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Structure of the thesis

The project presented in my Ph.D. thesis aimed to develop a diffusion tensor imaging tractography
algorithm able to visualize the entire course of cranial nerves | ( olfactory nerve) and Il (optic nerve
and whole anterior optic pathway) allowing both their three-dimensional visualization and their
microstructural characterization.

Conventional Magnetic Resonance Imaging of cranial nerves is challenging, and cranial nerveCN
trajectory can be intuited only by high-resolution structural sequences and under normal
conditions. These nerves are poorly trackable in skull base regions such as ethmoidal cells or in
close relationship with a sellar/parasellar tumor.

To overcome this, we first implemented a multi-shell (b values = 0, 1000, 2000) diffusion tensor
imaging sequence using a clinical high field 3-T MRI scanner available at the IRCCS Istituto di
Scienze Neurologiche di Bologna, Bologna, Italy. We computed a probabilistic reconstruction
algorithm (using both in-house-developed scripts and freely available software packages) to create
a pipeline capable of reconstructing all nerves of interest, using predetermined regions of interest
drawn on the Montreal Neurological Institute (MNI) atlas, and semi-automatically registering the
tract on the single structural images.

The newly developed algorithm has been successfully applied in three groups of patients. Firstly, it
has been used in patients with persistent hypo/anosmia after COVID-19 infection and healthy
controls and showed high rates of CN | visualization. Second, it has been applied to group of
patients with sellar/parasellar tumors operated through a mini-invasive endoscopic endonasal
approach in which the pre-surgical reconstruction of cranial nerve Il and the entire anterior optic
pathway has allowed for the improvement of surgical planning. In this study, moreover, the
accuracy of the reconstruction was supported by direct visual intra-operative confirmation. Third,
the diffusion tensor imaging tractography of cranial nerve Il has been applied to a group of
patients with genetic optic nerve atrophy (Leber’s hereditary optic neuropathy), before and after
an innovative genetic therapy, in order to look for changes in DTI properties along the tract.

In this thesis, | will begin by describing the anatomy of the | and Il cranial nerves Then, | will
describe the basis of the DTI acquisition and of the previous studies in which the tractography of
the cranial nerves was applied. | will next describe the work done in the three populations of
patients. Lastly, | will make my final conclusions.
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The Cranial Nerves Anatomy

The Cranial Nerve |

Anatomy

Cranial nerve (CN) I (i.e., the olfactory nerve) is composed of solely afferent sensory nerve fibers, is
paired and short (ca 28-30 mm in length and 0.5mm in diameter) (Lépez-Elizalde, Campero et al.
2018), and does not project to the brainstem. It originates from the bipolar olfactory neurons in
the posterosuperior olfactory epithelium of each nasal cavity. Interestingly, the bipolar olfactory
neurons continuously regenerate from stem cells within the basal portion of the epithelium and
have a half-life of 30 to 40 days, and the olfactory epithelium has a surface area of 2.5 cm”.

The bipolar olfactory nerve passes through the bony cribriform plate and synapses with the
olfactory bulb (OB) and olfactory tracts, which are not myelinated and diverge to form two main
bundles, the lateral olfactory stria (responsible for autonomic responses associated with olfaction,
such as an increase in salivation and gastric peristalsis/secretion) and the medial olfactory stria
(responsible for the majority of functional olfactory transmission through the limen insulae).
There, it bends medially to enter the temporal lobe near the uncus, in which lies the primary
olfactory cortex (Helwany and Bordoni 2022).

The olfactory nerve itself is formed by the OB and the olfactory tract and runs intracranially within
the olfactory groove of the ethmoid bone. The olfactory sulcus, which is located on the ventral
surface of the frontal lobe (Maingard and Sharma 2022) and runs in an anteroposterior direction
between the gyrus rectus and the orbital gyri, is considered an indirect measure of the olfactory
nerve.

Regarding the blood supply, the olfactory mucosa is supplied by both the sphenopalatine artery
arising from the maxillary artery and the external carotid artery, as well as the anterior and
posterior ethmoidal arteries originating from the ophthalmic artery, a branch of the internal
carotid artery. Intracranially, the olfactory nerve receives its blood supply from a branch of the
anterior cerebral artery called the olfactory artery (Helwany and Bordoni 2022).

An interesting concept is that olfaction, like taste, is an uncrossed sense, and the projections are
predominantly in the same hemisphere, although some axons of the medial stria do cross the
midline through the anterior commissure to reach the contralateral side (Martin 2021).
Intriguingly, women have higher olfactory capabilities but statistically smaller OB volumes,
representing an interesting paradox regarding the link between OB volume and olfactory function
(Buschhiiter, Smitka et al. 2008).



Regarding the imaging of CN |, the olfactory neuroepithelium present in the in the upper part of
the nasal cavities is not discernable using MRI due to its small dimensions, but rarely the olfactory
filia linking the extracranial olfactory neuroepithelium to the OB through the openings of the
ethmoid cribriform plates can be identified on ultra-high-resolution T2-weighted images or
reconstructed constructive interference in steady state (CISS) MRI sequences (Duprez and
Rombaux 2010).



The Cranial Nerve Il

The second CN (i.e. optic nerve) is part of the visual pathway, a group of anatomical structures
that allows for vision by transmitting the light stimuli from the photoreceptors of the retina to the
primary visual cortex_(V1 cortex) in the occipital lobe of the brain. The optic nerve originates from
the nuclear cells present in the retinal ganglion whose axons project via the optic nerve, optic
chiasm, and optic tract to the lateral geniculate nucleus (LGN). In the LGN there are secondary
neurons that project via the optic radiation to the primary visual cortex (Drake, Vogl et al. 2020).
For this reason, the visual pathway can be divided into two portions: the anterior visual pathway,
which is also called the retinogeniculate pathway (RGVP) (He, Zhang et al. 2021) and comprises the
structures from the retina to the LGN, and the posterior visual pathway which comprises the
structures posterior to the LGN.

The optic nerve is myelinated by oligodendrocytes, contains only sensitive fibers, and is
considered an extension of the central nervous system (Hansen, Netter et al. 2019). After
originating in the retina, it emerges from the posterior pole of the eyeball, passes through the
optic canal in the sphenoid, and converges with the contralateral optic nerve at the level of the
anterior and ventral margins of the optic chiasm, where it terminates.

The fields of view of both eyes, which is defined as the extent of the observable world that is seen
at any given moment, are conventionally divided into four quadrants: upper temporal (i.e.,
lateral), upper nasal (i.e., medial), lower nasal, and lower temporal.

The retina

The retina is a thin layer of nervous tissue within the posterior part of the orbit which has the
purpose of receiving the light and converting it into neural signals responsible for the mechanism
of vision. It includes the retinal ganglion cell (RGC) layer where the somata of the nerves
comprising the optic nerve are found.

Anatomically, the retina can be divided into two parts, the nasal medial and temporal lateral, with
the macula and fovea at its center which contain the highest RGC density in all primates (Brooks,
Komaromy et al. 1999).

The left side of the field of view (the extent of the observable world that is seen at any given
moment) projects on the right side of the retina, and vice versa. Objects in the upper half of the
field of view form an image on the lower half of the retina, while objects in the lower half of the
field of view project upward due to the optic properties of the lens.

Axons arising from RGC run within the retina itself and converge to form the optic nerve at the
level of the optic disc. The RGC arising near the fovea and macula centralis are situated more



centrally in the optic disc and nerve, while axons arising from RGC in the peripheral retina lie in the
periphery of the optic disc and nerve (Minckler 1980).

Optic nerve

The optic nerve itself, which a is defined a white matter tract of the diencephalon composed
principally of the axons of RGCs, is about 50 mm long and can be anatomically divided into four
segments (Gala 2015):

1. Intraocular (approx. 1 mm): the portion contained within the RGC layer of the retina where
nerve fibers are not myelinated (J. Salazar, |. Ramirez et al. 2019).

