a pressure-driven infusion, representing an
innovative approach for personalized treatment and it is effective in bypassing the blood-brain
barrier through specialized catheters placed by a neurosurgical procedure directly within the
brain tissue [3]. However, confirmatory evidence of CED efficacy in clinics is still scarce, due
to haphazard catheter positioning, unsuitable protocols, and inaccurate prediction of drug
distribution [26]. The latter may be affected by catheter geometry and placement, infusions

parameters and underlying tissue microstructure.

) \ CED catheters

Peritumoral
edema

Figure 1. The surgeon inserts one or more catheters through bur holes into the interstitial spaces of the brain. A pressure
gradient is generated using an infusion pump, and the agent displaces extracellular fluid after being directly infused into the
extracellular space. The tumor is often highly vascularized, and this, as well as a number of factors, can affect the delivery of

the infusate (white matter vs gray matter, backflow, etc.) [158].
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This project was aimed to study the distribution of a known infusate at consecutive timepoints
and its comparison to microstructural properties as depicted by DTI, demonstrating the impact
of brain tissue features and catheter positioning on drug distribution in vivo during CED

approach in brain ovine models.

This thesis project has been carried out during an internship at the Department of
Neuroradiology at IRCCS San Raffaele Hospital and Vita-Salute San Raffaele University,
Milan, in collaboration with the Faculty of Veterinary Science, the University of Milan, the
Department of Electronics, Information and Bioengineering, the Politecnico di Milano, and
Fondazione La Cittadina Studi e Ricerche Veterinarie, in Romanengo (LO) which allowed all
the experiments and the acquisition of Magnetic Resonance Imaging (MRI) studies on a
dedicated 1.5T scanner. The thesis is focused on a fraction of the EU’s Horizon EDEN2020
(Enhanced Delivery Ecosystem for Neurosurgery in 2020) project.



MRI and Diffusion

The phenomenon of diffusion was noticed in 1827 by the British botanist Robert Brown, who
was the first to report the random motions of pollen grains while studying them under the
microscope. Diffusion represents a fundamental physical process for the normal functioning of
most biological systems and has been studied for decades, allowing to investigate the structure
and physiology of living cells. Human tissues are mostly composed of liquid components and
finely regulated by an innumerable number of processes in which water diffusion plays a
fundamental role, for example transport of enzymes, metabolic substrates and metabolites. The
diffusion of water molecules is not completely free but hindered and restricted as it will be
explained later in this chapter. The in vivo measurement of natural displacements of water
molecules that occur within biological tissues as part of the physical diffusion process is
possible by using Magnetic Resonance Imaging techniques. As such, after a brief introduction
on the basic principles of MRI, this chapter will focus on the use of Diffusion MRI to depict
the complex structural organization of the brain tissue. Brain tissue is composed by neuronal
cells and myelin sheaths, which significantly affect the diffusion of water within the tissue.
Different type of water diffusion within the nervous tissue are highly related to the structural
organization of brain tissue, in particular to the structural difference between gray matter (GM),
containing neuronal cell bodies, white matter (WM), containing myelinated axonal processes,

and cerebrospinal fluid (CSF).

Basic principles of MRI

Magnetic resonance (MR) is a non-invasive imaging technology that produces three
dimensional image by examining atoms and molecules within the body. It is based upon the
interaction between an applied magnetic field and a particle that possesses spin and charge. The
use of MR techniques for studying nuclear spin is formally known as Nuclear Magnetic
Resonance, or NMR. Nuclear spin, or more precisely nuclear spin angular momentum, is one
of several intrinsic properties of an atom and its value depends on the precise atomic
composition. Magnetic resonance imaging (MRI) is based on the NMR signal of nucleus of the
hydrogen atom ('H) or, more precisely, on the positively charged proton contained in the
hydrogen nucleus [133]. The human body is made up of about 65% water molecules comprising
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two hydrogen atoms each. The high concentration of water molecules in biological tissues,
particularly in soft tissues, allows to exploit the magnetic energy of hydrogen protons for the
recognition of tissues that cannot be distinguished with other diagnostic equipment [133]. Each

atomic nucleus is associated with a spin characterized by its own angular momentum or spin

momentum J. Hydrogen exhibits two opposite spin momentum which modulus is defined as ‘I

and the relative energy levels are (27 + 1) (Fig.2).

I=-1/2 I=1/2

Figure 2. Spin number and their relative orientation referred to the Hydrogen proton.

However, if the number of protons and neutrons inside the nucleus are equal, the spin moment
is equal to zero [134]. On the contrary, if the number of protons and neutrons inside the nucleus

are different, the magnetic moment (1) can be defined as:
g=vy*l €Y

Where y [MHz/T] is the gyromagnetic ratio, defined as the amount of magnetic field produced
per revolution of the proton. The gyromagnetic ratio of the hydrogen atom has the highest
values if compared with other elements within the human body (42.57 MHz/T) [130]. In the
absence of an external magnetic field, the single magnetic moment of hydrogen atoms are
randomly oriented in space, producing a sum vector, called ‘Net magnetization vector’ (1\71) ). In

this case M is equal to zero (Fig.3).

N
*f_.* o oo

Figure 3. Net magnetization vector (blue dot) with modulus equal to zero in the absence of external magnetic field.
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Conversely, when a tissue is placed inside a constant and homogeneous magnetic field, called

static magnetic field (Bo) and always directed towards the Z axis of the MR scanner reference

system, all magnetic moments tend to align in the direction of Bo. In this case M modulus will

be greater than zero because the matter has been magnetized. The modulus of the net

magnetization MO vector does not depend only on By but also on the water content within the

tissue (proton density), which may be different across tissues.

4
}

Figure 4. Net magnetization vector (blue arrow) with modulus greater than zero in the presence of external magnetic field
Bo.

A

i

Protons magnetic moments have the same direction, but different orientations due to the
opposite energy levels of hydrogen protons. These two configurations are described in terms of
energy levels, indeed the orientation parallel to Bo is the energy level with the lowest energy
(spin-up), while the anti-parallel verse to By is the one with the highest energy (spin-down).
Consequently, the number of magnetic moments processing in spin-up is greater than the
number of magnetic moments in spin-down direction, being spin-up the energy level with the

lowest energy. This greater number of protons in spin-up direction is called ‘prevalence’.

In the presence of the external, static magnetic field Bo, the individual protons also begin to
rotate perpendicular to, or precess about, the magnetic field. The spin vectors for the protons
are tilted slightly away from the axis of the magnetic field, but each axis of precession is parallel
to the main axis of Bo. This precession is at a constant rate and occurs because of the interaction

of the magnetic field with the spinning positive charge of the nucleus (Fig. 5).
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! Precession axis

Al BO

Figure 5. In the presence of By magnetic field protons spin rotate around one parallel axes of Bo with a precession frequency
equal to wg (Larmor’s frequency).

The procession frequency is proportional to the strength of the magnetic field and is expressed

by the following equation, known as the ‘Larmor equation’ [130]:

wy =Y * By (2)

The only presence of B, forces the magnetization vector to have only the component along the
z axis and no component in the xy plane. The manipulation of the net magnetization Mo with
the application of a short burst, or pulse, of radiofrequency (RF) energy allows to obtain the
MR signal. In particular, RF is activated together with another gradient (called ‘Slice selective
gradient’), that allowed to gives energy only to protons in a particular space region (slice). RF
pulse, referred to as an excitation pulse, typically contains a narrow range or bandwidth of
frequencies centered around a central frequency. During the pulse, the protons absorb a portion
of this energy at a particular frequency that is proportional to the magnetic field Bo; the equation
relating the two is the Larmor equation, equation (2). In a rotating frame of reference, the RF
pulse broadcast at the resonant frequency wo can be treated as an additional magnetic field B
oriented perpendicular to Bo. Once B; is switched on, protons are brought to the highest energy

level (spin-down orientation), maintaining phase coherence and a constant precession motion

at the frequency w,. The amount of resulting rotation of M is known as the pulse flip angle. If
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the RF transmitter is left on long enough and at a high enough amplitude, the absorbed energy
causes My to rotate entirely into the transverse plane, a result known as a 90° pulse [130].

When the RF transmitter is turned off, the protons immediately begin to realign themselves and
return to their original equilibrium orientation. They reemit energy at the same Larmor
frequency wo as they do so. In addition, the net magnetization will begin to precess about By
similar to the behavior of a gyroscope when tilted away from a vertical axis (Fig.6). If a loop
of wire (receiver) is placed perpendicular to the transverse plane, My will induce a voltage in
the wire during its precession. This induced voltage, the MR signal, is known as the FID, or

free induction decay (see below).

3
A 7 L 4 s 7
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Figure 6. Proton resonance mechanism: On the right the vector starts from a situation parallel to the z axis, By on and B, off.
In the middle, the RF is turned on long enough and at a high enough amplitude to rotate the magnetization vector on the xy
plane. On the left the spiral trajectory of the net magnetization when returning to the original equilibrium orientation when

the RF pulse is turned off-.

The process by which the protons release the energy that they absorbed from the RF pulse is
known as relaxation. Relaxation is a time-dependent process and is characterized by a rate
constant known as the relaxation time. Two relaxation times can be measured, known as T1

and T2 [136]:

- The relaxation time T1 is the time required for the z component of net magnetization to return
to 63% of its original value following an excitation pulse [133]. It is also known as the spin-
lattice relaxation time or longitudinal relaxation time. The term spin-lattice refers to the fact
that the excited proton (“spin”) transfers its energy to its surroundings (“lattice”) rather than to

another proton. The energy absorbed by the protons during the RF excitation is thus exchanged
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with the surrounding tissues until its depletion. T1 therefore results in the restoration of M in

the z direction, called longitudinal component (M4 4.).

- The relaxation time T2 is the time required for the transverse component of net magnetization
to decay to 37% of its initial value. It is also known as the spin—spin relaxation time or
transverse relaxation time. Spin—spin relaxation refers to this energy transfer from an excited

proton to another nearby proton until it is dispersed; the T2 time is therefore relative to the

transverse component of M (M). When the RF pulse is active, all the protons present a
phase coherence. When the RF pulse is turned off, protons begin to exchange energy between
them; furthermore, intermolecular and intramolecular interactions such as vibrations or
rotations cause transient fluctuations in the magnetic field and thus cause wo to fluctuate. This
fluctuation produces a gradual, irreversible loss of phase coherence to the spins as they

exchange the energy and reduce the magnitude of the transverse magnetization and the

generated signal. Thus, the module of My, ¢, tends to zero as a result of the loss of phase

coherence (Fig. 8).

The abovementioned loss of phase coherence is essentially due to two factors, the intrinsic
properties of the tissue (T2) and external factors such as the nonuniformity of Bo or static
magnetic field inhomogeneity [135]. The combination of the T2 timing, due only to the spin-
spin phenomenon, and magnetic field inhomogeneity leads to the appearance of a new time
called T2* which represents the total transverse relaxation time that is actually measured. The

relation between the relaxation times is therefore the following:
T2"< T2 <T1

In Fig. 10 is shown the decay of the magnetization vector in its two components, following the
shutdown of the variable magnetic field B,, after a 90° RF pulse. The M., reaches zero

faster than the recovery of M, . in the longitudinal plane [132].
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Figure 7. A) Time-course of the two components of the net magnetization vectors [132] and B) Time-course of the FID
signal .

As previously mentioned, the induced voltage on the receiver recorded during the relaxation
phase of the net magnetization vector My (Fig.6) is called FID (free induction decay). The
relaxation times T1 and T2 simultaneously govern the decay of the FID signal (Fig.7) according

to the following relation:

_t _t ()
AFID= DP x e T1 x e T2

Where DP is the proton density. The ability to discriminate tissues lies in the ability to favor

one time constant over the other and this is done by using a specific ‘sequence’ of RF pulses.

\J

Figure 8. Different magnetic moments (orange, green, yellow ,gray) which sum in the z direction is Mlong while sum in the
xy plane is Mtrasv representing T1 and T2 relaxation mechanism. On the right, the vector is projected on the xy plane and on
the z axis. The relaxation time T1 is greater than the relaxation time T2.

15



Longitudinal and transverse relaxation are independent phenomena that happen
simultaneously. Thus, images will have a predominant T1 or T2 weighting according to the
different intervals between successive RF pulses. In order to emphasize one mechanism of
relaxation with respect to another, pulse sequences are used in order to acquire specific FID.
There are different types of sequences differentiated according to the activation times of B,
acquisition time or echo time of the FID (TE), repetition time of the pulse sequence (TR).
Before FID acquisition, however, it is necessary to choose the reference slice and encode the
signal in phase and frequency in order to obtain information regarding the spatial position of
the received information. The time data related to FID signals is inserted in a numerical matrix
with different filling techniques, and this matrix is called k-space. A subsequent 2D Fourier
transform (2DFT) applied to the k-space produces the final image. Further information about
magnetic gradients, k-space and different acquisition sequences are not the subject of this

thesis.

Contrast

MRI contrast can be chosen by employing one particular sequence. However, as mentioned
above, it is not possible to obtain a single T1, T2 or DP weighted-image without a minimum
contrast related to the other two parameters [137]. The factors involved in changing the image
contrast are TR, TE, flip angle, while constant parameters are T1, T2 and DP and they depend

on the tissue proprieties.

The use of a short TR and TE (ms) provides image-weightings more dependent on the T1 time
constant of the tissues under examination [139]. When TE is short, differences in signal
intensity due to differences in T2 have not had enough time to become pronounced yet, in other
words relaxation phenomena have not decrease the magnetization vector yet, which will be read
with almost the same amplitude it had before the RF excitation pulse. Likewise, with a short
TR, tissues have not recovered their longitudinal magnetization, thus differences in T1 will
show up in form of signal intensity differences (Fig.9). The combination of short TE and TR
allows to weight the image with a predominant T1 contrast weighting of the involved tissues,
in particular white matter, gray matter and the CSF. Angle a < 90° can be used to preserve the

longitudinal component even after several TRs.
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Sigral intnes

Time

Figure 9. Spin-lattice relaxation time curse after 90° RF pulse. Short TE allows to obtain contrast predominantly weighted in
T1[74].

Longer TR (2-3 s), associated with a short TE, will make the contrast largely depend on the DP
of the tissues under examination. In fact, the relatively short TE prevents T2-dependent
phenomena to start, while the longer TR allows sufficient time for the longitudinal
magnetizations of the voxels to recover almost totally until its maximum value, that is
proportional to the proton density of the tissue [138]. A sufficiently long TR will avoid the
effects of T1 relaxation, allowing the tissue to recover much of the longitudinal magnetization,
while long TR and long TE will allow transverse magnetization to decay for T2-dependent

effects, and the contrast will depend mainly on T2.

Figure 10. Spin-spin relaxation time course after 90° RF pulse. Long TR and TE allows to obtain contrast predominantly
T2-weighted [74].

Short TR associated with long TE are not used due to the very low SNR: the short TR allows
very short time for longitudinal magnetization to recover. Therefore, the successive 90° pulse

further reduces the limited recovered part of the magnetization vector.
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The contrast variations that can be obtained by setting the parameters explained before are

showed in Fig.11, where the same brain cross-section is represented with proton density (PD),

T2-weighted and T1-weighted contrast.

Figure 11. From right to left images weighted in DP, T2 e T1 respectively.

Contrast media

Contrast media are often used in MRI to discriminate tissues or organs that normally have very
similar relaxation times and thus are not distinguishable on MR images.

Contrast media are paramagnetic substances having small local magnetic fields, which cause a
shortening of the relaxation times of the protons in their neighborhood. Indeed, they modify the
proton precession frequency by acting on the nearby magnetic fields [ 140]. The most used MRI
contrast medium is Gadolinium (Gd), which has unpaired electrons and therefore a negative
charge. When Gadolinium and protons are sufficiently close (< 3 A'), the probability of spin-
reticulum relaxation increases and shortening of the time constant T1 is obtained.

Contrast media also exhibit magnetic susceptibility behavior, in particular, paramagnetic
materials produce an additional magnetic field of modulus in the range [107,107], while
diamagnetic materials produce a negative magnetic field of modulus [-10°,-10"]. Defining
magnetic susceptibility with y, the new protons frequency of precession due to the contrast

agents will be:

! Angstrom (A); 1 A = 107 millimiters.
18



wcont.:y*BO*(1+X) (8)

Equation (8) illustrates how contrast agents magnetic susceptibility influences the protons

precession frequency of an infinitesimal amount.

Diffusion principles

Diffusion process is due to the motion of atoms, molecules or microparticles caused by their
own thermal energy, which determines chaotic movements also known as Brownian motions.
Being a random motion, the velocity vectors sum of each element is close to zero, unless there
is an "external force".

The external force is a physical quantity and can be of various nature, for example it can be
represented by a pressure difference (pressure gradient) which, as it will explained in the
chapter dedicated to the 'CED', is one of the basic principles of some local delivery techniques.
The application of an external force determines an effective transport of material, i.e. an
oriented movement of the atoms, molecules or microparticles and no longer random as in the
Brownian diffusion case. Diffusion is governed by a concentration difference and it is described
by Fick's law which states that the solute flow between two surfaces is proportional to the
difference in concentration between the surfaces and inversely proportional to their distance

according to a proportionality factor D, called diffusion coefficient.
J= —D=%*VC 9

Diffusion coefficient is a function of temperature, physical and chemical characteristics
(viscosity, molecular weight) of both solvent and solute, and expresses the speed at which
the solute molecular concentration changes over time.

The considerations made so far about the diffusion of the solute in the solvent are equally
valid when considering the spontaneous motions that occur in a pure liquid or gaseous
solvent even in the absence of concentration gradients. This is the case with the movement
of water molecules within biological tissues. In this regard, in 1905 Albert Einstein

demonstrated that Brownian motion and diffusion could be identified as substantially the
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same phenomenon whose cause is the thermal agitation of the molecules. Einstein's model
of Brownian motion in known as a random walk formalization [141]. Einstein proved a
direct proportionality between mean square displacement of particles and time, corrected
by a factor D (Diffusion coefficient); mean square displacement takes a Gaussian
distribution centered on zero (average displacement equal to zero). This relationship, in

the three-dimensional case, is given by:

X% = 6Dt (10)
That is:
|x| = V6Dt 1D

Relation (11) indicates that in a random walk the displacement of molecules is a linear function
of the square root of time, therefore the knowledge of x for a determined diffusion time t allows
to obtain D. D is a constant depending only on the size (mass) of the molecules, the temperature
and the nature (viscosity) of the medium. For example, in the case of 'free' water molecules
diffusing in water at 37 °C, the diffusion coefficient is 3x10~° m?/s, which translates to a
diffusion distance of 17 pm during 50 ms [142].

MRI provides a unique probe to noninvasively quantify the diffusional characteristics of water
molecules in vivo, as explained in the next paragraph. However, during typical diffusion times
of about 50-100 ms, water molecules move in brain tissues bouncing off, crossing or interacting
with many tissue components, such as cell membranes, fibers and macromolecules. Because
the movement of water molecules is impeded by such obstacles, the actual diffusion distance
is reduced with respect to the free water, and the displacement distribution is no longer
Gaussian. In other words, the Brownian motion of extracellular water molecules may be
hindered by biological obstacles such as cells, and inside each cell, diffusion may be restricted
by the cellular membranes. Thus, the non-invasive observation of the water diffusion-driven
displacement distributions in vivo provides unique clues to the fine structural features and
geometric organization of neural tissues, and also to changes in these features with

physiological and pathological states.
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Diffusion in MRI

Although early water diffusion measurements were made in biological tissues using NMR in
the 1960s [48] original diffusion-weighted MR imaging of in vivo systems was initially
performed in the mid-1980s [34,143]. Basically, MRI is able to measure water diffusivity by
modifying T2-weighted spin-echo sequences through the use of a pair of magnetic field
gradient pulses, the duration and the separation of which can be adjusted, with echo-planar

readouts of the data [46].

90° 180°

A

Figure 12. Schematic representation of the DWI pulsed gradient sequence.

Paired magnetic field gradient pulses serve to encode initial locations of water molecules’
protons within a medium. That is, the first pulse magnetically 'labels' protons that are carried
by water molecules according to their spatial location, as, for a short time, the magnetic field
slowly varies along the gradient direction. The second pulse is introduced slightly later
(typically after tens of milliseconds) to detect the changes in the location of protons; that is, the
displacement of the protons that occurred during the time interval (or 'diffusion time') between
the two pulses. As an example, if a proton has speed equal to zero, the proton’s phase
accumulation due to the first gradient pulse will be exactly the same in module but opposite in
sign in respect to the second gradient pulse application due to the effect of the 180° interposed
RF pulse (Fig. 12). Therefore, independently from the position, protons fixed in the position Xo
(linked, for example, to a macromolecule) will undergo a net phase change equal to zero.
Protons moving along the gradient direction will receive different pulse amplitude during the
application of the two consecutive gradient pulses. Therefore, proton spin will not be exactly
back in phase with the other spin causing loss of coherence that results in signal amplitude

attenuation, which is proportional to the displacement. Indeed, water molecules interact with
21



the gradient and consequently the phase (¢) of their spin, accumulated in the time interval t

during which it travels the distance x, takes the value:

t t
(12)
Px(t) = f wdt= f (YBo + yGyx)dt
0 0

The phase change and the consequent signal loss is the fundamental principle behind Diffusion-
Weighted Imaging (DWI), in particular the greater the displacement between the two pulses,
the greater the attenuation of the signal. Highly mobile molecules tend to lose signal, whereas
immobile ones yield relatively strong signal on diffusion-weighted sequences. In particular,
equation (11) proved that the displacement in a given time interval depends on the diffusion
coefficient. Accordingly, signal loss will be influenced only by the value of D and will be
greater if the diffusion coefficient increases. In particular, it can be demonstrated that signal

loss is an exponential function of D:
S; = SpePP (13)

where S is the signal in the absence of the diffusion-sensitized gradients, S; is the signal in the
presence of the diffusion-sensitizing gradients and the factor b is the ‘b-value’ which indicates
the diffusion-weighting of the image and is a function of the strength and duration of the

diffusion-sensitizing gradients. Considering the simplified version where A >> &:
b= (y*Gy*8)?% xA (14)

where Gy represents the gradient intensity (mT/mm), § its duration (sec.) and A the time interval
(sec.) between the two gradients (Fig.12). Generally, a range of b values (2 or more) is used in
a diffusion MRI study to interrogate the water diffusion properties of tissues. Typically, the b-
values used in clinics for diffusion-weighted sequences are between 800 and 1500 s/mm? [75].
Since the b-value depends on the square of the gradient intensity, it is essential to have MRI
equipment capable of providing high intensity gradients to acquire diffusion-weighted
sequences. In general, magnetic field gradients of at least 20 mTm™! and with extremely fast
slew rate are required. Consequently, the echo time will increase and, as explained in the

paragraph 'Contrast', this determine a T2-weighting of the images. As such, diffusion-weighted
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images DW images will be both diffusion- and T2-weighted, an effect known as "T2-shine
through" [32,33]. To reduce this effect, it is necessary to acquire a further image just T2-
weighted in the absence of diffusion sensitizing gradients (b-value=0 s/mm?) and leaving the
other parameters unchanged. The signal of this diffusion-weighted signal image is divided from
the bo image, allowing to have a quantitative estimation of diffusion in each voxel [34].

The degree of signal loss at various b-values allows to calculate molecular mobility in the
medium, that is, the diffusion coefficient is precisely measurable in simple fluids. However, in
complex systems such as biological tissues made of multiple intra- and extracellular
compartments separated by semi-permeable membranes, the overall signal observed in a
diffusion-weighted image voxel, at a millimetric resolution, results from the integration, on a
statistical basis, of all the microscopic displacement distributions of the water molecules present
in that voxel. In this scenario the concept of a single diffusion coefficient is no longer valid.
Thus, when performing diffusion-sensitive sequences on biological tissues we quantify an
“apparent diffusion coefficient” (ADC) [34], usually measured in mm?/s, since the “true” value
of D refers to the so-called "free" water, meaning water that spreads freely into tissue, and
depends only on temperature and molecular weight.

Conversely, diffusion in biological systems is influenced not only by temperature, but also by
other factors such as macromolecular bonds that reduces the mobility of water, the presence of
hydrophobic barriers (cellular membranes, mitochondria, myelin sheaths) that limit free
diffusion, as well as the structural characteristics of cells (size, presence of organelles and other
membrane-lined structures) [35]. As explained above, by acquiring at least two images at
different b-values and keeping constant the TE, it is possible to quantify the average ADC value
for each single voxel without any presence of the T2-weighting; assigning a gray scale to the
interval of the ADC values the so-called Apparent Diffusion Coefficient map is obtained [36],

where the ADC in each voxel is calculated as follows:

in (3) (15)

In Fig.13 diffusion gradient is applied in a particular direction, so the sequence will be

sensitized to the diffusion in that direction.
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Figure 13. Diffusion gradient application along the vertical direction. The signal loss is verified in water molecules whose
displacement is not orthogonal to the direction of application of the gradient.

The fiber bundles with parallel course (2) to the gradient will present a maximum signal loss,
while the effect will be minimal when the gradient is applied orthogonal to their course (1).
This is because the phase does not change when the gradient is constant in a given line or a

given spatial plane, according to equation (12).

B

Figure 14. A) Anisotropic diffusion and its relative diffusion ellipsoid; B) Isotropic diffusion and its relative diffusion sphere.

Moreover, water diffusion can be uniformly distributed in the three orthogonal planes of space,
and this diffusion is called isotropic; in this case, in a given time interval, the molecules will
distribute according to a spherical diffusion model, therefore the measured ADC will be
basically the same in all directions (Fig.14B). Conversely, in the presence of highly oriented
barriers, such as myelin sheaths surrounding axons, the diffusion of water molecules will be
mainly facilitated in the spaces between membranes (parallel to the course of the axon) and
limited through them (perpendicularly to the course of the axon) with consequent reduction of

the diffusion; this diffusion is called anisotropic, and consequently the ADC measured along a
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parallel axis to the myelinated fibers direction will be greater than that measured along its

orthogonal axis (Fig. 14A). As such, equation (13) can be reformulated as following:

Si — Soe—bADC (16)

In equation (16), the signal loss depends on the i-th gradient direction, therefore, in order to
have images that are not dependent on the direction, DWI sequences are acquired along three

perpendicular gradient directions and then images are averaged to give back the mean ADC.

ADCx+ADCy+ADC, (17)

Spwi = See PAPC = 5 e 3 ) = 3[S + 5,45,

The different ADC values in various tissues reflect changes in cellularity, membrane
permeability, intra- and extra-cellular diffusion and tissue structure.

Figure 15 shows different DWIs in which the attenuation of the intensity of the MRI signal
depends directly on the amplitude of the molecular displacement along the direction of the
applied gradient and on the intensity and duration of the gradient itself; the gradients are

oriented in the three directions of space, orthogonal to each other.

DZZ DXX

Figure 15. Diffusion-weighted images of the human brain acquired along three orthogonal gradient directions (Dxx,Dyy and
Dzz).
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Diffusion Tensor Imaging (DTI)

Diffusion within the human brain depends on the structure in which water molecules spread.
Diffusion of water in the brain grey matter is isotropic and it is about 2.5 times lower than pure
water at the same temperature; instead, diffusion in the cerebrospinal fluid (CSF) is similar to
water diffusion [37]. In the brain white matter, the presence of intact axonal membranes
influences the direction of water diffusion within fiber bundles, while the degree of
myelinization, the diameter of the axon and the density of the fibers modulate the degree of
anisotropy [38]. In general, three types of diffusion are recognized: free, restricted and hindered
[120]. Free diffusion occurs when the molecules of the medium spreads without intercept any

type of obstacle other than the solvent in which it spreads.

Figure 15. Restricted (d) and hindered (from A to B) diffusion in white matter [120]

As such, it can be deduced that ADC values measured along multiple directions allows to obtain
important information about the WM structure and on the entire brain structure. In the case of
an isotropic medium, the diffusion model is substantially spherical and characterized only by
one ADC value, which represents the diameter of the sphere (Fig.16B); vice versa, in an
oriented structure, such as the WM, the diffusion is no longer spherical, but it is better described
by an ellipsoid, whose main axis is aligned to the direction along which the diffusion Aindrance

is lower, meaning that is along the major axis of the fibers (Fig.16A) [40].
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Figure 16. Example of diffusion measurements along three axes in an anisotropic (4) and isotropic (B) medium.

Diffusion anisotropy can be better evaluated by Diffusion Tensor MR Imaging (DTI), that
allows to visualize the amount and the orientation of water diffusion within brain tissues [40].
In order to map anisotropy, diffusion sensitizing gradients must be applied along multiple non-
collinear directions (at least six diffusion gradient axes), plus the mandatory b value=0 s/mm?
to determine diffusion tensor elements, although, often, many more directions are sampled to
improve tensor calculations. Indeed, the diffusion ellipsoid needs at least six parameters to be
defined (Fig.17): three lengths A, A,, A5, called eigenvalues, defining its shape, and three

vectors €, €,, €3, called eigenvectors, defining its orientation.

X

Figure 17. Graphical representation of the six parameters used to define the ellipsoid, namely eigenvalues and eigenvectors.

Therefore, 6 volumes are needed with b#0 to identify the water diffusion ellipsoid within
tissues (Fig.18) and one more volume without application of the gradient (b=0). These volumes
are then mathematically elaborated to provide the shape (spherical or elliptical) and the space

orientation.
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Figure 18. On the left the six DWI volumes with the i-th voxel highlighted. At the top right the respective tensor for that voxel
and at the bottom right the representation of the direction module of the diffusion coefficients.

Tensor analysis allows to reconstruct the actual shape and orientation of the ellipsoid through
a square matrix of size 3 called diffusion tensor. Mathematically, the diffusion tensor fully
describes the mobility of the molecules in anisotropic systems [144-146]. The tensor analysis
solves a set of equations obtained from equation (13) that are solved using linear algebra. Each
voxel can then be represented with a diffusion tensor that contains the intensities relative to the
different DWI acquired with different gradient orientations.

The diagonal elements Dxx, Dyy, D, represent the molecular mobility in the three acquisition
directions X, y, z, while the non-diagonal elements, such as Dy, Dx,, Dy, reflect the correlations
of the molecular displacement between the orthogonal directions. Since the diffusion tensor is
symmetric (Djj = Dj;), there are only six independent terms that configure the diffusion ellipsoid.
A subsequent mathematical process, called matrix diagonalization, allows the x,y,z original
coordinate system (acquisition reference system) to be rotated in a new reference system x 'y '
z' where the axes coincide with the eigenvector directions. Therefore, the main vector is aligned
with the main direction of the fibers. In particular, if the elements outside the diagonal matrix
are equal to zero, the elements of the diagonal correspond to the eigenvalues. On the other hand,

if they are different from zero the diagonalization process defined as follows shall be used:

Expressed in matrix form as:
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Dxx - 7\i ny sz €ix 0
DyX Dyy - Ai DyX (Siy> = (O) (20)
D,, D,y Dy —A) \& 0

The non-trivial solutions for this set of equations are obtained by imposing determinant of the
matrix (D — A1) equal to 0 [43]. The result is a 3™ order polynomial equal to the size of the
matrix, whose solutions are the eigenvalues; The roots of the eigenvalues correspond to axes
length. Afterwards, the three eigenvectors can be obtained from the equations system
(D —ADs [39].

The eigenvalues (A1, A2, and A3) represent the diffusivities along directions of greatest structural
anisotropy established by cytoarchitecture. Each eigenvalue is associated with an eigenvector
(g1, &2, and &3), where the largest of the three eigenvalues (A1) corresponds to the eigenvector g
and describes the principal direction of the diffusion at that point, that is, the direction along
which molecules move most freely, that is aligned with the dominant orientation of the fibers

in the voxel.