2. Intraorbital (approx. 25 mm): extends from the posterior pole of the ocular globe to the
optic canal in the sphenoid at the apex of the orbit. This segment is surrounded by the
three meningeal sheets (dura mater, arachnoid, and pia mater) and its subarachnoid space
is in communication with the suprasellar cistern (Gala 2015).

3. Intracanalicular (approx. 9 mm): the portion projecting through the optic canal,
accompanied by the ophthalmic artery and the sympathetic nerves.

4. Prechiasmatic (approx. 16 mm): this part of the nerve exits the optic canal and extends
backwards and slightly upwards within the subarachnoid space of suprasellar cistern.

Figure 1. Optic nerve division into 4 segments according to Gala et al. 2015.
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Optic Chiasm

The optic chiasm is the anatomical structure where the fibers originating from the optic nerves
cross. The fibers composing the medial parts of the optic nerves (called the nasal fibers) cross the
midline, while the lateral ones (temporal fibers) remain homolateral. Anatomically, the optic
chiasm is situated at the junction of the anterior wall and the floor of the third ventricle,
approximately 5-10 mm above the hypophysis.

Optic Tract

The optic tracts contain the homolateral fibers of the same optic nerve and the contralateral
crossing nerve fibers and originate from the posterolateral part of the optic chiasm. Anatomically,
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it curves around the cerebral peduncles of the rostral midbrain and divides into two roots (J.
Salazar, I. Ramirez et al. 2019). The first, the lateral root, is larger and terminates posteriorly in the
LGN and is responsible for the mechanism of vision. The second is a smaller medial root, which is
connected both to the pretectal area and to the superior colliculus in the midbrain and is involved
in the visual reflex pathway. Thus, the left optic tract contains fibers from the temporal half of the
left retina and nasal half of the right retina, and vice versa.

Lateral Geniculate Nucleus

The LGN is an ovoid gray matter (GM) structure located in the postero-inferior part of the
thalamus that consists of six laminae or cell layers oriented in a roughly dome-shaped mound.
Specifically, nerve fibers derived from the contralateral eye (crossed fibers from the nasal half of
the retina) terminate on cell bodies in layers 1, 4 and 6. Those of the ipsilateral eye (from the
temporal half of the retina) terminate in layers 2, 3 and 5. Thus, each LGN receives information
from both retinae. While each RGC axon may terminate in up to six geniculate cells, these are all
located in one lamina. Fibers from the upper quadrants of peripheral retinae synapse on the
medial aspect of the LGN and those of the lower quadrant on the lateral aspect. The macula
projects to a disproportionately large central wedge of the LGN. Optic radiations originate from
the LGN and form the caudal part of the thalamus. Then, they run through the retrolenticular
segment of the internal capsule and project dorso-medially to the calcarine cortex (primary visual
cortex — V1) where they terminate. The upper optic radiations extend into the parietal lobe, while
the lower radiations enter the temporal lobe. Parietal optic radiations carry information from the
lower quadrants, while temporal radiations do the same for the upper quadrants.

The primary visual cortex is situated in the occipital lobe (Brodmann area 17) (Naidich, Castillo et
al. 2012) around the calcarine scissure (thus it is also called the calcarine cortex). It is the first area
of the brain that processes visual stimuli and is responsible for the creation of conscious images.
As with the optic radiations, the upper cortex is responsible for the lower quadrants and the lower
cortex for the upper ones.

Functional Organization of the Anterior Visual Pathway

The fibers from the somata of cells present in each retinal region follow specific courses inside the
optic pathway. In particular, the fibers originating from the superior-temporal quadrant of the
retina do not cross but project through the ipsilateral CN and tract to the medial part of the
geniculate ganglion. The second order neurons starting from the geniculate ganglion course within
the posterior bundle of the optic tract and terminate in the central portion of the calcarine fissure
(purple and red fibers in A, for the right and left side). Specifically, the fibers beginning in the
inferior-temporal quadrant of the retina do not cross but project through the ipsilateral cranial
nerve and tract to the lateral portion of the geniculate ganglion. The second order neurons
originating from the geniculate ganglion extend within the anterior bundle of the optic tract and
terminate in the central part of the calcarine fissure (yellow fibers in A, for the right and left side).
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The fibers originating in the superior-medial quadrant of the retina cross the midline in the
chiasma and terminate in the medial portion of the geniculate ganglion. The second order neurons
run in the posterior bundle of the optic tracts and terminate in the proximal portion of the
calcarine fissure. The fibers starting from the inferior-medial quadrant of the retina cross the
midline in the chiasma and terminate in the lateral part of the geniculate ganglion. The second
order neurons course in the anterior bundle of the optic tracts and terminate in the proximal
portion of the calcarine fissure.

The fibers originating from the macula and the fovea extend, along with the corresponding part of
the fibers, in the medial portion of the corresponding part of the optic nerves. In the optic
radiation, they project in the central bundle and terminate in the most superficial portion of the
calcarine fissure (Warntges and Michelson 2014).

Figure 2. In this figure, modified from Warntges, S. and G. Michelson (2014). "Detailed illustration
of the visual field representation along the visual pathway to the primary visual cortex: a graphical
summary." Ophthalmic Res 51(1): 37-41, each fiber population originating from a specific retinal
region is depicted in a specific color to follow its trajectory. In particular, those originating from
the superior-temporal quadrant of the retina are represented in A and those from the inferior-
temporal quadrant of the retina in B. On the contrary, those originating from the superior-medial
quadrant of the retina are represented in C and those originating from the inferior-medial
guadrant of the retina in D.



Diffusion Tensor Imaging (DTI) and Tractography technique

Diffusion weighted imaging

The diffusion weighted imaging (DWI) method was originally proposed by Peter Basser (Basser,
Mattiello et al. 1994), and the application of the technique in the human brain soon enabled the
study and quantitative analysis of the complex anatomy of the white matter fiber tracts (Pierpaoli,
Jezzard et al. 1996), becoming the only method for the in vivo and non-invasive quantification of
water diffusion in biological tissues (Le Bihan and Johansen-Berg 2012).

The concept of diffusion weighted imaging

Diffusion contrast is based on the concept that signal from a voxel will decrease exponentially as a
function of time at a rate depending on the strength of the magnetic field gradients applied
between an excitation pulse and signal reception, the duration of the gradients, and the diffusion
coefficient of water molecules in the voxel. The first two factors do not vary from voxel to voxel.
Within a given acquisition, only intravoxel diffusion (D) varies between voxels, and thus contrast in
a diffusion weighted (DW) image is a function of the apparent diffusion coefficient. DWI is only
sensitive for motion of water molecules that are aligned with the motion-probing magnetic field
gradient applied between excitation and signal reception (Nucifora, Verma et al. 2007).

Isotropic and anisotropic signal in the brain

DWI is sensitive to the random microscopic motion of water molecules (i.e., diffusion). Water
diffusion in the brain is two to 10 times slower than free water diffusion because the tissue
microstructure impedes molecular movement (Clark and Le Bihan 2000). In the brain, diffusion is
highly influenced by the presence of white matter (WM), which includes bundles of neuronal
axons packed in myelin, and this tight “packaging” introduces a directional dependence to
molecular motion along the major axis of the bundle (Basser, Mattiello et al. 1994).

By measuring the DWI signal along a number of directions in three dimensions, the degree of
directionality, as well as the orientations of these WM fibers, can be inferred (Jeurissen, Tournier
et al. 2014). In a liquid where there are no barriers to free diffusion of water, movement is the
same in all directions and this free movement of water is termed isotropic diffusion. However, in
the presence of highly oriented barriers such as WM fibers in the brain, the diffusion follows a
preferential direction, and this is termed anisotropic diffusion (Beaulieu 2002).