Fractional Anisotropy

Eigenvalues and eigenvectors allow to obtain different diffusion maps as well as anisotropy
indexes: the usefulness of such maps is to provide a diffusion measurement independent on the
acquisition directions (i.e. rotationally invariant). The simplest maps are the 'tensor trace', i.e.
the sum of the three eigenvalues and the so-called mean diffusivity (MD) [39], i.e. the average
of the three eigenvalues that is independent from the reference system. MD represents the mean
mobility of water molecules in the studied tissue, averaged over all the directions, reflects the

size of the diffusion ellipsoid and has the dimension of a diffusion coefficient (mm?/s).

Anisotropy is usually represented by the fractional anisotropy (FA) [40], which is largely
exploited in this thesis. FA is a measure of anisotropic diffusion weighted against total
diffusion, thus representing the degree of anisotropy (i.e. how greater is diffusivity in the main
direction than in the others). As such, FA represents an estimate of the anisotropy of white
matter bundles. FA can be imagined as the difference between the ellipsoid and sphere shape

and is mathematically defined as the normalized variance of eigenvalues:
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Where A is the MD:

M+ Ay + A (22)

>)
I

The FA measurement provides information about the shape of the diffusion ellipsoid associated
to the tensor. FA is a dimensionless parameter which may assume in a voxel values ranging
from zero for isotropic diffusion (spherical shape) up to a maximum value of 1 when the
anisotropy is maximum (shape of the ellipsoid elongated in the direction of the fibers) [45]. As
such, bright regions in the FA maps reflect areas in which the diffusion is anisotropic and fibers
are highly aligned, while dark regions reflect areas in which the diffusion is isotropic (Fig. 19B).
The brighter the anisotropic structures, the greater the degree of anisotropy, thus the white
matter has high FA values. Particularly, when fibers are arranged in parallel bundles, the
anisotropy is higher than in regions where fibers are incoherently oriented within the voxel,
such as in subcortical areas. Highly aligned white matter regions will be characterized by very
low MD values, while the CSF will have very low values of anisotropy and extremely high
values of MD, being practically constituted by free water, so the ellipsoids of diffusion will
have spherical shape and great radius if compared to other ellipsoids. Finally, diffusion within
the cortex will be more hindered than in the CSF, but considering the size of the voxel typically
used in the clinic (2 x 2 x 2 mm?), there will be no preferential direction of diffusion; therefore,
in the cortex the shape of diffusion is spherical but with an higher MD than CSF. Finally,
knowing the main orientation of the diffusion ellipsoids (i.e. the direction of the eigenvector &
associated to the largest eigenvalue A1), it is possible to obtain a color-coded map modulated by
FA, in which the main diffusion direction within each voxel is represented in a different color
[46-47], and the color intensity represents the degree of anisotropy. Conventionally, red is
assigned to the latero-lateral diffusion direction, green to the antero-posterior diffusion direction

and blue to the cranio-caudal diffusion direction [44] (Fig.19E).
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Figure 19. DTI maps of the human brain: A) Axial diffusivity (AD),;B) gray-scale FA; ¢c) ADC; D) Radial diffusivity (RD), E)
FA color-scale.

Tractography

The information provided by the diffusion tensor allows the identification of the dominant
orientation of the WM bundles within each voxel under investigation by analyzing the
main eigenvector: this allows to create a three-dimensional vectorial field, from which the
architecture of the main WM bundles can be reconstructed by means of a voxel-by-voxel
interpolation of these principal eigenvectors. This process of integrating voxel-wise tract
orientations into a trajectory that connects remote brain regions is called fiber-tracking or
tractography.

The main assumption underpinning DTI tractography is that the principal axis of this
tensor aligns with the predominant fiber orientation within each voxel; in WM regions,
where the fascicles are compact and parallel, the orientation of the principal eigenvector
does not change much from one voxel to the next. An algorithm is then used to generate
a trajectory connecting consecutive coherently ordered ellipsoids within the brain by
following the direction of maximum diffusion from a given voxel into a neighbouring
voxel [147]. Starting from a seed voxel, three-dimensional trajectories are generated in

all directions from the information contained in the 3D vectorial field until stopping
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criteria, that reduce errors in the virtual reconstruction of pathways, are satisfied. This is
the case of deterministic streamline tractography, the simplest approach for tractography.
The most common underlying algorithm is the Fiber Assignment by Continuous Tracking
(FACT) [50-92]. However, other methods such as the Euler’s method, which works with
a constant pitch by means of vectorial field interpolation, are used [41].

Deterministic algorithms start with a properly chosen voxel (seed point) (Fig. 20, voxel
indicated with the star inside) and then connect it to the nearest voxel in the direction of
the principal eigenvector of the starting voxel; however, using this method, the estimated
trajectory often differs from the real orientation of the fibers as the choice of the
directional propagation is limited to a range of 26 possible connections for each voxel.
The solution to this problem consists in transforming the discrete vector field in a
continuous vector field of these data using an appropriate mathematical algorithm [41]:
in this way, tracking starts from the center of the chosen voxel and it proceeds inside of
that voxel in the retrograde and anterograde coherently to the main eigenvector direction
until it reaches its border. At this point, the main eigenvectors of the two voxels are taken

as reference to continue the tracking process (Fig. 20).

Figure 20. A) Discrete Tracking of fibers using information from diffusion tensor imaging in a discrete field. B) Graphical
representation of the FACT algorithm steps for the tracts reconstruction; Voxels with blak dots inside, are the voxel from
which the tracking starts (seed point) and continues, the direction of the main eigenvector in each voxel is represented by a

black arrow. [149].

The algorithm makes two important assumptions that are known as the FA and the angle
thresholds. Trajectories cannot extend to voxels with relatively low FA, to limit tracking to
white-matter regions. Typically, the gray matter FA values are between 0.1 and 0.2, thus a

simple criterion for ending the tracking is to establish an FA threshold of 0.2.
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Trajectories are also interrupted when in consecutive voxels the angle formed by the
intersection of their respective principal eigenvectors is smaller than a set angle (i.e., angle
threshold <35-60°), to avoid unrealistic fiber bending [50].

WM fiber tracts are reconstructed by the identification of one or more ROI (Region of Interest),
which represents a set of voxels presumably crossed by the bundle of interest: the positioning
of these ROI is based on a priori anatomical knowledge of the WM areas containing the tracts
of interest [52,53]. In general, the entire number of voxels constitute a set of starting points for
tracking, however only the tracts passing through the chosen ROI will be displayed [54]. This
approach requires a longer processing time but allows for more detailed reconstructions and a
more exhaustive representation of the multiple branches of the bundle [52,55], as is evident

from Fig. 21.

Figure 21. (a) Schematic representation of the bundle of interest; if the tracking starts from the seed point marked by the
green circle (b), there will be 4 possible results, each of which will represent only a part of the bundle itself; instead, using
multiple seed points (green circles), and displaying bundle that cross the white circle (region of interest), there will be a
more correct representation of the bundle analyzed, as shown by the results obtained by the two approaches in the
representation of the fibers that cross the genu of the corpus callosum [56].

The obtained trajectories reproduce in a precise way the white matter structure, showing a good
correlation with the histological data [50,51]. Projection tracts such as the cortico-spinal tract,
connecting the motor cortex to the spinal cord, as well as intra-hemispheric associative tracts
and inter-hemispheric commissural fibers can be reconstructed (Fig. 21).

Some limits of tractography should be taken into account: firstly, this technique is not able to
distinguish the afferent from the efferent fibers [50] and provides, at this moment, only an
analysis of the macroscopic architecture of the white matter tracts due to the relatively low

resolution of diffusion MR imaging (2 x 2 x 2 mm?®) if compared to axon dimensions. This
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resolution does not allow to detect individual axons orientation whose diameter is typically less
than 10 um. Furthermore, more than one fibers orientation may be present in a given voxel: the
estimation of the diffusion tensor in these voxels provides an “average” of such directions, with
the net result of an anisotropy reduction in the points where the fibers cross, join or at the level
of the cortico-subcortical junction [42,57,58]. This problem result in a low FA value that can
be below the established minimum threshold [41] leading to the termination of the tracking
algorithm. This limit could be resolved by an improvement in voxel resolution, which involves
the use of very high gradients modulus [93]. Moreover, new diffusion approaches allowing to
model multiple fiber directions within each voxel have been developed, together with
probabilistic tractography methods able to estimate the confidence of each reconstructed
streamline. A detailed description of these methods is beyond the scope of this thesis, but it is
worth of note that probabilistic methods can track fibers also through regions with high
uncertainty in the determination of the principal direction and quantify this uncertainty.
However, deterministic streamline tractography is easier to be implemented and its more
intuitive approach has contributed to its large diffusion in a clinical setting. In this thesis,
deterministic tractography of the corticospinal tract has been exploited in a large animal model,

as exploited in the ‘Ovine brain anatomy’ Chapter.

Figure 22.Representation of tractography of different WM tracts of human yellow: CST, magenta arcuate, violet cingulate,
grey inferior fronto-occipital fascicle, blue uncinate fascicle, pink inferior longitudinal fascicle .
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Artifacts

This paragraph is focused on the most frequent artifacts in MRI, in particular on diffusion
images artifacts and programs used for their correction. Subject-related artifacts are due to heart
pulsations, pulsations of cerebrospinal fluid, breathing and movements of the head of the
subject. Other sources of artifacts such as eddy current distortions are directly related to the
MRI system. Moreover, depending on the sequences used for image acquisition, different
artifacts’ corrections may be necessary. Finally, the images are made comparable through

particular pre-processing methods such as normalization and coregistration.

The induced currents, commonly called eddy current, arise from the rapidly changing gradients
and RF magnetic fields during a time interval. The activation of these variable magnetic fields
induces a current in different components of the MRI scanner. This effect is typical of diffusion
sequences because the gradients are applied with a greater modulus compared to sequences
used in morphological images. This phenomenon is described by Faraday-Lenz's law which
explains how the current induced in a circuit depends on its magnitude, orientation and the
rapidity of the magnetic field variation [41,59]. According to the Faraday-Lenz's law faster
sequences such as single-shot gradient-echo techniques, also known as echo-planar imaging
(EPI), produce major artifacts [63]. Eddy currents degrade the speed and efficiency of gradient
switching; electrical pulses driving the gradients become distorted, producing a wide range of
image artifacts, including shearing, shading, scaling, blurring, and spatial misregistration.
Image processing can correct for spatial nonlinearities and frequency/phase shifts due to eddy

currents, as explained below.

Motion artifacts are due to head movement as well as to breathing and heart pulsations [65].
Random head movements can be considered as a combination of translation and rotation. In
particular, translation adds a constant phase to all spin while rotation adds a linear phase change
in the direction perpendicular to the gradient direction. This linear phase change affects the

organization of the data within the k-space leading to data shift [66].
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Figure 23. Head rotation and the relatively linear phase change.
Single-shot MRI pulse sequences acquire the complete k-space data required for image
reconstruction after a single RF excitation, thus limit motion artifacts compared to multi-shot
acquisition sequences.
Heart pulsations and breathing, on the other hand, are not comparable to movements of a rigid
body as they produce non-linear phase variations. These artifacts are more complicated than
head movement but can be predictable given a constant pulse. A common method to reduce

these artifacts is to synchronize the acquisitions to the heartbeat [67].

Image processing

Pre-processing of MRI data is a fundamental step to ensure the correct visualization of the
images and the correctness of a subsequent quantitative data analysis. Image pre-processing is
often composed by different steps, some of which are common to all modalities while others
are case-specific.

Pre-processing aims to correct possible artifacts and to make images geometries and intensities
comparable between different acquisitions in order to carry out an accurate analysis in the post-
processing phase. Below it is explained how correction of artifacts due to eddy currents, head
movement artifacts, normalization of intensities and co-registration of volumes are performed.
The intensity normalization process is explained in the 'Materials and Methods' of this thesis,
while the co-registration process is described in the next paragraph with particular reference to

the methods used in this thesis work.
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Correction of artifacts

Artifacts can be reduced before image acquisition, by choosing specific sequences and
parameters, or after image acquisition by using pre-processing methods.

Before image acquisitions, a compromise between artifacts can be obtained by using single-
shot EPI sequences with diffusion-weighted gradient pulses. Indeed, the EPI technique, which
uses large and fast reading gradients to generate a complete set of gradient echoes, is extremely
sensitive to proton diffusion. This set of echoes can be used either in a Spin Echo (SE) sequence
or in a gradient echo (GE) sequence, where a pair of bipolar gradients are applied before signal
acquisition [39]. These fast sequences reduce the presence of motion artifacts. Further
correction that can be made before the examination is to minimize the eddy currents by
modifying the diffusion sequence, such as, for example, by dividing the diffusion gradients into
2 bipolar activations [64]. Moreover, optimization of the diffusion gradients directions and their
increase in number improve the signal-to-noise ratio of the DWI, allowing a more uniform
sampling of the signal in the three-dimensional space and to provide a more accurate estimate
of the diffusion tensor [61,62].

After image acquisitions, image pre-processing can minimize or remove artifacts by using
specific algorithm. In this thesis work, artifacts’ correction was carried out by exploiting
different tools of the FSL software. In particular, the eddy correct tool allows to correct for
eddy current-induced distortions such as image stretching, shearing, and translation as well as
subject movements on the basis of a classical affine transformation. The first non-diffusion-
weighted image (bo) is set as the target image, into which the remaining DWI volumes are
registered. In the default setting of FSL, eddy correct’ uses a trilinear function as an

interpolation method (see below).

Image coregistration

Coregistration process is essential in pre-processing of medical images. The term refers to the
spatial alignment of a series of images that can be applied between volumes of the same subject
(intra-subjects) or between different subjects (inter-subjects). There are different methods of

image coregistration, differentiated according to the degrees of freedom (DOF) and to the cost

2eddy correct 4dinput 4doutput reference _no; input is in 4D format (means all 3D volumes
in a matrix), interp is set as trilinear by default. reference_no defoault is the first image of the
dataset (b=0);
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function. In addition, correction of motion artifacts within intra-subject acquisitions often use
6 degrees of freedom (DOF) registration. This rigid translation, also known as 'euclidean
transformation' is a geometric transformation that preserves the distances between all copies of
points [6]. The best coregistration is obtained by finding the transformation matrix that
optimizes the cost function between two images. Particularly, the rigid transformation includes
3 rotations and 3 translations, one for each orthogonal spatial axis. The cost function is obtained
by a similarity criterium that allows to calculate the goodness of the correspondence between
two images. Thanks to their accuracy and robustness, mutual information (MI) and normalized
mutual information (NMI) are the most used cost functions. Both methods measure the
statistical dependence between the two images but the NMI method is less likely to cause
recording errors [6]. Errors in this phase inevitably cause a mismatch between the diffusion and
the anatomical information causing errors in the reconstruction of the maps, diffusion tensor
and tractography and also incorrect data analysis. In particular, coregistration of the DTI data
to the morphological images must be followed by a precise reorientation of the tensor i.e.

gradients’ table [94].

Cost Function

Normalized Mutual Information is based on histogram and entropy concepts [7]. The histogram
of an image represents the frequency of each voxel intensities of the image. With the histogram
it is possible to construct an occurrence probability (p;) of the intensities by dividing each

frequency by the total number of intensities (bin).

From the occurrence probability definition, ‘Shannon’s entropy’ (H) is determined by the

formula:
< (23)
H(immagine) = — z p; * log, p;
i=1
Where:
frequenza dell'intensita i — esima (24)

pi bin

38



H(image) is a number representative of the 'disorder' of the image, thus it is equal to zero for
homogeneous images and increases its value as the information carried by the image increase.
Joint histogram is calculated between two images and then the mutual entropy is obtained by

determining H of the joint histograms.

The joint histogram can be represented graphically and it can be noticed how the visualization
changes with the rotation angle of the input image with respect to the reference one. When the
images are identical, all the corresponding grey tones are on the diagonal of the matrix. Fig.24
shows the entropy value and the joint histograms matrix calculated between two MRI when one

is rotated by 2.5, 5 and 10 degrees, respectively [7].

N\
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Figure 24. Joint Histogram for 2.5,5 and 10 degrees of input image rotation. Beneath the joint histogram the respective
Entropy value is shown [7].