Signal acquisition
Acquisition: Single-shell
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Classical DWI studies have used acquisitions based on magnetic field gradients of varying direction

III

but only one effective field strength (“single-shell” or “single-b value” acquisition). The degree of
sensitivity of DWI images to water diffusion is controlled by a user-selectable parameter known as
the b-value, which is expressed in unit of s/mm?. The term "b-value" was firstly used by Stejskal
and Tanner to describe their pulse sequence consisting of two strong gradient pulses of magnitude
(G) and duration (8), separated by time interval (A), used to perform DWI. This pulse sequence still
forms the basis for most modern DWI sequences in which a larger b-value is achieved by
increasing the gradient amplitude and duration and by widening the interval between gradient

pulses (Stejskal and Tanner 1965).

Standard b-values used in conventional DWI are in the range of 700 to 1000 s/mm? (Baumann,
Cammoun et al. 2012) whereas b-values over 1500 s/mm? are defined as “higher b-values”. With
the application of larger diffusion gradients (increasing b-value), the DWI signal is reduced relative
to thermal noise, i.e., signal-to-noise ratio (SNR) is reduced (Garcia Santos, Orddfiez et al. 2008).
However, high b-value DWI provides better contrast owing to its sensitivity to tissue diffusivity and
its reduced dependence on T2 sensitivity, a dependence known as the T2 shine-through effect
(Seo, Chang et al. 2008).

Acquisition: Multi-shell

More recently, a new generation of acquisition paradigms have been developed employing
) (O'Donnell and Westin 2011). By leveraging more than one
diffusion-weighting gradient strength, the differential tissue responses elicited by each different b-

IH

multiple b-values (“multi-shel

value can be used to model more detailed features of the different cellular environment in each
voxel (Basser, Mattiello et al. 1994, Assaf and Basser 2005).

The differential tissue responses elicited by different b-values allows us to:
- reduce the partial volume effects due to the isotropic contribution from the cerebrospinal
fluid (CSF) in some voxels (Castellaro, Moretto et al. 2020)
- reduce the partial volume effects due to the presence of other tissue in the voxels (Pines,
Cieslak et al. 2020)
- reduce the partial volume effects due to movement artifacts (Pines, Cieslak et al. 2020).

Moreover, it has been demonstrated that b-values higher than 1000 s/mm? increase the

resolution of WM fibers with high angular curvature because of their anatomy (Tournier,
Calamante et al. 2013).
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Signal modelling

Signal modelling: Diffusion tensor model

During DWI of MRI, magnetic field gradients are employed to create an image that is sensitized to
diffusion in a particular direction. By repeating this process of diffusion weighting in multiple
directions, a three-dimensional diffusion model (called the diffusion tensor) can be estimated
(O'Donnell and Westin 2011). The three-dimensional DWI data is fit to a model to create maps of
model parameters that allow characteristics of the brain to be visualized. Diffusion tensor imaging
(DTI) is the most widely used diffusion “model” for fitting DWI signals and assessing WM
orientation and organization (Basser, Mattiello et al. 1994). The DTl model assumes the presence
of only one type of tissue (i.e., WM) within each voxel. Therefore, it is invalid in voxels outside the

III

brain itself that contain multiple tissues in the same voxel, as well as in voxels within the brain
itself that contain crossing fibers of different WM tracts. It can be applied to voxels in which only
isotropic diffusion is present, within the ventricles for example, but it may give inaccurate results.

Signal modelling: Constrained spherical deconvolution

Spherical deconvolution (SD) is one of the models proposed to solve the issue caused by the
presence of multiple fiber orientations within the same voxel in DW images. It models the DW
data as the sum of a set of spherical harmonic functions (Dhollander T 2021).

Constrained spherical deconvolution (CSD) is a method that enables modelling of WM in the
presence of multiple fiber orientations (Tournier, Calamante et al. 2004, Tournier, Calamante et al.
2007), even when there are crossing fiber populations within a voxel, and thus offers a means to
model complex WM structures more effectively than the DTI model. However, the ability of CSD to
model WM may be confounded in voxels also containing other tissues, such as GM or CSF, the so-
called partial volume effect (Mito, Dhollander et al. 2020).

The SD model is able to estimate the full fiber orientation distribution function (fODF) in each
brain voxel. In other words, it relies on the principle that the DW signal originating from the
various fiber populations present in a voxel is given by the spherical convolution of this response
function. Moreover, a constraint is commonly introduced in this model to minimize the
appearance of physically meaningless negative values in the reconstructed fODF. With this
constraint, distinguishing CSD from the simpler SD method, it becomes possible to reduce the
noise sensitivity of the model, allowing reliable fODF estimates to be made on clinically feasible
DW-MRI data (Dhollander T 2021).

However, conventional CSD can provide high quality fODF estimates only in voxels containing

exclusively WM, whereas in voxels containing other tissue types such as GM and CSF this model
12



may produce noisy fODF estimates, the same problem that occurs in DTI. To overcome this
challenge, a multi-tissue CSD model has been proposed assuming that four tissues are present in
the brain: WM, deep GM (basal ganglia), cortical GM, and CSF. In the case of multi-shell
acquisition, signal from each of these different tissues has a unique b-value dependency and this
allows better modelling of the fODF in each tissue type.

Diffusion tensor tractography

White matter tractography (WMT) uses information models of DWI data to obtain a 3D
representation of fiber architecture in the WM. All tractography methods start from the
assumption that, in the human brain, the connections among brain cortical regions are made by
myelinated axon bundles, collectively called WM. Tractography algorithms incorporate parameters
from the DTI tensor or from the probability density fraction (PDF) by linking neighboring voxels
having similar maximum diffusion direction, creating pseudo-axonal tracts that can be used to
visualize microstructural orientation (i.e., fiber tracking) (Alexander, A. L. 2010).

There are two main approaches to fiber tracking, called “deterministic” and “probabilistic”. The
deterministic method is a computational method that uses the orientation information within the
diffusion tensor model, in particular the direction with the greatest diffusivity, called the major
eigenvector, to reconstruct the estimates of WM pathways. It assumes that the greatest diffusion
in the brain is roughly parallel to the local WM fiber bundle direction. Deterministic tractography
tends to be simple and fast, and the most frequently used algorithm, FACT, can be run on a 3D
brain image in a few minutes (Mori, Crain et al. 1999). On the other hand, probabilistic fiber
tracking methods use more complex, linear propagation approaches, estimating the principal
eigenvector direction (Mori and van Zijl 2002) according to a probability distribution function
(Lazar and Alexander 2003, Parker, Haroon et al. 2003, Jones and Pierpaoli 2005). The accuracy
and precision of both deterministic and probabilistic tractography algorithms are limited by image
noise, artifacts, and the presence of crossing fibers (Alexander, A. L. 2010).
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Deterministic tractography

The general principle of deterministic tractography algorithms is to use the directional information
described by the eigenvector of the diffusion tensor model in each voxel as a surrogate of the
principal direction of the water diffusion and the underlying WM orientation. A deterministic
tractogram is generated by starting from one (or more) “seed” locations, typically within GM, and
propagating the trajectories according to the tractography algorithm until the tracts terminate
(Alexander 2010).

Criteria must be defined to terminate tracts when they either leave the tissue region of interest or
become unreliable (i.e., when the estimates of the major eigenvector begin to have a large
variance). Common stopping criteria include the tract entering a region with low fractional
anisotropy (FA) (e.g., FA < 0.2) or the trajectory bending more than a prescribed angle in a single
step. The FA threshold is typically used to limit the results to regions where the major eigenvector
is well defined. The obvious limitation is that FA can be quite low even in regions of WM, including
regions of the centrum semiovale where fiber tracts are crossing (Alexander 2010).