By summing up the matrix of the joint histogram, we obtain H, defined as:

n n (2 5)
H(immagine_rif,immagine_reg) = — z z D) * 10820, )
j=1i=1
Therefore, normalized mutual information (NMI) can be defined as:
_ H(immagine_rif) + H(immagine_reg) (26)

NMI =

H(immagine_rif,immagine_reg)

Where H(immagine_rif) and H(immagine_reg) are Shannon’s Entropy of the two images

while H(immagine_rif,immagine_reg) is the Shannon’s entropy for a common
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distribution of immagine_rif e immagine_reg. NMI function has to be maximized thus

H(immagine_rif,immagine_reg) must theoretically be close to zero.

Through input images and transformation matrix multiplication, reference and input images can
be coregistered. When the transformation matrix is applied to the input image, the new position
of the voxel intensities must be determined. This process often requires a sampling of the voxel
centers and then an interpolation process. FSL software uses a trilinear function as the default
interpolation method. A further method is the nearest neighbour interpolation, a method that
simply determines the “nearest” neighbouring voxel among surrounding voxels, and assumes

the intensity value of it to estimate the value of the new voxel in the transformed image.
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Ovine brain anatomy

This chapter will give a general overview of the ovine brain anatomy and its similarity with the
human one, as in this thesis an ovine animal model has been exploited to study the distribution

of a substance delivered through CED within the brain tissue.

The central nervous system (CNS) of human and animals is made up of the brain, its cranial
nerves and the spinal cord. Brain can be divided into three anatomically distinct parts:
cerebrum, cerebellum and brain stem. The cerebrum, which forms the major portion of the
brain, mediates higher functions such as cognition and sensory integration, and is divided into
two major parts: the right and left cerebral hemispheres [76-77]. The outermost part of the
hemispheres is called the cerebral cortex and consists predominantly of gray matter; in the
cortex reside all the processing centers of higher intellectual functions, such as memory and
language. The cerebral cortex has sulci (small grooves), fissures (larger grooves) and bulges
between the grooves called gyri. Gray matter consists predominantly of the cellular bodies of
neurons, the basic processing unit of the CNS. Going through the inner part of the brain, towards
the underlying layers of the cortex, there is a transition from gray (GM) to white matter (WM)
(Fig. 25). Beneath the cerebral cortex or surface of the brain, connecting fibers between neurons
form the white matter, which is composed of myelinated axons and glial cells. Communication
between the two hemispheres is anatomically localized in a preferential area, the corpus

callosum, consisting of a thick bundle of white matter.

Figure 25. Gray and white matter in human (left) and ovine brain (right).
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Sheep offer a great degree of research translatability into basic brain functions as they have a
long lifespan, have rudimentary and well-established housing demands and are safer than
primates to be managed in experimental settings, especially because they do not have hands to
interfere with equipment [78]. Most importantly, sheep have heavily folded and fissured,
gyrencephalic brain more similar to human if compared to the lissencephalic brain of rodents
and rabbits, due to its relatively large size and the presence of sulci [79].

Fig. 26 shows different brain region that are both present in human and ovine brain structure as
the cingulum, thalamus, hippocampus, corpus callosum, and internal capsule that include the

projection motor fibers of the cortico-spinal tract (CST).

) Corpus
Cingulum Callosum
Thalamus

Internal Capsule
. (CST white
Hippocampus matter fibers)
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Cinguium Callosum
Thalamus

Internal Capsule
; (CST white
Hippocampus matter fibers)

Figure 26. Comparative anatomy between human (4) and ovine (B) brain.

Again, the similarities between caudate nucleus, putamen and substantia nigra in the sheep and
human brains, provide a valuable and valid tool for modelling basal ganglia diseases [85].

Further similar features to humans are evident in electroencephalographic records,
neuroradiological features, and neurovascular structures [80], thus making the ovine model of
particular relevance in the field of experimental neuroscience. For example, it has been studied
in the context of epilepsy [81], neuropsychiatry [82], traumatic brain injury [83], and

neurodegenerative diseases [84].
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Intriguingly, studies recently demonstrated neurofibrillary accumulation in normal aged sheep,
extremely similar to the tau deposits associated to Alzheimer’s disease (AD) in humans, so that
researchers are now testing the fitness of the ovine for future genetic manipulation to generate
AD animal model [86].

Furthermore, due to these similarities with human brain, the ovine model can be particularly
valuable in the context of neurosurgical research to test new devices and peri-operative
technologies. In this scenario, the possibility to explore in vivo the imaging features of the ovine
brain becomes relevant for pre-surgical planning and intraoperative neuro-navigation, for
example in the case of CED. Despite the growing interest in using sheep as a model of large
mammals with complex central nervous system, comprehensive ovine MRI studies are rather
limited, presumably because they are hardly feasible and require a well-organized and

specialized multidisciplinary team [87].

Ovine brain structure and even the fundamental white matter bundles are similar to the
homologous structures of human and other mammals, which is pivotal for the translational
purpose of using sheep models in neuroscience and thus in this thesis project.

Indeed, white matter fibers have been conventionally classified into different categories
depending on their paths, both in humans and in animals [88-89]. For instance, tracts in the
brainstem comprise the motor fibers of the CST and its cerebellar connections, while projection
fibers include the suprathalamic portion of CST that connects cortical to subcortical white
matter. With respect to the other primates, the CST in sheep is smaller and composed of thinner
fibers [90]. In this work, CSTs have been reconstructed by means of DTI tractography in vivo
to be used as a target for the CED infusion experiments. An Atlas of the Ovine White Matter
Fiber Bundles was created in 2019 [148], showing different WM fiber bundles that are

comparable with humans tracts.
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Figure 27.Representation of tractography of different WM tracts of sheep brain [148]: Corpus callosum (CC,
orange). Visual pathway (VP, yellow), CST (blue), Fornix (FX, pink) and Occipitofrontal fasciculus (OF, green,).
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Convection enhanced delivery (CED)

Convection enhanced delivery (CED) is a minimally invasive technique for local delivery of
substances within the brain. CED represents an efficient method to bypass the Blood-Brain-Barrier
(BBB), a selective semipermeable hedge surrounding brain capillaries that obstacles the penetrance
of most therapeutics in the brain. In order to overcome this barrier, CED enables the release of
therapeutic agents directly inside the brain for treating many different diseases, including malignant
gliomas, Alzheimer’s disease, Parkinson’s disease, epilepsy and ischemic stroke [124]. However,
clinical trials exploiting CED techniques have been largely unsuccessful [26]. In the following

paragraphs, the principle of operation, the limits and the feasible applications of CED are discussed.

Principle of operation of CED

The therapeutic agent is released through one or more stereotactically positioned catheters connected
to an infusion pump that keeps a constant pressure at the tip of the catheter, thus allowing the

substance to be released in a particular brain area at a controlled rate.

Figure 28. Principle of operation of CED technique. The continuous positive pressure is maintained at the tip of the catheter,
releasing the infusate through convective flow [2].

Convection includes two distinct phenomena: diffusion and advection. Diffusion phenomenon is
described by Fick's law, and has already been extensively explained in the 'Principles of diffusion’
chapter. On the other hand, advection is the movement of a substance along the pressure gradient and

is described by Darcy's law:

45



v= —KxVp (27)

Where v is the molecule speed, directly proportional to the pressure gradient and to the hydraulic
conductivity. The latter describes the fluid ability to move through spaces (in this case through the
catheter lumen). Compared to diffusion, advective flow is largely independent from drug molecular
weight.

In Fig. 29 it can be noticed how the advection factor gives a greater contribution to the volume

distribution than the diffusive factor.
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Figure 29. Infusate concentration is much higher for CED technique than for simple diffusion. [73]

Constraints of CED

CED physical principles are rather simple, while the development of different infusion strategies is
required for the several existing infusion methods [2]. In this regard, CED techniques strongly depend
on different physical constraints. In fact, besides the difficulty of surgery and catheter insertion,
infusion parameters should be carefully tailored in accordance to the specific drug half-life and tissue
clearance rate. These constraints can cause different complications during CED, such as backflow,
air in the syringe, and partial destruction of the parenchyma during catheter insertion, especially if

the choice of infusion variables has not been finely tuned for the specific case-scenario.
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Backflow

Backflow, also known as reflux, is the infusate flow in the opposite direction with respect to the one
of catheter insertion. Backflow occurs when the pressure at the tip of the catheter equals the pressure
of the underlying tissue, or when part of brain tissue is damaged by catheter insertion, creating an
empty space around the outer surface of the catheter in which the infusate can penetrate [17]. Reflux
consequences are mainly associated with low drug concentration in the targeted brain area, excess of
toxicity in areas surrounding the target, and lack of predictability of the distribution volume in the

region of interest.

Figure 30. A) CED without backflow. B) Backflow in the infusion direction along the catheter (black arrows - green in cannula) with
diffusion occurring with a non-convected injection [17].

Design and catheter size can be optimized to reduce the backflow phenomenon. In particular, catheter
diameter of 27 G (0.36 mm) or less significantly reduces the presence of backflow [12]. Infusion
parameters and settings can influence the probability of backflow as well, in particular when the

infusion rate is high or when the stiffness of the catheter increases [18].

Air bubbles

The presence of air in the tip of the syringe may damage the underlying tissues and increase the
likelihood of backflow [18]. It may also alter local pressure at the infusion site, affecting the final
distribution volume. In addition, MR images acquired in the presence of air bubbles could lead to
artifacts. For instance, in case of T1-weighed images, rounded areas of marked hypointensity are
present close to the catheter tip, limiting the underlying structure visualization. Therefore, it is

necessary to ensure that the tip of the syringe and any of its channels are free of air bubbles before

47



inserting the catheter. Finally air bubbles can leads to unpredictable flow path within the brain

structure.

Flow rate and Volume of distribution and infusion

One of the parameters that should be carefully adjusted in CED is the 'infusion rate', which is
positively correlated to the distribution volume (V4), and also to the probability of backflow.
However, due to the current modern design of catheters, an infusion rate of 50 pL/min can be reached
without causing reflux [19]. Nonetheless, the likelihood of brain tissues damage remains high [13].
V4 and volume of infusion (V) ratio is different according to distinct anatomical brain locations and
specific for each pathology, and is a key variable to predict the required Vi [3]. Recently, several
articles reported that volume distribution is strongly dependent from different features of the infused
molecules, such as size, molecular weight, hydrophobicity, charge and viscosity [20-22]. As an
example, high molecular weight compounds, such as an antibodies, may take up to 3 days for only 1
mm spatial spread, that is not a reasonable time for a therapeutic treatment [25]. Furthermore, V4
increases linearly with V; [26], except in cases of excessive flow rate. In general, the drug transport
during CED is governed by bulk flow, diffusion and clearance loss due to permeation and reaction.
It has been reported that, along the fiber direction, the white matter has a lower resistance to
convection rather than the grey matter, which exhibit more tissue homogeneity [2,26]. In this concern,
the V4/ Vi ratio was 4:1 in gray matter while the ratio of compacted white matter ranges from 6:1 to
10:1, meaning that drug distribution is greater in WM than GM thanks to increase permeability of
WM that leads to conduct fluid flow at a different rate [159].

It still remains unclear if a difference in resistance can be appreciated in the white matter if the
infusion is specifically delivered along (parallel to) the fiber direction or orthogonal to the fiber

direction in the same target point.

Visualization of volume distribution

Gadolinium (Gd) is a MRI contrast agent used in solution with other substances to monitor volumetric
distribution during CED infusions [15-16]. Gadolinium has been used in various formulations,
including Magnevist, Omniscan or Prohance [23]. In T1-weighted images, these solutions result

hyperintense and therefore visible as a bright and clear region.
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Clinical Trials efficacy exploiting CED

Despite technological developments in medical and biomedical field, clinical trials with CED
procedure have been largely unsuccessful. These failures have been helpful in order to identify a
number of pivotal parameters that still needed standardization for successful clinical applications,
such as specific drug biodistributions, most appropriate needle diameter, flow rate and volume

distribution [26], as well as to improve effective catheter positioning and patient-tailored protocols.

Nowadays, CED has been mainly exploited for the treatment of glioblastoma (GBM), and the
majority of the ongoing experimentations are focused on tumors rather than on neurodegenerative
diseases. The first clinical demonstration of CED therapeutic efficacy was reported in the early 1990s
by Edward Oldfield’s group [3]. In this study, a chemotherapeutic agent selectively targeting
transferrin receptor was used to induce tumoral cells death. The authors reported that 9 of 15 patients
with recurrent GBM showed a 50% tumor reduction without systemic toxicity. However, 3
participants that were treated with higher concentration suffered of complications. Furthermore, the
PRECISE study aimed to treat recurrent GBM with an exotoxin agent that targeted an overexpressed
GBM cell receptor and was one of the largest studies applying CED, but did not demonstrate an
overall survival benefit [115]. However, the progression-free survival was better for patients treated
with CED. Another clinical trial, using Topotecan as a therapeutic agent (cell division inhibitor),
demonstrated tumor regression in 69% of patients at a concentration which was not toxic [26]. Lidar
et al. [111] used Paclitaxel as antitumoral agent and reported a positive response rate of 73% with 5
patients exhibiting complete response, while 6 showing partial response. Further investigations
demonstrated how oncolytic virus represent a promising strategy for cancer therapy that can be
delivered by means of CED. Preliminary data in a Phase I study showed conflicting results with 3
patients remaining disease-free for 5 to 12 months post treatment, while others having recurrent tumor

growth after two months [118].

Clinical trials using CED technique have also been proposed for Parkinson’s diseases. For instance,
Gill et al. [104] injected a neurotrophic factor directly in the putamen of 5 patients and an
improvement in dopamine function was detected. On the contrary, Amgen et al. [121] arrested their
study due to the presence of cerebellar neuronal loss and ‘neutralizing antibody’ in 2 of their 34

patients. Anyway, other patients did not demonstrate any clinical improvements.
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Although CED could be applied to a variety of CNS disorders, different parameters still need to be
standardized: in vivo monitoring, prolonged delivery, and catheter technology. Particularly, the main
issues related to the CED technology are essentially three: catheter positioning, lack of flexible
protocol, and prevision of drug volume distribution [23]. In the PRECISE study, just 49,8% of the
catheter placements met all the established positioning criteria and the drug concentration has been
locally ineffective probably due also to this specific reason [114]. Furthermore, the major obstacle in
different studies, lied in the absence of a reliable method to determine in-vivo drug distribution [26].
Infusion catheter positioning must be improved through computer simulation software and real-time

monitoring with MRI, ultrasound techniques or robotic arms [119].

Preclinical Trials exploiting CED: assessment of drug distribution

To date, in vivo CED studies firstly aiming at detecting drug distribution within different brain
structures are limited, and investigations on the effect of catheter positioning on distribution volume
are scarce. Different computer simulation based on a variety of assumption and different
physiological and physical parameters have been investigated, demonstrating qualitative prediction
of different drug distribution, even if they do not take into account real case scenarios. Furthermore,
different factors may affect the diffusion such as temperature, restriction, hindrance, membrane
permeability and, as mentioned before, anisotropy and tissue inhomogeneity [120].

Interestingly, some preclinical studies found that delivery within tissue structures such as white
matter, gray matter, and adjacent CSF regions have complex transport characteristics, based on their
underlying structure. Gray matter, which is composed mainly of neuronal cell bodies, neuropil, and
glial cells, has a roughly isotropic structure and diffusivity and the hydraulic conductivity may be
considered to be the same in all directions [99]. Differently, white matter is composed of bundles of
myelinated axons, and referential diffusional transport has been measured to occur preferentially
along the direction of aligned fiber tracts compared to radial direction [100, 125-127]. Previous CED
studies also indicated that preferential convective transport also occurs along fiber tracts’ directions
[3,101,102]. This preferential flow has been attributed to the anisotropy of fiber tracts, with a high
hydraulic conductivity in fiber axial direction compared to the radial one [96-97]. Finally, it has been
suggested also that flow direction could be determined both by catheter orientation (pressure gradient
direction) and from resistance to flow. The latter is location-dependent (heterogenous) and direction-
dependent, so that the different structure of WM and GM dictates flow in a different way, by
influencing V4/V; rate. Even if the careful evaluation of microstructural constraints was not the aim
of previous studies, different papers reported white matter as a preferential path for drug distribution

[103,109].
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In the preclinical study conducted by Raghu et al. [106], Gd solution was infused at 0.5 pL/min
directly into the pig WM internal capsule and the expansion remained highly localized inside the
WM, with little observed changes in GM. In another study of Raghu Raghavan et al. [24], it was
shown that infusion of Gd-DTPA into pig brain had an irregular shape owed to the preferential
infusion path along white matter tracts (Fig 31 A). In the Jung Hwan Kim et al. study, Gd-DTPA
albumin was infused near the alveus interface in rats at 0.3 pL/min, and the infusate distributed
preferentially along fiber tracts of the corpus callosum, with limited penetration within adjacent gray
matter [109] (Fig 31 C). In accordance to this last study, Morrison et al. [103] infused 75 uL '''In-
transferrin solution through a catheter placed in the corona radiata (WM) of a cats at 1.15 pL/min.
Those molecules exhibited a tendency to flow in a parallel direction to the fiber tracts rather than
perpendicular to them (Fig 31 B). Similar results with cats were obtained by Bobo et al. [3], where
isotope-labelled transferrin was infused in cat corona radiata at 4 uL./min and infusate predominantly
distributed in WM immediately after infusion (2h) while penetrated into GM over the next 24h. In
the experiments conducted by Endo et al. [129], Evans blue dye was injected through CED in the
white and gray matter in the spinal cord of rats with infusion rate and total volumes of 0.2 pL/min
and 2 pL respectively. The infusate distributed over longer distances in the white matter than in gray
matter, while the volume distribution was greater in gray matter. In addition, white matter infusate
did not infiltrate into adjacent gray matter, while gray matter infusate partially diffused even along
white matter in the lateral spinal cord. Again, infusion within the lateral CST of primates at 0.1

pL/min for 20-40 and 50 pL leaded to perfusion over several segments of the spinal cord [126].
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Figure 31. A) b) Results of a 90-minute infusion into a pig brain (Fig. b) followed by imaging 20 hours thereafter (Fig. c) [24]. These
data were obtained from an experiment directed by Michael Moseley at Stanford University, Stanford, California, and funded by
what was then Image-Guided Neurologics, Inc. B) Infusion in the Corona radiata of cat. Infusate tended to follow the parallel
direction of WM fibers [103]. C) Gd-DTPA infusion into alveus interface in rats. Agents seems to follow the preferentially the WM
tracts [109].
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Despite exploiting different experimental settings and constraints such as flow rate, catheter
positioning, total amount of infusate and different subjects, all the previous CED experiments
emphasized a difference in the infusate distribution behavior within gray and white matter, showing
a preferential path along fiber tract direction [3,103,126,129]. Only three of these studies
demonstrated this difference by means of histological analyses: after injecting gadolinium conjugated

with Evans Blue, this dye is then visible in mice histological sections [3,126,129].
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Aims of the project

As shown by a variety of clinical trials, the applications of CED technique have been widely
unsuccessful due to inaccurate catheter positioning, lack of flexible protocols and inaccurate
prediction of drug volume distribution [23]. Thus, the main goal of the experiments conducted in the
context of EU’s Horizon EDEN2020 Project was to set a novel integrated platform for accurate drug
delivery in the brain and to provide quantitative data for improving CED planning and integration
with the surgical procedure, as well as predicting the expected drug volume of distribution, possibly

leading to more successful and standardized clinical trials.

In this context, the aim of this thesis work was to precisely characterize in-vivo drug distribution in
brain tissue after CED:
1. by defining the microstructural properties of the ovine brain tissue using DTT;
2. by assessing the impact of brain microstructural features, as depicted by DTI, on drug
diffusion, facilitating it in any direction;
3. by studying drug distribution after infusions both parallel and orthogonal to white matter fiber
tracts in order to provide quantitative measures on how different orientations of the catheter

delivering the infusion may influence CED.
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Materials and Methods

Study population

Seven female adult (1-year old ) sheep ovis aries of about 70Kg have been imaged for this project.
Sheep have been selected as appropriate animal models due to their anatomy, physiology, and
neurological development. The choice of female gender was due to the size, weight and to the social
behavior characterized by a low agonist component favoring housing and handling. All animals were
treated in accordance with the European Communities Council directive (86/609/EEC), to the laws
and regulations on animal welfare enclosed in D.L.G.S. 26/2014 and approved by the Italian Health

Department.

Animals were anesthetized via the intravenous administration of Diazepam 0,25 mg/Kg + Ketamine
5 mg/Kg, intubated and then maintained under general anesthesia with isoflurane 2% and oxygen 2L.
They were placed in prone position in the MRI scanner. For each animal, high-resolution MRI
datasets have been acquired on a 1.5 Tesla Philips scanner (Achieva, Philips Healthcare) at a
veterinary imaging facility [‘Fondazione La Cittadina Studi e Ricerche Veterinarie’, Romanengo
(CR), Italy] and specific hardware characteristics are listed in Tab.1. The following paragraphs

describe in details the subsequent protocol steps, followed for each sheep MRI acquisition.

Figure 32. Sheep prone positioning in the MRI scanner under anesthesia.
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Experimental setting: workflow

The following protocol steps were carried out dedicating one day per sheep at the veterinary center
[‘Fondazione La Cittadina Studi e Ricerche Veterinarie’] after sheep anesthesia and sheep positioning

inside the 1.5 T MRI scanner. All these boxes are explained in the next paragraphs.

Experimental procedure [n° infusions: 14 (8 //, 6 1)]

Catheter // CST

Figure 33. Workflow of Sheep MRI acquisition protocol, image pre-processing and analyses, fully explained in the following
paragraph of the main text.

Experimental procedure

1- Presurgical imaging protocol: 3DT1 and DTI

MR imaging was performed on a 1.5T scanner (Achieva, Philips Healthcare). Small and medium flex
coils fixed over both hemispheres were used. Diffusion Tensor Imaging (DTI) data were obtained
from all the animals by using a single-shot echo planar (EPI) sequence with parallel imaging (SENSE
factor R=2). Diffusion gradients were applied along 15 non-collinear directions, using a b-value of
1000 s/mm?. The detailed imaging parameters for DTI were: TR/TE 6700 ms/84 ms; acquisition

isotropic voxel size 2 x 2 x 2 mm; 45 slices. Two signal averages (NSA=2) were obtained, for a total
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scan time of 5 minutes 34 seconds. A T1-weighted volumetric scan was also acquired from each
animal by using a three-dimensional fast-field-echo (3D-T1 FFE) sequence with the following
parameters: TR/TE 25 ms/5 ms; flip angle 40°; voxel size 0.667 x 0.667 x 1.4 mm?>; SENSE factor
R=2; 150 slices; acquisition time 8 min 40 s. All the MRI sequences were oriented perpendicular to
the longitudinal axis of the scanner.

DTI and 3DT1 images were acquired for each of the seven sheep (14 infusions, 8 parallel and 6

perpendicular) with image characteristics shown in Table 1.

3DT1-preoperative DTI-15
Sequence Volumetric T1 Fast Field Echo Diffusion-weighted Spin Echo
EPI single-shot pulse
TR [ms] 25 6700
TE [ms] 5 84
Flip angle 40 90
Acquisition Matrix 288 x 288 96 x 96
Voxel size [mm?] 0.667x0.667x1.4 2x2x2
Slice thickness 1.4 2
Slice number 150 45
SENSE factor 2 2
b-value [s/mm?] - 0, 1000 (15 directions)
Acquisition time [min] 8.4 5.34

Table 1. Acquisition parameters of pre-operative 3D T1 and DTI at 15 directions.

2-  DTI pre-processing and Tractography

The volumes were exported from the MRI scanner and then converted from DICOM to Nifti format
using the MRIcron dem2nii tool (https://www.nitrc.org/projects/decm2nii/). Once converted, motion
and eddy current artifacts were corrected by means of the FMRIB Software Library (FSL,
https://fsl.fmrib.ox.ac.uk/fsl/)’. Subsequently, diffusion maps were extracted with the 'Diffusion
ToolKit' (DTK) software (http://trackvis.org/dtk/), requiring different input parameters including b-
values and gradient table values. Gradient files together with DWIs were used by the DTK program

to define one diffusion tensor in each voxel.

Seddy correct DTI-15.nii.gz DTI 15 EC.nii.gz 0, where 0 identify the diffusion weighted images with b=0
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Figure 34. Transverse plane view of CST superimposed on pre-operative 3DT1

Furthermore, DTK computed a whole-brain deterministic tractography of the sheep brain, keeping an
FA threshold equal to 0.15 and max angle equal to 27° as stopping parameters for the algorithm.

Then, the whole brain tractography was opened in TrackVis software (http://trackvis.org) and ROIs
were manually contoured at the level of pons and internal capsule on the color-coded FA maps, in
order to dissect the corticospinal fiber tracts (CSTs). Raw tracts resulting from the first tracking
procedures were then refined manually, on the basis of anatomical knowledge, by removing the

surfeit of fibers with excluding ROls.

Figure 35. CSTs elaborated and visualized by means of TrackVis software..

Using an in-house Python script, the corticospinal tracts (CSTs) were coregistered to the 3DT1-
preoperative space. The b=0 EPI volume (reference image without diffusion weighting) was
registered to the 3D-T1 anatomical image volume using a 3D affine transformation (FLIRT tool) that
was then applied to obtain a nifti mask of the tracts onto the anatomical images.

The resulting coregistered CSTs masks were binarized with the FSL fslmaths function* and overlaid

on the preoperative 3DT1 images

4 fslmaths CSTs_to_3DTI.nii -bin CSTs_to 3DTI bin.nii.gz
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3- Presurgical planning

Once the CSTs were coregistered and superimposed on the T1-weighted volume, the neurosurgical
planning was carried out by means of the “Neuroinspire’ neurosurgical planning software supported
by a 3D simulation performed with ‘3D Slicer’ software. An expert team composed by a
neurosurgeon an engineer and two veterinary surgeons selected the most compact portion of the
internal capsule of CSTs as the target region for the infusions. On this region the Principal component
analysis (PCA) was used to calculate the main direction of the CSTs to define the entry point in such
a way that the catheter will results perpendicular or orthogonal to the CSTs. The procedure consisted
in the stereotactic insertion of a rigid infusion catheter, the ‘guide’ catheter, that has an internal hollow
in order to allow the subsequent insertion of a tiny infusion silica catheter. The latter has a diameter
of 0.3 mm and has been always inserted just before the actual infusion procedure, with an offset of 5
mm from the rigid infusion catheter. The catheters reached the target inside the CST avoiding

obstacles such as brain ventricles, arteries and other vital structure for human and animals.

4- Surgical procedure

The ‘guide’ catheter was stereotactically inserted allowing to reach the target point. The 5-mm offset
between the tip of the ‘guide’ catheter and the tip of the infusion silica aimed at reducing the
likelihood of complications during infusion such as backflow or tissue damage. Once the correct
trajectory was found and the ‘guide’ and infusion silica catheters were inserted, infusions were

performed.

Figure 36. A, B) Stereotactic insertion of the guide catheter, after surgical procedure and placemen of the ports;
C) Manual insertion of the infusion silica catheters.
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5- Infusions and acquisitions at consecutive timepoints

The ‘Pump 11 Elite & Pico Plus’ from ‘Harvard Apparatus’ was used to infuse 10uL of a Gadolinium-
based solution composed of Prohance® (Gadoteridol) diluted 1:80 in physiologic solution, at rate of
3uL/min at the level of the previously described CST target. A dedicated extension tube of 1.5 m
(diameter 1 mm) connected the syringe to the infusion silica catheter, and air bubbles within both the
syringe and the extension were carefully removed before infusion, in order to avoid any artefact
caused by air. The total infusion duration was 3 minutes and 20 seconds. Due to experimental
contingencies and time constraints, post-infusion acquisitions were acquired at slightly different
timepoints across different sheep, resulting in a minimum of 1 and a maximum of 4 post-infusion
acquisitions. Two infusions were made in each sheep, one in every hemisphere. Infusion details for
each sheep are showed in Table 2, where the number of timepoints, infusion directions and timings
are described. The timing is defined as the time interval between the end of the infusion procedure

and the end of 3DT1 acquisition.

Timepoints Timing
CST Infusion Direction
Number (min)
L 3 20, 60, 90
SHEEP 08 I
R 1 10
L 2 10, 25
SHEEP 09 I
R 3 15, 50, 65
L 2 20, 65
SHEEP 10 [
R 1 15
L 2 70, 90
SHEEP 11 I
R 2 15, 35
L 3 20, 50, 90
SHEEP 12 1
R 3 20, 50, 90
L 3 20, 50, 90
SHEEP 13
R 3 20, 50, 90
L 3 25,55, 85
SHEEP 14 1
R 4 25, 60, 90,120

Table 2. Timepoints acquisition parameters. L and R indicate Left and Right respectively. Parallel infusion direction is represented
by || while orthogonal infusion is represented by 1.
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Post-infusion image pre-processing

After the acquisition of raw data, the post-infusions images were pre-processed in order to allow
intra-sheep image comparisons and to guarantee inter-sheep homogeneous data handling. In
particular, for each single sheep, all the post-infusion images were aligned (coregistered) to the
preoperative 3DT1 image, always kept as reference image because both the presurgical tractography
and planning have been performed on it. On the other hand, for all the sheep, a common cutoff was
maintained when automatic segmentations were performed. Fourteen infusions were completed, 8
with the catheter parallel to white matter fibers, 6 with the catheter orthogonal to them. In the

following paragraphs, programs and methodologies used in image pre-processing will be detailed.

6A-Coregistration

For each sheep, post-infusion images were co-registered to the preoperative 3DT1 image by means
of the FLIRT tool of FSL, in order to create a dataset in which the intra-sheep space was the same.

Different spaces of the raw images belonging to the same sheep depended on the repeated positioning
of the animal in the MRI scanner and, most importantly, by the brain shift caused by surgery. The

parameters of the function® used are:

- Bins: Histogram values were calculated in a 256 gray-level scale;
- Cost normmi: cost function, set to ‘normmi’ (Normalized Mutual Information);
- Searchrx/y/z: angular range in each axes over which the initial optimization search is
performed;
- Interp: interpolation method used in the final slice transformation, set to ‘tri-linear’;
- Omat: transformation matrix.
Once the images were coregistered, the raw b-vectors table was rotated in relation to the

transformation matrix (DTI to 3DT1) in order to ensure correct tensor data extraction; This rotation

3 Slirt -in SheepN°® 3DTItimepoint.nii -ref SheepN°® 3DTI1preOP.nii.gz -out SheepN° timepoint to 3DTIpreOP.nii -
omat SheepN°® scanl _to preOP.mat -bins 256 -cost normmi -searchrx -90 90 -searchry -90 90 -searchrz -90 90 -dof 6

-interp trilinear
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was obtained by the multiplication between the transformation matrix, obtained from DTI (b=0
volume) to the 3DT1 image, and each 3D vector of the ‘bvecs’ file. Subsequently, diffusion maps

were extracted from the DTI raw data.

6B- Intensity Normalization and Bet

FSL visualization of post-infusion acquisitions highlighted different voxel intensities between intra-
sheep 3DT1 images. The MRI voxel intensities do not have a fixed numerical value associated to a
particular tissue, even within the same MRI protocol, for the same body region, and even for images
of the same subject obtained on the same scanner at different timepoints [ 122].

Thus, an intensity-normalization of all 3DT1 images was necessary in order to estimate consistently
and reproducibly the differences in gadolinium intensity and to perform correct automatic procedures.