Another strategy is to segment the WM from the DTI data or from a co-registered structural (i.e.,
T1-weighted) image. Regional constraints can be imposed using specific regions of interest along
the expected WM tracts (Alexander 2010).

The simplest approach for WMT is based on streamline algorithms originating from the vector field
of each major eigenvector. Commonly used algorithms to do so include linear step-wise
algorithms, such as FACT (Mori S, 1999). Even if WMT results are often visually stunning, there are
many potential sources of errors that can confound the results. Very small perturbations in the
image data (i.e., noise, distortion, ghosting, etc.) may lead to significant errors. Those errors
include:

e Tract dispersion, which corresponds to the variance of the estimated trajectories that occur in
the peripheral parts of the tracts, as the dispersion will increase with the distance from the
seed location. The dispersion in tract estimates from image noise is roughly proportional to the
distance and inversely proportional to the squares of the eigenvalue differences and SNR
(Anderson 2001).

e Systematic error: while the tract dispersion describes the variance or uncertainty in
tractography results, systematic errors in tract position estimation are described by the tract
deviation and are particularly dangerous for highly curved trajectories. The possibility of a tract
deviation is influenced by the step size. In general, the step size should be significantly smaller
(an order of magnitude) than the local radius of curvature. For most tractography studies, a
step size on the order of 0.5 mm or smaller is likely adequate.

e Crossing fibers: one of the major limitations of WMT based on DTl is the inaccuracy of the
single-tensor model in regions of crossing fibers. Crossing WM tracts will cause the estimated
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major eigenvectors to cease coinciding with the fiber orientations. Within a voxel containing
multiple fibers, the less dominant fiber direction will never be followed.

Probabilistic tractography

The principal concept behind probabilistic tractography is the assessment of “connection
confidence” of an observed connection. This provides a measure of the reliability of the
observations or, in other words, the amount of evidence in the dataset that supports the
possibility of a tract existing through the data set (Parker 2010). This increases the detection of
branching and dispersion, but we need to account for the reduction of connection confidence with
distance.

Probabilistic tractography offers an estimate of fiber orientation function for a given voxel, while
taking into account additional information involving the local environment or the entire tract
trajectory to assess the likelihood of connection. However, it is important to remember that, in
any given voxel, axonal bodies have a natural spread of orientation, which implies the presence of
two or more well-defined populations of axonal bodies. We commonly attempt to estimate the
dominant orientation of the underlying microstructure and to determine the PDF of fiber
orientation from this single best-estimate, using the assumption that higher anisotropy implies
higher precision of the fiber orientation estimate (Koch, Norris et al. 2002).

To create an accurate PDF, we should take into account the effects of noise, diffusion
sensitization, and other influential factors. There are several methods designed to estimate the
uncertainty in fiber orientation from the noise. The “bootstrap method” is one such approach.
Bootstrap methods rely on the idea that the “permutation of data samples” associated with a
multi-sample measurement approximates the true distribution of the real axons in the voxel. This
is achieved with no prior knowledge or assumptions about the statistical properties of the
parameters evaluated.

Since the requirement for multi-sample data is impractical for routine use, “model-based”
bootstrap methods have been developed that provide close approximations to the data-based
bootstrapping methods (Jones 2008). Moreover, it is important to underline that the probabilistic
tractography output depends on which of the following models is used and may include a single-
fiber model (e.g., the tensor model) or one of the more complex and more reliable models
supporting a more complex representation (e.g., the multi-shell models).

Once PDFs are created in each voxel, orientation density fractions (ODFs) are generated to
describe the orientational component of the PDF of particle displacement due to diffusion within a
voxel, which is in turn influenced by the dimensions of axons (and other microstructures) in the
voxel.
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It is important to appreciate the concept that the information content of the ODF strongly
depends on the data acquisition and, in particular:

- the number of directions of the diffusion sensitization gradients, which influences the
orientation resolution available and the number of fiber populations that may be
recovered;

- the data noise level (SNR), which affects the sharpness of the PDF (and therefore the
precision of tracking and the number of fiber populations that may be recovered);

- the degree of diffusion sensitization (b-value), which affects the ease with which multiple
fiber populations may be resolved, and the voxel size, which affects the degree of bulk
fiber-bundle partial voluming and the influence of tract curvature on PDFs;

- tracking distance, as the confidence assigned to connections diminishes with distance from
the start point. This is not unexpected, as probabilistic methods rely on the information
produced by the diffusion imaging experiment within each voxel that contributes to the
pattern of connections. For this reason, is very difficult to set a threshold in the map of
connection probabilities.

The interpretation of the output of the probabilistic tractography should be done very carefully. In
every voxel it is possible to estimate the probability that a connection through the diffusion data
exists on the basis of a model of the diffusion signal within the voxels and our model of connection
between voxels. For this reason, caution must be used when making definitive statements about
the existence (or nonexistence) of an anatomical connection based on the output of any
tractography experiment. While probabilistic methods allow us to quantify the weight of evidence
that a particular route of connection through the data exists, deterministic methods are unable to
obtain this result.

A significant problem in the interpretation of tractography output is the known occurrence of
false-positive and false-negative connections. False-negative findings have two main causes. First,
the physical size of the tract may be below the resolution of the data acquisition. Second, the tract
evaluated may suffer from partial volume effects that are not adequately modeled (i.e., the model
of diffusion and/or tractography may be unreliable in case of crossing or kissing fibers). False
positives tend to occur from the inadequacies of the modeling process or from artifacts in the
data; false positives may be reduced by the use of prior knowledge in the form of constrained
probabilistic tractography using two or more “waypoint” regions. A waypoint is an area through
which a tract must pass by definition, based on anatomical considerations (Behrens, Berg et al.
2007).

Diffusion Tensor-derived Results and Metrics Interpretation

Once DTI data are acquired and the signal is modelled, the system presents two outputs: the
three-dimensional reconstruction of the tracts and the DTI metrics inside the tract. Regarding the
three-dimensional reconstruction, the results of probabilistic tractography have been beautifully
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described by Jones et al. (Jones, Knosche et al. 2013) as follows: “How confident | can be that if |
was to open up the brain and look directly at the white matter, where the map intensity is high, |
am more likely to find an actually white matter pathway that travels back to the point X, compared
to the case when the intensity is low.”

Regarding the DTI-derived metrics, the FA is considered to reflect the signal change when a
motion-sensitizing gradient is applied along a given axis, and is influenced by the myelination, the
axon density, the axon diameter, the permeability of the membrane — but also, and importantly,
the way in which the axons are laid out within the voxel (Jones, Kndsche et al. 2013). Regarding
the mean diffusivity (MD), is has been proposed the length of the axonal membrane is the
strongest independent predictor of the hindered diffusivity within the biological tissues (Eida, Van
Cauteren et al. 2016). These concepts will be further discussed below.

Three-dimensional reconstruction

As previously described, DTl is capable of measuring the dephasing of spins of protons according
to the presence of structures that spatially vary the magnetic field (gradients). The application of
tractography in the brain starts from the assumption that, in the human brain, the main barriers
responsible for the this change in the directionality of diffusion are the myelinated WM tracts.

Therefore, the first assumption used by tractography is that the peak in the ODF estimated from
the data modelled by the CSD runs parallel to the WM fiber tract. However, if we consider the fact
that the ODFs are sampled in a grid of voxels, and in each voxel, there is more than one ODF, the
reconstruction of continuous trajectories requires the interpolation of the data from each of the
continuous voxels; in order to do this, some parameters must be previously established such as
the maximum angle that the trajectory might turn. In order to reasonably assume that our signal
(the peak in ODF) is maximally tangential to, and can therefore truly reflect, the anatomical fiber
orientation of the WM tracts, we must be sure the b-value is sufficiently high to be sensitive to the
sharp angularly orientated fibers without lowering the SNR below the value of 3. Additionally, we
should utilize at least 30-40 diffusion gradient directions, and we should establish a spatial
resolution for the voxels that is as small as possible to reduce the possibility of the presence of
different tissues within it.

It is important to emphasize that, in any given voxel, the signal does not inform about the relative
positions of different fiber populations within that voxel. For example, it is impossible to
distinguish between “kissing” and “crossing” fibers: the DW signals from two bundles of fibers
arranged in a given voxel with a letter ‘T’ configuration, a letter ‘L’ configuration, or a ‘+’ sign
configuration will be identical. It is also crucial to be mindful of the possibility that different tissues
may be present within a given voxel and, in particular, of the impact of CSF contamination. Given
that CSF is isotropic and has a MD that is approximately as large as free water in tissue, it is clear
that any extent of partial volume contamination of the voxel by CSF will bias findings.
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The two most important ways to mathematically represent the dependence of the DWI on the
biological membrane are the diffusion ODF (dODF) and the fiber ODF (fODF). Considering the
dODF, this parameter measures the probability density that a particle will move in a certain
direction. Regarding fODF, this parameter describes the diffusion within each voxel, estimating the
relative fiber density over the orientation space in an attempt to infer the angular distribution of
fiber orientation from the angular structure of the signal.

The “diffusion tensor model,” the classic unimodal anisotropic gaussian model, gives a satisfactory
approximation when the voxel contains a single co-axial fiber population. However, in any given
voxel it is more likely that multiple fiber types will be present, in which case more complex
modeling should be utilized.

The final three-dimensional tractography reconstruction we see reflects the attempt of the
methods to combine the signal in each voxel (either derived from the principal eigenvector of the
diffusion tensor, the peaks in the dODF, or the peaks in the fODF) in order to compute trajectories
or pathways through the data, assuming that they run parallelly to the WM bundle below.

Mean diffusivity (MD) definition

As previously discussed, the phenomenon of diffusion describes the random movement of
molecules in a solvent. Whereas in a hypothetical boundary-free medium the diffusion of
molecules depends only on the molecule size, the temperature, and the medium viscosity, in
biological tissues water diffusion is hindered by extracellular and intracellular components,
classically considered to be fibers and membranes (Einstein 1905, Le Bihan 2013).

Traditionally, it has been thought mechanistically that the reduction of water diffusivity in
biological tissue resulted from the collision of water molecules into the cellular membrane barrier.
Subsequently, it has been demonstrated that membranes “reduce” the water diffusivity according
to their permeability (Le Bihan 2007). However, the exact critical determinant of water diffusion
hindering in biological tissue have not been unequivocally identified. A recent in vitro study (Eida,
Van Cauteren et al. 2016) in various cell lines compared the diffusivity properties of cells dying
through apoptosis and necrosis. In apoptotic cells, the cells death is associated with a progressive
reduction of cellular volume, chromatin condensation, and nuclear fragmentation, but the plasma
membrane remains intact until a very late stage in the process. In necrotic cells, the cell undergoes
organelle swelling, plasma membrane rupture, and increased cellular volume. The results of this
study give interesting insight on this topic. It demonstrated that, in different cell lines, the
relationship between the apparent diffusion coefficient (ADC), the corresponding value for MD,
and cellular area depends on the volume of the nucleus (and the nucleus-to-cytoplasm ratio), as
the nucleus hinders diffusivity (Tadakuma, Ishihama et al. 2006, Capoulade, Wachsmuth et al.
2011). It also showed that cells with more plasma membrane have reduced diffusion, and that
ADC is reduced near the various membranes (Eida, Van Cauteren et al. 2016).
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Fractional Anisotropy (FA) definition

The definition of FA (Jones, Knésche et al. 2013) within DTI tractography relies on two important
classes of factors. The first is that the random displacement of water molecules depends on
biological factors such as fiber diameter (i.e., axon diameter), fiber density (i.e., packing density),
membrane permeability, and myelination, all of which are modifiable by various diseases. The
second is the intra-voxel orientational coherence of any boundaries which depend on anatomical
constraints, i.e., the way in which the axons are laid out within the voxel. Consider two voxels, A
and B, in the WM, each of which comprises N fibers. In both voxels, the axon diameter, membrane
permeability, and myelination of each axon is the same; therefore, at the ultrastructural level, the
‘integrity’ of each axon is identical. However, in voxel A, all of the axons are aligned along the
same axis and densely packed, while in voxel B the axons are much less coherently organized with
a range of orientations (such as might arise from fibers fanning, branching, crossing, and/or
twisting). The anisotropy of the tensor fitted to voxel A will be much higher than that of voxel B;
however, it would be a complete fallacy to argue that the microstructural integrity was lower in
voxel B.

In each experimental condition there will be a certain number of voxels that have more than one
fiber population, and this depends on the data acquisition, voxel size, and anatomical structure
being analyzed. Our ability to differentiate those different fiber populations depends on the model
and analysis pipeline used. For example, the angular resolution applied to the sampling scheme,
the b-value, and the SNR will impact the minimum resolvable inter-fiber angle and, therefore, the
number of distinct fiber voxels that can identified within a voxel.

19



Previous Tractography Studies of Cranial Nerves

There have been a few attempts in the literature to perform a tractography of CN I, primarily using
specific targeted acquisition sequences with long acquisition times.

In 2011, Skorpil et al. (Skorpil, Rolheiser et al. 2011) used a target sequence with small field of view
(b-value of 900 s/mm?, 32 diffusion encoding, repetition time [TR] = 6698 ms, echo time [TE] = 83
ms, FoV 2.3 cm, scan time sequence time was 13.31 minutes) to depict the olfactory tract in five
healthy controls. More recently, Echevarria-Cooper et al. (Echevarria-Cooper, Zhou et al. 2022)
utilized a specific readout segmentation of long variable echo-trains (RESOLVE) DTl sequence with
small field of view to minimize image distortions in the ophthalmic tract (TR = 6250 ms; TE = 61
ms, field of view [FoV] = 240 mm; matrix size = 240 x 240 x 138 mm; 90 DW directions at b = 1000
s/mm?, scan duration: 1h 30 min. The authors analyzed the signal with a CSD model and reported a
successful reconstruction in 25 healthy human participants. Neither of the previous studies
commented on the anatomical validation of the reconstructed tracts.

Diffusion tensor tractography (DTT) is particularly challenging to perform in the anterior optic
pathway including CN II. In fact, the anterior optic pathway exhibits several anatomic features that
increase the risk of creating the so-called partial volume effect. These features include the CN Il
passing through the optic canal and the supracisternal sella where there is a high risk of
contamination within the same voxel of other structures such as CSF, air, and bone. Moreover,
there are crossing fibers at the level of the chiasma, and commonly used tractography models are
unable to distinguish kissing from crossing fiber configurations. Furthermore, fibers originating
from the optic nerve curve sharply within a single voxel at the level of the chiasm, another
situation that cannot be accurately represented by the DTT models since the tractography
algorithm connects voxels that share a coherence in diffusion orientation. For this reason, most
tractography algorithms often stall at fiber crossings or high-curvature regions, either because the
estimated anisotropy does not exceed a fixed threshold or because of a built-in bias against high-
curvature tracts in the form of the angle threshold. Additionally, instances of convergence
(multiple bundles merging into one) and/or divergence (a bundle splitting into two) cannot be
distinguished. In voxels where convergence takes place, information is lost about which fibers
merge into the main tract and which continue on. Similarly, at sites of divergence it is unclear
which axon bundles leave the main tract and which continue along it. To date, all of these issues
have hindered the development a robust and automated reconstruction pipeline for anterior optic
tractography.