The open source software 'ITK-SNAP' (http://www.itksnap.org/pmwiki/pmwiki.php) was used to

create a mask on the preoperative 3DT1, in a region of homogeneous intensity in the temporal muscle.
The optic chiasm was identified on the coronal plane (Fig. 37A) as the crossing point of the optic
nerves, and, at this level, a cubic mask was extracted in the temporal muscle, as it is visible bot in the

coronal (Fig. 37A) and axial plane (Fig. 37B).
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Figure 37. Identification of the optic chiasm in the coronal plane (A) and creation of a mask in of the temporal muscle region in the
axial plane (B).

FSLview was used to double-check that the 3D mask was within the very same region of the temporal
muscle in all post-infusion images as in the pre-operative 3DT]1, but it was already expected given

that all the images have already been coregistered to the preoperative 3DT1. Thus, the temporal

61



muscle mask was multiplied by every post-infusion image, and average values of voxel intensity
within the temporal muscle was obtained through FSL. By dividing each post-infusion 3DT1 image
by its corresponding average value in the temporal muscles, intensity-normalization between images

was achieved and standardization of the intensities was obtained.

Finally, ovine brain masks were obtained by using the FMRIB Software Library brain extraction tool
(BET®), setting fractional intensity threshold function at 0.4, and manually refined with ITK-SNAP
(version 3.6.0). They were eventually multiplied voxel-by-voxel to the original 3DT1 images using
the “Fslmaths” tool of FSL, in order to extract the whole brain of each sheep (Fig.38).

The pre-processed dataset of pre- and post-operative images, therefore, resulted in the 3DT1-

preoperative space, intensity-normalized and bet.

Figure 38. Skull removal using a mask created with ITK-snap. The brain is relative to sheep 11.

6C- Automatic segmentation of infusion

An automatic segmentation algorithm (‘Region Growing’) was created in Matlab2019 (Matlab
R2019a, Mathworks inc.), with the aim to extract the mask of the bolus of the gadolinium-based

solution from all the post-infusion acquisitions of each sheep. The input parameters of the script are:

- Sheep under investigation: sheepnumber;
- Bolus maximum voxel intensity: maximum;

- Image range containing the bolus: first imm e second_imm;

6 bet Sheepn® 3DTI timepoint.nii.gz Sheepn® 3DTI timepoint bet.nii.gz -f 0.4 -R -m where -f 0.4 indicates
the fractional intensity threshold, -R allows to iterate different time the brain Centre-Of-Mass resulting in a better brain
extraction and -m generates binary brain mask
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Particularly, the last parameter was set in order to reduce the computational costs of the algorithm,
being the images with the bolus about 10% of the total volume (Table 3).

Bolus maximum voxel intensity was found through TTK-SNAP' by creating a square 3D mask of size
10 voxels that can incorporate the whole bolus in the first post-infusion volume for each sheep, as
appreciable in Figure 39. Subsequently, the maximum voxel intensity within the mask was extracted

by means of F'SL (Table 3).
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Figure 39. Identification of the regions containing the infusion bolus on ITK-SNAP.

The algorithm was instructed to limit the segmentations only to those voxels that displayed an
intensity not inferior to the 33% of the maximum gadolinium intensity. Thus, until a 66% of intensity-
decay, voxels were still automatically considered as part of the infused bolus, while voxels less
intense than the threshold were not considered. This percentage was applied to all the maxima of

different sheep, obtaining the thresholds for the automatic segmentation algorithm (Tab.7).
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Figure 40. Mask visualization on FSLview for different threshold values. Threshold of 33% includes all the infusion bolus.

The Matlab2019 code also allowed to save the bolus mask in ‘Stereo lithography interface format’
(.stl) (Fig. 41) thanks to a function:

stlwrite (name, info, 'mode’, 'ascii’);

This function required different input such as name parameter to save the file with proper name,
structure containing vertices and faces of the triangles that make up the surface of the bolus 'info',
while the last two inputs were used to save the file in text format. The data contained in the 'info'
structure were obtained from the 'isosurface’ function which required the set of images and a

threshold. Since the binary masks were used, a threshold value of /2 has been set.

Figure 41. Graphical representation of MATLAB ‘stlwrite’ function. The image represent the .stl file converted by the binary mask.
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6D- Catheter Segmentation

The last parameter needed to complete the dataset was the catheter shape estimation, obtained by
semi-automatic segmentation by the ‘3DSlicer’tool 'Segment Editor’, that allowed to apply a voxel
intensity threshold ranges and to manually crop the catheter shape (Fig. 42). In the following analysis,
Catheter direction was extracted to differentiate between parallel and orthogonal infusions.
Specifically, the catheter direction compared to CST fibers provided a more accurate indication of

the actual orientation of the catheter with respect to the CST during pre-surgical step.

Figure 42. A) Post-infusion images with the catheter (white arrows) and its relative infusion,; B) 3DSlicer segmentation through
threshold range; C) Comparison between catheter segmentation and real catheter.

7A- Inclusion criteria for analysis

Not all the 14 (8 parallel and 6 perpendicular to CST) gadolinium-based infusions could be included
in the definitive analyses, since the boli needed to fulfil the same inclusion criteria in order to
guarantee homogenous and reproducible analyses. Two inclusion criteria were set, the first one based
on a Fractional Anisotropy (FA) threshold, the second one based on explained variance. First, in order

to be considered ‘within the fibers’, boli should display a mean FA that did not differ from the mean
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FA of CSTs. This was carried out by multiplication” of FA maps with CST and bolus binary mask

and next average® of not-zero voxels of the output by means of ‘fslmaths’.

CSTs

Bolus X

Figure 43. FSL process to extract FA mean value. After multiplication through fslmaths average of voxel greatest than () was carried
out.

Second, in order for a “principal’ direction to be consistently identified within each bolus, boli should
be unanimously oval. This inclusion criteria was set because subsequent studies were based on bolus
principal component analysis. Accordingly, the explained variance (EV') of the principal components
of all the boli needed to overcome the cutoff of 0.4 in order to be considered ‘oval’ and was calculated

through the formula:

BV = Eigenvalue,, ., (28)

3 .
=1 Eigenvalue;

EV range is [0;1] where 0.33 indicates perfect sphere shape, so 0.4 is 20% more of the sphere shape.
EV was calculated for each infusion at the first timepoints, still influenced by CED advective flow,

while the shape of the boli through the next timepoints were influenced by diffusion motion only.

7 fsimaths ~SHEEPI11 dti FA corr.nii -mul SHEEPII LEFT Ist timepoint _mask.nii
SHEEPI11 LEFT Ist mask FA.nii.gz

8 fslstats SHEEP11 LEFT Ist mask FA.nii.gz -M
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Post-infusion image analyses

Post-infusion image analyses on the coregistered and intensity-normalized final dataset were
completed by means of ‘3DSlicer’ software, including a python module (‘ Python interactor’ module)
through which a python code created in collaboration with ‘Politecnico di Milano” was launched for
the analyses of every infusion at each timepoint. Post-infusion image analyses focused on different

specific parameters based on the two experimental hypotheses (8-9 steps of workflow Fig.33):

1) Effects of microstructural constraints on diffusion;

2) Effects of catheter orientation on infusion.

Five 3D-vectors were extracted, one of which refers to the catheter direction, one refers to the
principal component of the bolus at each timepoint, and 3 refer to the DTI-eigenvectors.

Catheter direction (Cath_direction) was obtained by computing the Principal Component Analysis
(PCA) on the cloud of points making up the catheter (Fig.44 A).

PCA is capable to find the main direction of a cloud of points by finding the line that maximizes the
sum of the squared distances between the projected points and the origin. After that, the second and
third main directions are defined as the mutual perpendicular directions. In our experimental setting,
the catheter was in a fixed position during the whole experiment duration, therefore Cath_direction
vector remained constant for all the acquisitions at consecutive timepoints.

DTTI eigenvectors &;, €, and €3 and eigenvalues A1, A2, A3 were extracted only from the voxels
situated in the portion of the tract overlapping with the infusion at the last timepoint. Once the voxels
of interest were extracted from the DTI, the eigenvectors of each ellipsoid were weighted for the
same-location FA voxel value, in order to give greater importance to the voxels with higher FA (and
thus more probably within the tract) (Fig.44 B).

Finally, & max_bolus was the bolus principal components and it was obtained through PCA, the same
method used for the extraction of Cath_direction (Fig.44 C) (Tab. 6). Bolus principal component was

the only parameters that changed for every timepoint due to the bolus expansion during time.
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Figure 44. Parameter extraction. A) Cath_direction obtained by PCA calculation of points constructing catheter shape. B)
Representation of tract to illustrate the DTI principal direction corresponding to the bolus position (g1, €, and &g).
C) Representation of €_max_bolus_3, other parameters (¢_mid_bolus 3 and € min_bolus_3) are the second and third bolus
principal components all respectively orthogonal.

Next, geometrical calculations between primary vectors allowed to obtain further parameters that
were used for the analyses (Tab.2).

Particularly, in order to answer the experimental questions, absolute bolus lengths in the three DTI
principal components (L) were extracted, as well as angles between DTI principal components and
the PCA of the boli of the same sheep (€2). Furthermore, differences in L were calculated in order to
obtain the delta (AL) between the last timepoints and the first ones for each infusion, in order to

calculate the elongation of the bolus during time.
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Parameter Names Description
&_max_bolus PCA relative to the maximal direction of the bolus
Cath_direction | PCA relative to the catheter direction
Primary eigenvector relative to the DTI voxels corresponding to the location of
£
' the infusion bolus at the last timepoint acquired at MRI
Secondary eigenvector relative to the DTI voxels corresponding to the location
- of the infusion bolus at the last timepoint acquired at MRI
Secondary and minimal eigenvector relative to the DTI voxels corresponding to
- the location of the infusion bolus at the last timepoint acquired at MRI
Combination of Extracted Parameters
Q & Angle between € max_bolus and &; [°]
Q & Angle between € max_bolus and €, [°]
Q & Angle between € max_bolus and &5 [°]
L & Absolute bolus length in the direction of &; [mm)]
L & Absolute bolus length in the direction of &, [mm]
L & Absolute bolus length in the direction of &5[mm]
Bolus elongation between consecutive timepoints and the first timepoint in the
AL &
&; direction [mm]
Bolus elongation between consecutive timepoints and the first timepoint in the
AL &,
&, direction [mm]
Bolus elongation between consecutive timepoints and the first timepoint in the
AL &5
&3 direction [mm)]

Table 3. 1) Parameters extracted from the Final dataset by means of ‘3DSlicer’ software through python script. ‘Parameters Name’

indicates the name of each parameters that is kept in the Result chapter. Cath_direction and &;, €, and &5 are constant parameters

while € max_bolus changes for every timepoint. All of these parameters are 3D vectors. 2) Combinate parameters are calculated in
the DTI main principal components, therefore their name include €;, €, and &5 depending on the direction.
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8- Extraction of parameters important to study the effects of microstructural constraints on
diffusion. boli infused parallel and orthogonal to CST have been studied together

The delta length (AL) was calculated as the difference in absolute bolus length between consecutive
timepoints in each DTI direction, taking the length of the first timepoint as a reference. In this regard,
infusions that were analyzed by MRI imaging at one timepoint only were excluded from this analysis.
Particularly, the infusion performed in the right hemisphere of sheep 8 and 10 was excluded by this

analysis.

For the analyses, infusions parallel and orthogonal to CST could be considered all together because,
after stopping CED, diffusion can be considered as the only force influencing the infusate diffusion
(no more advection). The calculated AL for each infusion were plotted and then interpolated, through
Matlab2019 “fit’ function, in each of the DTI components, as a linear function. Linear and quadratic
interpolation has the same R?, demonstrating that in a short time window, delta as a function of time
can be represented by a line. What it is expected is that, due to lower flow resistance along the fiber

direction, the diffusion velocity will result grater along the &; rather than along &, and &;.

Figure 45. Visual representation of Delta between first and second timepoint along the principal component of the DTI. The bolus at
1°", 2" and 3" timepoints relative to parallel infusions (sheep 8,9,10 and 11) are represented through green, light green and yellow.

9- Extraction of parameters important to study the effects of catheter orientation on

infusion: boli infused parallel to CST have been compared to boli infused orthogonal to
CST

Angles Q ¢, Q &, and Q &5 represented the angles between each DTI principal component (g4, €,

and &3) and the bolus PCA (¢_max_bolus). They were calculated for each timepoint. Angles Q were
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calculated as the angle included between two 3D vectors through the formula (i.e. DTI main direction

and bolus principal component):

0= -1 8_1) ' S_InT_bOIO) (XX)
-8 lles |l lle_max_bolol|

On the other hand, L_g;, L_&, and L_e5 indicated the bolus lengths in the three DTI eigenvectors.
These three lengths were measured by calculating the maximal Euclidian 3D distance between two

points of the projected bolus along the three DTI eigenvectors.
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Figure 46. Visual representation of L_&4, Q &4 and Q _&,. Green and yellow boli represent st ,2nd timepoint of parallel infusion
respectively. L &4 is the length of the €1 DTI direction while Q & is the angle included between bolus PCA at first timepoint and
DTI main component. Q &, is the same as Q2 &4 but referred at bolus PCA at second timepoint

The EVs that were calculated at the first timepoints for infusions parallel and orthogonal to CST were
compared, in order to understand if the infusion directions affect the initial shape of the boli. Finally,
angles between the main axis of the tensor and the bolus PCA (Q &, Q ¢, and Q ¢&3) at the first and
last time points were measured to evaluate the difference between parallel and orthogonal infusions
and also to evaluate the alignment of the bolus to the CST fibers during time, both in cases of parallel

and orthogonal infusions.
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Statistical analysis

Statistical analyses were performed using Prism 8 (GraphPad Software). ‘Shapiro-Wilk’ test (SWt)

was used to study the normality distribution of the following data:

- L_&, L_g, and L_g;5 for Parallel and Orthogonal infusion and for all the timepoints;
- Q &, Q & and Q &5 for Parallel and Orthogonal infusion and for all the timepoints;

- Explained Variance (EV) for Parallel and Orthogonal infusion for the 1% timepoint only;

Since the distributions of lengths and angles were not normally distributed, non-parametric ‘Wilcoxon
matched-pairs signed rank test’ was applied to angles € and lengths L of the infusions parallel and
orthogonal to CST. Non-parametric ‘Mann-Whitney test’ was used to compare differences between
parallel and orthogonal parameters.

Differently, EV data were normally distributed (SWt p-value for orthogonal = 0.83 , SWt p-value for
parallel = 0.147). Due to different time-intervals between MRI acquisitions at consecutive timepoints,
EVs of parallel and orthogonal infusions were compared by taking into account the time as a
covariate, exploiting an ANCOVA test. ANCOVA assumption were respected [141]. Finally regression
slopes were compared in GraphPad Prism 8 through linear regression analysis tool (ANCOVA test).

P-value < 0.05 was considered statistically significant.
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Results

All animals successfully underwent preoperative 1.5T MRI according to the protocol described in the
Methods, to guide the neurosurgical planning. DTI images were post-processed in all the seven
animals, allowing the in vivo dissection of the corticospinal tract (CST) in each hemisphere of the
ovine brain. DTI-based reconstruction of the CST was feasible in all the sheep and the course of the

CST was reproducible and reliable across all the ovine animal model.

For each animal, CSTs were aligned to the preoperative 3DT1-FFE images and DTI-based planning
of the neurosurgical procedure was performed for all the 14 infusions. Targeting the CST at the level
of the internal capsule, the stereotactic placement of CED infusion catheters via a bespoke MRI-
compatible ovine headframe and CRW stereotactic system was parallel to CST fibers in 8 cases and
orthogonal to these in 6. A total of 10uL Gadolinium-based solution (Prohance®,1:80 in saline) was
infused at rate of 3uL/min. 3DT1 preoperative images of each animal were taken as a reference space
for all the DTIs and post-infusion images. Intra-sheep images were aligned to and normalized to a
common baseline-intensity, to allow intra-sheep monitoring of infusate distribution over time. Before
final analyses, automatic segmentation of infusions and inclusion criteria were applied to each

infusion.