Previous Cranial Nerve Il Tractography Studies in healthy controls

Interestingly, the first attempt to perform tractography of the anterior optic pathway dates back
to 2007 when Roebroeck and colleagues (Roebroeck, Galuske et al. 2008) attempted to analyze
three samples of ex vivo formalin-fixed human chiasm at 9.4 Tesla MRI using a multi-shot pseudo-
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3D double spin-echo echo-planar imaging (SE-EPI) with TR/TE = 2000 ms, TR = 35 ms, six gradient
directions, and a very small field of view (2x2x2 cm) centered over the chiasma, that allowed for a
resolution of 156 x 156 x 312 um. At that time, only diffusion tensor models were available for
interpretation of the signal. Upon examining the streamlines generated, the authors found that in
their experiment the decussating fibers do not cross the chiasm in an exclusively diagonally
oriented-path but instead follow highly curved paths. This was particularly true in the most lateral
aspect of the central chiasm, where some streamlines originating from the contralateral optic
nerve slightly curve anteriorly towards the contralateral optic nerve before reaching the
contralateral optic tract. Moreover, as expected, in the central portion of the chiasm it was
impossible to distinguish the fibers originating from the right and left optic nerves due to the
prevalence of converging streamlines from the two fiber groups.

A few years later, Hofer et al. (Hofer, Karaus et al. 2010) used a relatively new developed DW
single-shot stimulated echo acquisition mode (STEAM) MRI sequences which rely on
radiofrequency-refocused stimulated echoes in order to reduce the magnetic field
inhomogeneities. In this method, they added partial Fourier and parallel imaging strategies to
increase the SNR, and achieved a 1.8-um isotropic resolution. Six healthy controls were scanned
but, despite all of these precautions, in most cases false-positive streamlines were observed
travelling along the optic nerve and jumping over to a neighboring eye muscle, namely the medial
or lateral musculus rectus, the course of which closely parallels that of the optic nerve because the
DTI available algorithm was unable to avoid “kissing” effects between the optic nerve and
neighboring eye muscles. Nevertheless, this was the first study able to demonstrate the
visualization of the entire human visual pathway in its full anterior—posterior extension (anterior
and posterior pathways).

In 2010, Akazawa et al. (Akazawa, Yamada et al. 2010) used the optic chiasm as an example of a
structure with a high density of crossing fibers to test the hypothesis that changing between four
different b-values from 700-1400-2100-2800, while maintaining a constant number of diffusion-
sensitive gradients (n = 23 directions) influenced the differentiation of crossing fibers at 1.5 Tesla.
For this purpose, they scanned 10 healthy volunteers using single-shot echo-planar imaging (TR =
5000 ms; TE = 55, 65, 72, and 78 ms), 32 gradient directions, b-values of 700, 1400, 2100, and 2800
s/mm?, and a voxel size of 3.0 x 3.0 x 3.0 mm. The evaluation of the quality of the crossing fiber
reconstruction was done using a visual scoring system (grading from 0 [none] to 3 [excellent]). The
study found no differences between the four b-values evaluated. Since it is now well known that
the angular resolution of the algorithm depends on the the b-values themselves rather than from
the number of gradients, this negative result may have occurred due to the subjective way of
guantifying successful crossing fiber reconstruction. Moreover, since TEs differed for each of the
b-values, SNR values would also have varied for each of the models, and this was not taken into
account in the analysis. The authors acknowledged this as a limitation of the study.

In 2012 Maleki et al. (Maleki, Becerra et al. 2012) were the first to apply CSD to a standard DTI
acquisition model (TR = 7900 ms, TE = 92 ms, matrix size = 1.75 x 1.75 x 2.5 mm, b-value = 1000
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s/mm?, 72 gradient diffusion directions). However, the publication reported only that the optic
tracts had been successfully reconstructed using the chiasm as a starting region of interest (ROI),
as the study was focused on the posterior optic pathway.

Kamali et al. (Kamali, Hasan et al. 2014) were able to reconstruct the chiasma and optic tract in
five healthy volunteers (while purposely excluding the optic nerve) in a clinical 3-Tesla scanner
using DTl acquisition (TR = 14460 ms, TE = 60 ms, b-value = 500 s/mmz, matrix size = 2.29 x 2.29 x
1 mm interpolated at 1 x 1 x 1 mm, and a freely available deterministic algorithm [FACT]).

Kammen et al. (Kammen, Law et al. 2016) pioneered the use of cutting-edge multi-shell HARDI
acquisition data from the Human Connectome Project including DTI acquisition with three b-
values (1000, 2000, 3000 s/mmz) from 270 gradient directions and 1.25-mm isotropic voxels. Data
were acquired in 215 healthy controls, and fiber orientation distribution (FOD) models were
computed using an internally developed algorithm. The FOD is a function of the unit sphere whose
value represents the probability of fiber tracts occurring along any given direction. The authors did
not explicitly state the number of patients for which the reconstruction was successful, but in all
images the pathway was evaluated beginning at the chiasm and the optic tracts and excluding the
optic nerve inside the orbits.

Jin et al. (Jin, Bao et al. 2019) compared the performance of two methods of signal modelling,
namely standard DTl and generalized g-sampling imaging (GQl); GQl is a method of Q-sample
imaging based on the Fourier transform relationship between the diffuse MR signal and the
potential diffusion displacement. They included five healthy controls and utilized standard DTI
acquisition (TR = 800 ms, TE = 108 ms, b-value = 1000 s/mm?, 25 gradient diffusion directions,
voxel size =1 x 1 x 2.4 mm). The validation of the quality was made through visual examination
and the quality of the reconstruction was reported to be better in the chiasm using GQl modeling
rather than the standard DTI.

Certainly, the most comprehensive study regarding the performance of DTT of the anterior optic
pathway was published by He et al. (He, Zhang et al. 2021) in 2021. The authors included 57
patients from the Human Connectome Project scanned with a multi-shell DTl sequence (TR = 5520
ms, TE = 89.5 ms, voxel size = 1.25 x 1.25 x 1.25 mm isotropic voxels, b-values = 1,000, 2,000,
3,000 s/mmz). However, they used only the data deriving from the b = 1000 shells, in order to
remain as close as possible to the parameters acquired in clinical practice. In the absence of a
defined method to model the signal of the acquired data, four tractography methods were tested:
two in the CSD tractography framework (SD-Stream and iFOD1), and two within the unscented
Kalman filter (UKF) tractography framework (UKF-1T and UKF-2T). Moreover, several different
methods of possible validation of the results were selected as well. First, they utilized a weighted
Dice (wDice) score to measure the spatial overlap between the tractographic reconstruction of
each method against manual segmentation; the wDice score extends the standard Dice score to
account for the number of fibers per voxel such that it gives higher weighting to voxels with dense
fibers. Second, one expert visually judged the overlap of the reconstruction over the 3D
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magnetization-prepared rapid acquisition with gradient echo (MPRAGE) T1 reconstruction using
the open-source 3D SLICER software. Interestingly, no tractography method exceeded the others
in all methods of evaluation tested, but the UKF-2T tractographic method was judged to better
correspond to the known anatomy by the expert rater.

Previous Cranial Nerve Il Tractography Studies in patients

All of these DTI-based tractography methods for reconstruction of complete fiber tracts in three
dimensions have captured the attention of clinicians as tools for pre-surgical planning. It was
recognized that they had the potential to assist the neurosurgical procedure using neuro-
navigational systems. The first potential application was in the field of optic pathway glioma in the
pediatric population, in order to determine whether it was possible to distinguish the locations of
the preserved visual pathway fibers adjacent to the tumor.

In 2012 Lober et al. (Lober, Guzman et al. 2012) were the first to attempt the retrospective
reconstruction of the anterior optic pathway in 10 pediatric patients with optic glioma using a
standard MRI acquisition (25 isotropic direction with b-values = 1000 s/mm? and a 3-mm
thickness) and a deterministic software (InVivo Dynasuite). Interestingly, the authors found that
two patients had unexpected displacement of the non-tumor fiber bundle by the chiasm, and this
might have been helpful for the pre-operative planning if they had been identified before surgery.

In 2015 Ge et al. (Ge, Li et al. 2015) prospectively included 10 patients with pediatric optic
chiasmatic glioma who underwent DTI (acquisition parameters: 30 diffusion gradient directions,
isotropic 2-mm voxels, b-value not reported) of the anterior optic pathway using a deterministic
tractography algorithm. The authors achieved a 90% success rate in the reconstructions. They
were able to display different positional relationships to the tumor (i.e., some were predominantly
located in the bilateral walls of the tumor, some had a discontinuity or traveled through the
tumor). The authors reported a 100% coincidence with the intraoperative findings.

In 2018 Hales et al. (Hales, Smith et al. 2018) published a case series of 21 pediatric patients with
anterior optic glioma in which the anterior optic pathway was reconstructed using a CSD method
analysis of a multi-shell acquired paradigm (b values =1000 and 2000 s/mm?, 60 gradient diffusion
directions). The authors did not comment on the quality assessment of the reconstruction, but
reported a significant correlation between the reduction in FA in the optic nerve and visual acuity
in the corresponding eye.

One other clinical application of anterior optic pathway tractography is in patients with multiple
sclerosis (MS). The anterior optic pathway is an important site of MS disease activity, as optic
neuritis is a common onset manifestation, and approximately 50% of patients are estimated to
develop an episode of optic neuritis during their lifetime (Dasenbrock, Smith et al. 2011). In
addition, subclinical damage throughout the entire optic pathway has been widely documented

(Sisto, Trojano et al. 2005).
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The study by Techavipoo et al. (Techavipoo, Okai et al. 2009) was the first to successfully
reconstruct, with excellent anatomical fidelity, the complete anterior optic pathway in 16 MS
patients with variable clinical presentation and visual function deficit as well as in seven healthy
volunteers. The computation of diffusion metrics showed significantly reduced FA values and
increased radial diffusivity (RD) values, both interpreted as biomarkers of reduced myelin integrity,
in nerves and optic tracts in a subgroup of MS patients with optic neuritis and reduced visual
function, compared with other subjects, both healthy and affected, in whom visual function was
normal. An association was subsequently identified between such changes in metrics and failure
to recover visual function following the episode.

The work of Naismith et al. (Naismith, Xu et al. 2012) also demonstrates how diffusion metrics may
predict the clinical course of patients with MS and optic neuritis. Indeed, lower axial diffusivity
(AD) values in the optic nerve at onset correlated with worse recovery of visual function after six
months, as assessed by visual acuity, 5% contrast, and Pelli-Robertson tests. These values are also
associated with findings at instrumental exams commonly used in clinical practice to evaluate
these patients and are suggestive of greater nerve fiber damage, namely reduced retinal nerve
fiber layer thickness on optical coherence tomography (OCT), and lower amplitude and greater
latency of visual evoked potentials (VEP). Conversely, RD and FA values are predictive of outcomes
for patients who have had a remote episode of optic neuritis: at one-year, higher RD and lower FA
values were found in subjects who had incomplete recovery of visual function, compared with
those in whom it was complete.
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Cranial Nerve | tractography in post-COVID-19 persistent hyposmia
patients

Introduction

In December 2019, a global pandemic began worldwide due to the infection caused by the
coronavirus SARS-CoV-2 (WHO 2020). In mild cases of COVID-19 infection, the presence of
hyposmia or anosmia in the absence of nasal discharge and conductive obstruction of the
olfactory cleft (i.e., upper parts of nasal cavities) has been shown to be a hallmark of the disease
(Collantes, Espiritu et al. 2021). It has been proposed that SARS-CoV-2 enters the olfactory sensory
neurons through the olfactory mucosa and continues its way through the cribriform plate to reach
secondary olfactory neurons in the OB (Mehraeen, Behnezhad et al. 2021). However, it was not
elucidated whether the mechanism causing olfactory dysfunction (OD) is due to alterations in the
cells of cranial nerve in the OB and tract itself or its direct action in brain primary olfactory
cortices.

A recent review including ten studies and a total of 183 COVID-19 cases and 308 healthy controls
without COVID-19 suggested no difference in the volume of OBs in COVID-19 patients
(Mohammadi, Gouravani et al. 2022).

Aim

This portion of my thesis project sought to determine the capability of a whole-brain acquisition of
DTT to depict microstructural differences within CN | in patients with persistent post COVID-19
OD.

Methods

Study population

We prospectively recruited consecutive patients referred at IRCSS Istituto delle Scienze
Neurologiche di Bologna from February 2021 to November 2021 for persistent (= 1 month) OD
with onset during COVID-19 infection, confirmed by an antigen or molecular-based test for SARS-
CoV-2. Patients with preexisting OD and chronic rhinosinutis were excluded. In a single day, each
participant underwent an olfactory and neuropsychological assessment, and a brain MRI
examination.

Olfactory function assessment

Patients were thoroughly interviewed on symptoms of OD, either quantitative (hyposmia and
anosmia) or qualitative (dysosmia, including parosmia, cacosmia, and phantosmia), and associated
gustatory dysfunction. Subsequently, olfactory performance was evaluated objectively with the
standardized “Sniffin’ Sticks” test (Burghart Messtechnik, Wedel, Germany) (Kobal, Hummel et al.
1996). This consists of three subtests: olfactory threshold (T), odor discrimination (D) and odor
identification (1), each with a score ranging from 1 to 16. “TDI” represents the summative score of
the three components, ranging from 3 to 48. Olfactory function is categorized as functional
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anosmia (TDI score < 16), hyposmia (TDI score between 16.25 and 30.5), or normosmia (TDI score
> 30.75, with “supersmellers” scoring > 41.5 points) (Oleszkiewicz, Schriever et al. 2019).

Neuropsychological assessment

Years of education and handedness dominance using the Edinburgh Handedness Inventory (EHI)
(Oldfield 1971) were calculated for all patients and controls. EHI scores between -1 and 0.5 were
considered indices of left-handedness, right-handedness was defined by scores between 0.5 and 1,
and scores between - 0.5 and 0.5 indicated ambidextrousness.

All patients were administered a standardized neuropsychological battery including a general
screening test (i.e., Montreal Cognitive Assessment MoCA) (Nasreddine, Phillips et al. 2005).
Language skills were assessed using an Associative Fluency Test (Carlesimo, Caltagirone et al.
1996) and a Category Words Fluency Test (Novelli, Papagno et al. 1986). Verbal and visuo-spatial
short-term memory span were assessed using respectively the Digit Span Forward test (Milner
1971) and the Corsi Block Test (Milner 1971). In addition, verbal memory (short-term and long-
term) was investigated using the auditory verbal learning test (AVLT) (Rey 1964), while semantic
memory was specifically explored using the naming to verbal description sub-test of the Sartori
Semantic battery (Barletta-Rodolfi, Gasparini et al. 2011). Visuo-spatial long-term memory was
examined by the delayed recall of the Rey-Osterrieth Complex Figure (ROCF) (Caffarra, Vezzadini
et al. 2002). Repeating the ROCF further explored the patients’ visuo-constructional abilities.
Attention and executive functions were assessed by administrating the Stroop test (Caffarra,
Vezzadini et al. 2002), the Trail Making Test (TMT) A & B (Reitan and Wolfson 2001), and the Digit
Span Backward test (Orsini and Laicardi 1998). Furthermore, the Depression, Anxiety and Stress
Scale - 21 Items (DASS-21) (Lovibond and Lovibond 1995) was used to measure the emotional
states of depression, anxiety, and stress. The Modified Fatigue Impact Scale (MFIS) (Larson 2013)
was used to evaluate how fatigue was affecting patients with long COVID-19 symptoms.
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MRI acquisition

MRI specifications

Images were acquired using a 3T MRI Scanner (Magnetom Skyra, Siemens, Erlagen, Germany) and
VE11C-SP01 software (maximum gradient amplitude 45 mT/m; maximum “slew rate” 200 T/m/s)
and a 64-channel phased head coil at the IRCSS Istituto delle Scienze Neurologiche di Bologna —
Ospedale Bellaria, Bologna.