Automatic segmentation and Inclusion criteria

An automatic region-growing algorithm (Matlab R2019a, Mathworks inc.), instructed to limit the
bolus segmentation only for voxels which intensity was not lower than 33% of the relative maximum,
was applied at all the 14 infusions (Tab.7). In this way, binary masks of the infused boli were
extracted. The 33% value was calculated as the average of the ROI maximum voxel intensity and
manual minimum percentage (33.0% + 3.28). This percentage was then applied to all the maxima,
obtaining a standard procedure to find the growing thresholds for the automatic segmentation
algorithm for all the post-infusion images.

Moreover, in order to guarantee homogeneous, reproducible and accurate analyses, bolus shape and
location relative to DTI-based underlying tissue microstructure were evaluated, and two inclusion
criteria (FA and EV) were defined in order to include the infused boli in the final analysis. In
particular, a criterium was chosen in order to consider an infusion within the target or outside the
target, due to the experimental inaccuracy of catheter positioning. As such, FA mean and standard

deviation (SD) of the corresponding CSTs location were calculated (0.378 + 0.026), then the mean
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FA within each bolus at each timepoint was calculated by masking the FA map with the binary mask
of the bolus, and if this value was lower than mean of CST - 2SD (i.e. 95.45% of the measurements),
it was considered as outside the target. Particularly, three of the fourteen infusion resulted not
completely in target (Tab.4), reducing the initial dataset to 11 infusions within the CST (6 parallel

and 5 perpendicular).

Sheep N° CST CSTs FA mean 1st TP. 2nd TP. 3rd TP. 4th TP.
L* 0,291 0,3039 0,323 --
SHEEP(08 0.353
R 0,363 -- -- --
L 0,524 0,519 - --
SHEEP(09 0.409
R 0,469 0,470 0,475 --
L 0,402 0,380 0.351 --
SHEEP10 0.351
R 0,448 - - --
L 0,572 0,529 -- --
SHEEP11 0.392
R* 0,304 0,315 -- --
L 0,434 0,417 0,414 -
SHEEP12 0.395
R 0,416 0,411 0,410 -
L 0,424 0,422 0,423 -
SHEEP13 0.399
R 0,356 0,362 0,358 --
L* 0,250 0,257 0,259 --
SHEEP14 0.348
R 0,525 0,506 0,500 0,499

Table 4. Fractional anisotropy mean values along CSTs and within the boli. Asterisks (*) indicate the three infusions with FA mean
value lower than CSTs mean - 2std, and thus considered outside the target.

According to the second criterium (EV), all the boli needed to have one of the principal components
consistently greater than the other two. Therefore, boli required to overcome the cutoff of 0.4 of EV
value in order to be considered ‘oval’. This second criteria reduced the dataset to 10 definitive boli to
be analyzed, 6 infused parallel and 4 infused perpendicular to CST fibers (Tab.5).

The three infusions not completely within the CST were excluded from the dataset and were analyzed

separately from the infusions in-target.
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Sheep N° CST 1st TP.
SHEEP08 R 0.483

L 0.543
SHEEP(09

R 0.556

L 0.536
SHEEP10

R 0.550
SHEEP11 L 0.668

L 0.520
SHEEP12

R 0.467

L* 0.380
SHEEP13

R 0.450
SHEEP14 R 0.498

Table 5. Explained variance of each bolus at first timepoint was calculated. Asterisks (*) indicates EV value lower than 20% of
sphere shape (0.4).

Final dataset

The final dataset includes the following data for a total of 10 infusions (6 infused parallel to CST
fibers and 4 perpendicular to them), that were intensity-normalized and coregistered to the reference

3DT1 pre-operative images (Tab.6). The dataset was composed by:

- Morphological volumes: 3DT1-FFE preoperative and post-operative consecutive scans, the
latter acquired from 10 to 120 minutes after infusion;

- DTI raw data with their respective gradient values and directions, ‘bvals’ and ‘bvecs’ files;

- Fractional Anisotropy maps;

- Infusion boli in ‘.vtk’® format;

- Catheter segmentations in ‘.vtk’ format.

9 Visualization toolkit format (.vtk) represents a geometric structure consisting of vertices, lines, polygons,
and/or triangle strips. Point and cell attribute values are represented allowing simple analysis through Python

programming.
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Sheep N° CST N° Timepoint | Direction
SHEEP08 R 1 I
L 2 I
SHEEP09 = 3 "
L 2 I
SHEEP10 = : "
SHEEP11 L 2 Il
L 3 1
SHEEP12 = 3 i
SHEEP13 R 3 1
SHEEP14 R 4 1

Table 6. Final dataset: Parallel () and (L) infusions.

Preoperatively, the most compact portion of the CSTs at the level of the internal capsule was targeted
for the infusions. Principal Component Analysis (PCA) was used to calculate the main direction of
the CST at this level. Combination of this data with the catheter direction allows to verify if the
infusions were actually performed parallel or orthogonal to the CST. The angle between these two
3D vectors was calculated for each infusion and averaged for parallel infusions (Mean + SD = 33.5°
+ 16.1°) and orthogonal infusions (Mean + SD = 78.9° £ 6.9°). Statistical comparisons of infusion
direction in respect to CST fibers between parallel and orthogonal infusions (Fig.47) show a

significant difference (P=0.0007, unpaired t-test).
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Figure 47. Angle between PCA of CST region and catheter direction. Green represent parallel infusion and red orthogonal ones.
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Maximum
ROI Maximum Manual minimum
Minimum Final Minimum Image Range
voxel intensity voxel intensity
percentage
LEFT 5.69 LEFT 1.80 31.61% LEFT 1.72
SHEEP 08 [93; 107]
RIGHT 7.89 RIGHT | 2.83 35.86% RIGHT 2.39
LEFT 6.36 LEFT 2.53 39.75% LEFT 1.92
SHEEP 09 [86; 101]
RIGHT 5.17 RIGHT 1.48 28.72% RIGHT 1.50
LEFT 5.44 LEFT 1.69 31.09% LEFT 1,65
SHEEP 10 [87; 99]
RIGHT 5.17 RIGHT 1.57 30.41% RIGHT 1.56
LEFT 5.14 LEFT 1.47 28.56% LEFT 1.55 [94; 107]
SHEEP 11
RIGHT 8.00 RIGHT 3.05 38.12% RIGHT 2.42 [89; 103]
LEFT 5.61 LEFT 1.85 33.00% LEFT 1.70 [64; 81]
SHEEP 12
RIGHT 5.52 RIGHT 1.90 34.5% RIGHT 1.67 [71; 86]
LEFT 7.31 LEFT 2.54 34.81% LEFT 2.21 [78; 94]
SHEEP 13
RIGHT 5.55 RIGHT 1.71 30.83% RIGHT 1.68 [83; 97]
LEFT 5.85 LEFT 1.90 32.5% LEFT 1.77 [61; 84]
SHEEP 14
RIGHT 5.91 RIGHT 1.89 31.95% RIGHT 1.79 [66; 83]

Table 7. For each infusion, the maximum voxel intensity was measured by FSL and relative minimum voxel intensity was detected by visual inspection. Calculation of percentage between maximum
and minimum voxel intensity was measured (Maximum-minimum percentage). Total percentage average was calculated (33.0% + 3.28) and applied to all the maxima. Last column indicates the
slice interval within which the bolus intensity was identifiable.
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Infusate distributions within white matter fibers

Differences in the elongation of boli (AL), defined as the bolus elongation between consecutive
timepoints and the first timepoint in the DTI main directions, were studied taking into account parallel
and orthogonal infusion together under the assumption that only diffusion phenomenon was present.
Each pair or triad of delta (AL _&;, AL &, and AL_e3) were plotted through the color-code relative to
the three DTI directions (black, blue and cyan) while different markers were assigned to each sheep.
Particularly, empty markers were assigned to parallel infusion while filled markers were relative to
orthogonal infusions (Fig.48). Next, points relative to each DTI direction were fitted by linear
interpolations of each AL in each direction and linear equations were compared. The slope of the line
interpolating AL along &; (black) is not statistically different from slope of the line interpolating AL
along &, (blue) (P=0.722, ANCOVA test ) and from slope of the line interpolating AL along &5 (cyan)
(P=0.741, ANCOVA test) for all infusions (Fig.48).

1.5

Delta of bolus length [mm]

0 10 20 30 40 50 60 70 80 90 100
Time [min]

Infusions // to CST: AL along &; &, Infusions L to CST: AL along &; &,

A P @ & | A ¢ F @

Figure 48. Differences in the elongation of the boli (delta lengths, AL) with respect to the first timepoint along DTI €1, €2, €3.
Different markers represent each animal (empty markers for parallel infusions and filled markers for orthogonal infusions) while the
color-coding indicates DL along DTI main direction (¢l) in black, AL along €2 in blue and AL along €3 in cyan.
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AL & AL &, AL_gs

Line equation (x = AL
y =0.5346 x + 0.372 | y =0.4027 x + 0.369 | y =0.3871 x + 0.29
and y = time)

Linear interpolation

0.5346 0.4027 0.3871
Soe [22]

Table 8. Linear interpolation slopes of AL &, AL &, and Delta_g; indicated as [mm/ h]' AL g, is greater than AL &, and AL_¢g.
R2 value is 0.25 for AL &y while it is 0.19 and 0.26 for AL &, and AL &5 respectively.

Different slopes could be attributed to the anisotropy of fiber tracts, with high hydraulic conductivity

along the axial fiber direction (&;) with respect to the radial (¢, and &3) ones.

Effects of catheter positioning on infusate distributions

Comparisons between infusions delivered parallel and orthogonal to white matter fibers allowed to
define the effects of catheter positioning on Gadolinium distribution. This was evaluated through the
analysis of the Explained Variance (EV), bolus lengths (L) and angles between DTI &; and bolus

principal component (€2).

1- Explained Variance (EV) at first timepoint

As for the EV, the first timepoint was analyzed as it was the most influenced by the advection
phenomenon of CED in respect to successive timepoints. Comparisons of EV at first timepoint
between infusions delivered parallel and orthogonal to CST revealed that boli has an oval shape in
both cases, but the former displays higher EV values, showing significant statistical difference
between parallel (Mean = SD = 0.55 £+ 0.60) and orthogonal (Mean + SD = 0.48 + 0.31) infusions
(P=0.008, ANCOVA test). Indeed, parallel bolus shape at first timepoint is more elongated than
orthogonal one in the WM main direction (Fig.49).
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Figure 49. Explained Variance (EV) of the boli parallel (green) and orthogonal (red) to the CST fibers at the first timepoints,
showing that boli had an oval shape in both cases (4), but the former displayed higher EV (B), thus resulting significantly more
elongated. (**P < 0.01).

2- Absolute Lengths L _&,, L_&, and L_g5 at first and last timepoint

Absolute lengths L_g;,L_e, and L_e3 indicate the bolus lengths in the three DTI principal
components. At first timepoint, L_g; of parallel infusions (median=7.55 mm, range:[6.29-8.01])
appears significantly greater than L_g, (median=5.49 mm, range:[4.14-6.49]) and L_&; (median=5.63
mm, range:[4.13-6.07]) (L_&; vs L_g,: P=0.031, L_&; vs L_e3: P=0.031 at first timepoint, Wilcoxon
test). The same trend can be observed in parallel infusions at last timepoint, with the same statistical
significance level (L_g; vs L_g,: P=0.031, L_g; vs L_g5: P=0.031 at last timepoint, Wilcoxon test).
(Fig.50A). On the other hand, orthogonal infusions exhibit a different behavior. At first timepoint,
statistical comparisons between L_g; of orthogonal infusions (median=6.48 mm, range:[5.7-6.88]),
L_g, (median=6.07 mm, range:[4.72-6.47]) and L_g5 (median=5.21 mm, range:[4.39-6.05]) were not
significantly different at first timepoint (L_g; vs L_g,: P=0.25, L_g; vs L_g3: P=0.625 at first
timepoint, Wilcoxon test) and neither in the last timepoint (L_g; vs L_g,: P=0.125, L_gq vs

L_g5: P=0.125 at last timepoint, Wilcoxon test) (Fig.50B).
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Figure 50. A) Representation of a parallel infusion which include CST (in gray), catheter direction (black dotted line), DTI main
direction & (black arrow), bolus at 1st timepoint (green) and bolus at last timepoint (vellow) overlaid to the morphological 3DT1
image. At first timepoint, boxplots show absolute lengths along DTI directions L_¢&; (green), L &, and L &5 (in gray). At last
timepoint, boxplots show absolute lengths L&, (vellow), L &, and L &5 (gray) (*P<0.05, Wilcoxon test). B) Representation of an
orthogonal infusion which include CST (in gray), bolus at 1st timepoint (red) and bolus at last timepoint (orange). At first timepoint,
boxplots show absolute lengths L_&, (red), L &, and L_¢&5 (gray). At last timepoint, boxplots show absolute lengths L _&; (orange),
L & and L &5 (gray).

Statistical comparisons of absolute length between parallel and orthogonal infusions at first and last
timepoint (Fig.51) was not statistical different (L_g; for parallel vs L_g; for orthogonal at first
timepoint: P=0.114; L_g; for parallel vs L_g; for orthogonal at last timepoint: P=0.472, Mann-
Whitney test). However, length L_g; at first timepoint for parallel infusions (median=7.55 mm,
range:[6.29-8.01]) is higher than L_g; for orthogonal infusions (median=6.48 mm, range:[5.7-6.88])
while at last timepoint this difference become smaller (L_g; at last timepoint for parallel median=7.76

mm, range:[6.79-9.72]; L_g; at last timepoint for orthogonal infusions median=7.35 mm, range:[6.72-

8.12]) (Fig.51).
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Figure 51. Length along &, for parallel and orthogonal at first (gray parallel and red orthogonal) and last (yellow parallel and
orange orthogonal) timepoint. (*P<0.05, Mann-Whitney test).

3- Angles Q &, Q &, and Q &5 at first and last timepoint

Parameters Q &;, Q &, and Q_&; represent the angles between bolus PCA and each DTI components.
At first timepoint, the angle Q &; of parallel infusions at first timepoint (median=25.43°,
range:[7.88°-56.48°]) is significantly smaller than Q &, (median=78.56°, range:[60.56°-87.77°] ) and
Q &3 (median=80.90°, range:[74.69°-89.51°]) (Q_&; vs Q &,: P=0.031; Q &, vs Q &5: P=0.031,
Wilcoxon test). Similarly, at last timepoint Q &; (median=26.42°, range:[7.88°-52.14°]), Q ¢,
(median=71.44°, range:[55.9°-84.63°]) and Q &3 (median=69.35°, range:[79.09°-89.52°]) of
parallel infusions present the same level of statistical significance (Q_&; vs Q &,: P=0.031; Q &, vs
Q &3: P=0.031, Wilcoxon test) and similar trend (Fig.52A). Conversely, orthogonal infusions exhibit
a more uniform trend between the three DTI main directions. At first timepoint, the angle Q_&; of
orthogonal infusions (median=54.58°, range:[16.61°-72.52°]) does not significantly differ from Q ¢,
(median=56.17°, range:[32.36°-82.82°]) and Q &5 (median=61.8°, range:[41.5°-85.2°]) (Q_&; vs
Q &,: P=0.875; Q & vs Q &53: P=0.875, Wilcoxon test). At last timepoint, a trend toward a smaller
Q &, angle can be observed also in orthogonal infusion, as € & median value decreases
(median=44.59°, range:[14.41°-68.6°]), while Q &, (median=62.01°, range:[35.50°-86.34°]) and
Q &5 (median=69.54°, range:[44.64°-87.74°]) increase, although statistical comparisons do not reach

significance (QQ_&g; vs Q _&,: P=0.312; Q &; vs Q &5: P=0.437, Wilcoxon test) (Fig.52B).
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Figure 52. A) Representation of a parallel infusion which include CST (in gray), catheter direction (black dotted line), DTI main
direction & (black arrow), bolus at 1st timepoint (green) and bolus at last timepoint (vellow) overlaid to the morphological 3DT1
image. At 1st timepoint, boxplots show angles between bolus PCA and each DTI components Q &, (green), Q2 &, and Q &3(gray). At
last timepoint, boxplots show angles Q & (vellow), Q &, and Q &5 (gray) (*P<0.05, Wilcoxon test). B) Representation of an
orthogonal infusion which include CST (in gray), catheter direction (black dotted line), DTI main direction &, (black arrow), bolus
at Ist timepoint (rved oval) and bolus at last timepoint (orange). At last timepoint, boxplots show angles Q &, (red), Q &, and
Q eg5(gray). At last timepoint, boxplots show angles Q &, (orange), Q &, and Q &5 (gray).

Comparisons of angles between parallel and orthogonal infusions and DTI main direction (&;) were
not significant in both first and last timepoint (£2_g; for parallel vs 2_g; for orthogonal at first
timepoint: P=0.257, (2_g, for parallel vs )_g; for orthogonal at last timepoint: P=0.536, Mann-
Whitney test) (Fig.53).
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Figure 53. Angles () along €, for parallel and orthogonal at first (gray parallel and red orthogonal) and last (yellow parallel and
orange orthogonal) timepoint. (*P<0.05, Mann-Whitney test).
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Parallel (L) Minimum | 25% Percentile | Median | 75% Percentile | Maximum
L_g; 15 TP [mm] 6.29 6.54 7.55 7.8 8.01
L_g, 1* TP [mm] 4.14 4.86 5.49 6.13 6.49
L_g5 1* TP [mm] 4.13 4.79 5.63 5.943 6.07
L_g; last TP [mm] 6.79 7.26 7.76 9.72 9.72
L_g, last TP [mm)] 4.34 5.23 6.32 7.55 7.55
L_g5 last TP [mm)] 4.41 4.86 6.52 6.81 6.81
Orthogonal (L) | Minimum | 25% Percentile | Median | 75% Percentile | Maximum
L_g; 15 TP [mm] 5.70 5.81 6.48 6.86 6.88
L_g, 1* TP [mm] 4.72 5.02 6.07 6.40 6.47
L_g5 1* TP [mm] 4.39 4.45 5.21 5.988 6.05
L_g; last TP [mm] 6.72 6.81 7.35 7.99 8.12
L_g, last TP [mm] 5.97 6.12 6.77 6.98 7.00
L_g5 last TP [mm)] 5.07 5.16 5.935 6.62 6.68

Table 9. Descriptive statistics of the absolute lengths (L) along DTI directions of the parallel and orthogonal infusions at first and

last timepoint.

Parallel (2) Minimum | 25% Percentile | Median | 75% Percentile | Maximum
Q & I3TP[°] 7.88 16.06 25.43 46.41 56.48
Q & 13TP[°] 60.56 65.84 78.56 83.3 87.77
Q &3 15'TP [°] 74.69 75.27 80.90 87.89 89.51
Q & last TP [°] 7.88 18.45 26.42 42.53 52.14
Q &, last TP [°] 55.90 57.13 71.44 81.86 84.63
Q &5 last TP [°] 69.35 70.53 79.09 87.89 89.52

Orthogonal (£2) | Minimum | 25% Percentile | Median | 75% Percentile | Maximum
Q & I3TP[°] 16.61 23.43 54.58 72.96 75.52
Q & I*TP [°] 32.36 36.51 56.17 77.75 82.82
Q &3 15'TP [°] 41.50 44.61 61.8 81.32 85.2
Q & last TP [°] 14.41 15.75 44.59 62.77 68.6
Q &, last TP [°] 35.50 44.85 62.01 85.17 86.34
Q &5 last TP [°] 44.64 50.34 69.54 87.41 87.74

Table 10. Descriptive statistics of the angles between bolus PCA and each DTI principal components of the parallel and orthogonal
infusions at first and last timepoint.
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Off-target infusions

As reported above, four procedures resulted off the planned target: CED infusions were thus delivered

laterally to the CST (Fig. 51B). At first timepoint, the length L_g; of these boli (median=5.89 mm,

range:[5.72-7.37]) is not statistically different from L_g, (median=4.45 mm, range:[4.2-5.03]) and

L_g; (median=4.94, range:[4.94-5.19]) (L_g; vs L_g,: P=0.25, L_g; vs L_g3: P=0.25, Wilcoxon test).

Boli remained rounded over all the consecutive timepoints, indeed at last timepoint the length L_g;

of these boli (median=7.13 mm, range:[6.12-8.03]) remains not statistically different from L_g,
and L_e; (median=5.93 mm, range:[5.15-5.61]) (L_&q vs
L_g,: P=0.25, L_g; vs L_g3: P=0.5, Wilcoxon test) (Tab.11).

(median=5.17 mm, range:[4.4-5.99])
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Figure 54. Infusion out of the CST (Sheep 8 left infusion). A) Representation of infusions outside the WM at first and last timepoints,

which include DTI main directions, 3DT1 images with overlaid both the CSTs (in white), catheter (gray), bolus at 1st timepoint

(white sphere) and bolus at last timepoint (light blue sphere). B) Non parametric ‘Wilcoxon matched-pairs signed rank test’ was
performed for L_g; (white) with L &, and L_&3(in gray) at st timepoint and L_&; (light blue) with L &, and L &5 (gray) at last

timepoint.

Off-Target Minimum | 25% Percentile | Median | 75% Percentile | Maximum
L_g; 1 TP [mm] 5.72 5.72 5.89 7.37 7.37
L_g, 1 TP [mm] 4.2 4.2 4.45 5.03 5.03
L_g5 1 TP [mm] 4.94 4.94 4.94 5.19 5.19
L_g; last TP [mm] 6.12 6.12 7.13 8.03 8.03
L_g, last TP [mm)] 4.4 4.4 5.17 5.99 5.99
L_g5 last TP [mm)] 5.15 5.15 5.93 6.61 6.61

Table 11. Descriptive statistics of the absolute lengths (L) along DTI directions of the off-target infusions at first and last timepoint.
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Discussion

Convection-enhanced delivery (CED) is an innovative technique for drug delivery directly
into the human brain, bypassing the Blood-Brain-Barrier. CED aims to target pathological tissue of
the CNS such as Parkinson’s and Huntington’s disease, epilepsy, brain tumors, and ischemic stroke.
However due to lack of standardization of CED parameters such as appropriate needle diameter, flow
rate, catheter positioning and patient-tailored protocols, CED based therapy has seen limited success.
In this project, CED technique was exploited to target the CST of brain ovine animal at the level of
internal capsule. The distribution of a known infusate at consecutive timepoints was compared to
microstructural properties as depicted by DTI, demonstrating the impact of brain tissue features and

catheter positioning on drug distribution in vivo.

Diffusion Tensor Imaging (DTI) successfully depicts microstructural properties of large
animal model brain tissue in-vivo allowing reproducible tensor estimations as shown from previous
study [148]. We prove the feasibility of a protocol to perform in vivo DTI tractography of the sheep
model, providing a reliable reconstruction and 3D rendering of the cortical spinal tract (CST) with
minimal inter-sheep variability. Further, the mean fractional anisotropy of the CST equal to (0.378 +
0.026) was similar to what found by Pieri et al. in the same ovine models (0.483 £ 0.024). However
small difference in mean fractional anisotropy of the CST may reflect different and limitative sample
size. Furthermore, DTI-extracted parameters such as eigenvalue and eigenvector allow a DTI-based
pre-surgical planning with different catheter placements in respect to WM fibers. Although accurate
DTI-based presurgical planning, the difficulty of the surgical procedure leads to an included angle
between catheter in parallel and orthogonal directions and underling fibers not actually completely

0° and 90° respectively (Fig.49) but still in a small range.

All animals successfully underwent MRI session and surgery procedure and no complications
were met during CED infusion such as presence of air in the tip of the syringe. Particularly, backflow
along the catheter, i.e. the tendency of the infusate to travel back up between the catheter and the
tissue, was completely absent in parallel and orthogonal infusions likely due to low infusion rate (0.3
pL/min), small infusion inner silica diameter (0.3 mm) and WM high conductivity [14]. DTI images
were corrected from eddy current and movement artefact and together with pre- and post-infusion
3D-T1 scans, intra-sheep images were aligned and normalized to a common baseline-intensity, to
allow intra-sheep monitoring of infusate distribution over time. Interestingly, the absence of backflow

allowed automatic infusion segmentation based on standardized parameters, leading to reproducible
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analyses without any manual correction. In addition, inclusion criteria allowed to take into account
only the boli that were within the CST, leading to replicable analyses. Infusions that were excluded

from the inclusion criteria were analyzed distinctly.

Assessment of the impact of brain microstructural features, as depicted by DTI, on drug
diffusion along the three principal WM directions was studied in this project. Results denote that
brain tissue microstructure such as white and gray matter, may impact on drug volume of distribution
within the brain. In agreement with past literature, analyses of AL along ¢/, €2, ¢3 during time of boli
within CST demonstrate that microstructural constraints impact on drug diffusion, facilitating it along
WM fiber main axial direction [38,100,103,109, 125-127] (Fig.47). This result is also supported by
the absolute length and angles analysis showing lengthening and alignment of the infusate greater
along ¢/ direction in respect to ¢2 and €3 directions. This preferentially flow path is related to the
ordered arrangement of the myelinated fibers as well as microtubules and neurofilaments that behave
as a barrier to diffusion in transverse direction (radial direction) while decrease hydraulic resistance
in the fiber axial direction. Furthermore, axonal transport may accentuate diffusion along WM axial
direction [38]. The relative contribution of these structures to anisotropy are not the same, indeed, the
neural membranes are confirmed to be the primary determinant of anisotropic water diffusion while
myelination can modulate the degree of anisotropy. All these characteristics confer to the WM a
higher hydraulic conductivity in respect to the GM, allowing fluid flow preferentially along axons

direction.

As shown by the explained variance (EV), catheter placed parallel to the WM fibers allows to
the infusate to be more elongated in fiber axial direction than orthogonal one. Absolute lengths
analysis in DTI main directions support previous results, in fact, infusions parallel to CST were
already driven along fiber direction at the first timepoint, keeping expanding preferentially along €1.
Conversely, the convection exerted by infusions orthogonal to CST initially adversely impacts on the
drug distribution along WM fibers, leading to smaller absolute lengths differences along the DTI
principal directions than parallel infusions. Although parallel catheter placement with respect to CST
fibers leads to a greater bolus elongation along ¢/ direction than orthogonal ones, their difference was
not statistically different, thus demonstrating that microstructure effect is likely to be greater than
catheter pose. Again, the trend appreciable in absolute lengths of orthogonal infusion might be due
to the strongest effects of microstructure in comparison with the influences of catheter placement
(Fig.50B). Although parallel catheter placement with respect to CST fibers leads to a greater
alignment of boli with respect to fibers along &/ direction than orthogonal ones, the alignment
between bolus and WM fibers in ¢/ direction (€2 ¢/) for first and last timepoint for parallel and
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orthogonal infusions within the CST became smaller over time (Fig.53), despite of their not
statistically difference. Once again, the stronger trend in parallel than orthogonal infusions, suggests
that catheter positioning influences drug distribution (Fig.52). However, the fact that Q ¢/ is lower
than Q &2 and Q &3 in both parallel and orthogonal infusions, implies that microstructure effects is
stronger than catheter orientation (Fig.52). Ultimately, considering infusions partially outside the
WM, it is evident that boli expansion does not follow a preferential direction neither when stopping

CED nor at consecutive timepoint (Fig.54).

All our findings are in agreement (2, L and AL), demonstrating a greater effect of hydraulic
conductivity of microstructure in respect to advective bulk flow due to the pressure gradient of CED
in WM infusions. Catheter orientations has only an influence in the initial drug distribution giving to
the distribution of Gd-based solution a more elongated shape in the fiber main direction in case of
parallel infusions, where convection effect may still play a role. Findings reported in this study may
improve the treatment of various diseases, in particular brain tumor treatment that spreads along WM
fibers. Brain tumor treatment using CED present difficult challenges due to tumor excessive
vascularity and high interstitial fluid pressure (IFP) which in tumors is, on average, 50 times higher
than normal brain tissue [2]. These tumor characteristics can result in the loss of infusate to circulation
or outside the tumor. As shown in this investigation, parallel infusion, in which active CED pressure
and WM fibers high hydraulic conductivity are acting synergistically may enhance the flow toward
the WM longitudinal direction. In this concern, the combination of catheter placement parallel to
white matter tract and the brain WM microstructure high conductivity may be used to improve the
flow of the therapeutic agent in the axonal direction toward the tumor region exploiting inter or extra-
tumoral infusions. Furthermore, drug molecules with high affinity, such as charge or surface
proprieties, to the brain tumor tissue could slow down the rapid removal of drug from the tumor
extracellular space, keeping the therapeutic drug inside the tumor for longer time and thus increasing

its efficacy.

A potential limitation of this study can be represented by the restricted number of animals
involved in the analyses. Nevertheless, considering that in vivo MRI studies on sheep are complex
and demanding, as emphasized also by other reports [154,155], a sample size of 7 animals for a total
of 14 infusions, may be considered valuable. Second, time acquisition of timepoint was not coherent
for all the infusions and coherent timing between timepoint could likely leads to more robust results.
However, first timepoints are all similar in a time acquisition range of 20 minutes and therefore they
are more standard than last timepoint that present a more spread acquisition time across infusions.

DTI spatial resolution also may influence accuracy of the results, considering that tractography is
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based on DTI voxel approximately 2 x 2 x 2 mm?, while WM fiber diameter is typically less than 10
um. A further limit is associated with clinically compatible magnetic resonance imaging with a 1.5T
scanner, which may hinder the representation of fine anatomical details of the tracts. More recent
studies have used 3T scanner for the elaboration of tractography of WM tracts of large animal models
[153,154]. However, nowadays, mainly because of the disproportionate costs compared to the clinical
routine of veterinary practice, 3T MR scanners fully dedicated to veterinary imaging are rarely
available in Italy and Europe. Another source of error might be the loss of intracerebral pressure due
to surgery that leads to a brain shift causing little errors in images coregistration. However, the
likelihood of coregistration errors due to animal brain shift are smaller than susceptibility artifacts
that would be present in a second DTI image acquisition after surgery due to possible peri-catheter
small hemorrhages caused by catheter insertion, and paramagnetic effects of gadolinium contrast
agent. Nevertheless, in our study, high quality images and clinically compatible scanning were
obtained. Finally, our results are relative to gadolinium-based solution and, as known, diffusion

parameters change in respect to size, charge and other drug characteristics.

Future investigations will be aimed at exploring microstructural and catheter placements
effects under different initial CED technical constraints such as infusion rate or the volume of infusion
in order to understand if the effects of both microstructure and catheter placements are dependent on
technical CED parameters and if both the effects are equally important to model drug distribution
within the brain or if one effect can be neglected compared to the other. Further, different kind of
therapeutics must be experimentally tested in order to understand how catheter placement and
microstructure effects are related to the drugs characteristics such as size, charge etc. Finally, MRI
diffusion tensor data are not always in agreement with experimental observations due to the lack of
accuracy of Gaussian diffusion model of water in brain tissue [ 160]. Therefore, future investigation
must take into account diffusion non-gaussianity in order to obtain reliable predictions that can be
used in the clinic. In this way brain microstructure such as restriction and hindrance of brain tissue
will be taken into account allowing better pre-surgical planning and future drug distribution

prediction in mathematical models.
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Conclusion

Diffusion Tensor Imaging (DTI) successfully depicts microstructural properties of large animal
model brain tissue in-vivo allowing reproducible tensor estimations and a DTI-based pre-surgical
planning with different catheter placements in respect to WM fibers. Our findings report a major
impact of WM microstructure in respect to catheter placement on Gadolinium-based solution
distribution delivered by CED technique. However, the catheter placement seems to have an impact
at the beginning of the infusions especially in parallel infusion. Knowledge of these properties before
applying CED may result essential to plan optimal catheter positioning before surgery on an
individual patient basis and to more accurately predict final drug distribution in future computational
modeling, leading to an improvement of CED in the clinics. Drug distribution in both parallel and
orthogonal infusions with respect to the CST is preferentially elongated in WM main direction

providing that microstructure effect is strongest than the effect of catheter placement in this setting.
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