Subject preparation

Written informed consent was obtained from each participant before MRI examination.
Participant removed all metallic or non-MRI compatible object before being positioned on the
scanner bed in a head-first supine position. Participants were instructed to abstain from rotating
their heads inside the coil. Head position was further restricted using foam pads. They used
phono-absorbent earplugs to protect their ears from the high noise level. They were also given a
bell to ring in case of emergency. The receiver coil has a mirror that allows the patient to see the
control room and reduce the effect of claustrophobia.

Scan protocol

A standardized scan protocol was followed in which at least the following sequences were
acquired.

T1-weighted images acquired using a three-dimensional inversion recovery prepared spoiled
gradient-echo (3D MPRAGE) sequence (flip angle = 9°; inversion time [TI] = 900 ms; TE = 2.98 ms;
TR = 2300 ms; acquired matrix size = 256 x 256 x 256; phase FoV = 100%; reconstructed voxel size
= 1 mm isotropic) were used as an anatomical reference. DTl multi-shell acquisition was
performed employing a single-shot spin-echo echo-planar imaging (EPI) sequence with two
different phase encoding directions (to better average the useful signal and eddy currents),
antero-posterior (A-P) and postero-anterior (P-A) (TE = 98 ms; TR = 4300 ms; 87 contiguous 2-mm
thick slices; FoV = 220 x 220 mm; acquired matrix = 110 x 110; reconstructed in-plane resolution =
2.0 mm) with diffusion sensitizing gradients applied in 131 (A-P) and 49 (P-A) non-collinear
directions, 8 b = 0 s/mm? (A-P and P-A), 12 b = 300 s/mm? (A-P and P-A), 30 b = 1000 s/mm2 (A-P
and P-A), 64 b = 2000 s/mm? (A-P) volumes.

Diffusion tensor tractography analysis

Imaging preprocessing

Data from each participant were preprocessed using an in-house automated pipeline developed
from software packages freely available as part of the Oxford Functional Magnetic Resonance
Imaging Software Library (FSL), version 6; the NIH Analysis of Functional Neurolmages (AFNI),
version 20.3.02; and MRtrix, version 3.0.2.

DW images were skull-stripped using the FSL “bet” tool. Image denoising was performed with the
MRtrix3 “dwidenoise” function (Veraart, Novikov et al. 2016), implementing a principal
component analysis approach. Susceptibility-related distortions in the EPI acquisition were

estimated using the FSL “topup” function; subsequently, a combined correction for susceptibility,
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eddy-current effects, and signal dropout, most commonly induced by subject movement, was
performed by FSL “eddy_openmp,” based on the “topup” estimates.

The DWI data were modelled at the voxel level using functions of the MRtrix toolkit. In particular,
the response function for SD was modelled using the “Dhollander” algorithm within
“dwi2response” (Dhollander, Mito et al. 2019). Fiber orientations distributions were estimated
using multi-shell multi-tissue SD using the “msmt_csd” method implemented in the “dwi2fod”
function (Jeurissen, Tournier et al. 2014), as described in Manners et al., 2022 (Manners,
Gramegna et al. 2022).

Characterization of the diffusion properties of tissue within each voxel was provided by FSL “dtifit”
based on the diffusion tensor, which was used to estimate voxel FA and MD.

Tract estimation

Tractography is a method that converts volumetric maps of diffusion characteristics into estimates
of the probable locations of WM tracts based on the generation of streamlines linking adjacent
voxels. The MRtrix tool “tckgen” generated these streamlines by a first-order integration over fiber
orientation distributions (iFOD1) approach (Tournier, Calamante et al. 2012), following the
procedure described by He et al. (He, Zhang et al. 2021).

In order to isolate the olfactory pathway, selected fibers were transformed to the Neuroimaging
Informatics Technology Initiative (NIfTl) format to create a volumetric probability map based on
fiber density. Voxels were subjected to a threshold that excluded low probability tracts as detailed
in the following section.

Olftactory nerve reconstruction

Processing

On the Montreal Neurological Institute 152 (MNI152) standard brain, a mask including all the
trajectory of the whole anterior olfactory pathway from the OB through the olfactory tract to the
olfactory stria (called “NERVO_mask.nii.gz”) was drawn. A single automatic exclusion ROl including
all the possible spurious segment originating from the principal tract (called
“ROI_NERVO_excl.nii.gz”) was then created. Next, a seed in the proximal part of the OB
(“ROI_I_start.nii.gz”) and a target in the more distal part of the OB ("ROI_I_end.nii.gz”) and at the
level of the olfactory cortices were drawn.

A linear-affine registration was performed between the bg image of the DTl and the 3D MPRAGE
T1 using the “flirt” tool in FSL, and one non-linear (using “fnirt” of FSL) between the 3D MPRAGE
T1 and the MNI, in order to achieve an indirect transformation between the by image and MNI.
This registration is applied to each ROl with the “applywarp” function (using the “nearest
neighbour” approach for the mask and the exclusion and the “trilinear approach” for the others).
For each hemisphere (Left = L and Right = R), the iFOD1 (“tckgen”) method was applied to
generate up to 5,000,000 streamlines from the START ROI (seed), then selecting only those
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fulfilling specified criteria: angle < 10°, cutoff/seed_cutoff = 0.005. The seeding eventually stopped
if 2000 tracks per hemisphere were selected according to the above constraints. The same
procedure was repeated after inverting the seed and the target and the pairs of corresponding
tracks by seed and target were added into a single tract. The tracts were then transformed into an
image in the NIfTI format, where the voxel intensity was proportional to the density of the
streamlines; a threshold set to at least 10% of the maximum value was applied to obtain the
“final_nifti”.

Along-tract analysis

In order to perform the along-tract analysis, the “final_nifti” file is used to mask each of the
streamline file defining the two olfactory nerves (right and left). For each nerve, the streamline file
is registered to the MNI using the “tcktransform” option. Two points are defined as the most
extremal points that are reached by at least 50% of the fibers in the anterior and posterior
directions. To identify these points, the nerve is cut in each slice of the NIfTl image in the main
direction of the nerve (typically the y-axis) and the number of streamlines passing through each
slice is calculated using the “tckedit + tckstats” option of MRtrix (Tournier, Smith et al. 2019). The
two identified extremal points of each track define a line, which is used to do the resampling
(using the “tckresample” function) of each line in six (n=6) equidistant points.

Figure 2: Coronal (A), sagittal (B), and axial (C) reconstruction of the study template for the CN |
reconstruction. In yellow: the mask including the trajectory of the entire anterior olfactory
pathway from the olfactory bulb, through the olfactory tract to the olfactory stria. In red: the mask
is surrounded by a single automatic exclusion region of interest drawn to exclude all the possible
spurious segments originating from the principal tract. Within the mask, a seed was placed in the
proximal part of the olfactory bulb (in yellow) and a target in the more distal part of the olfactory
bulb (in blue).
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DTI metrics evaluation
For each of these six points the MD and FA were calculated. For each side, the median values of
each olfactory nerve were generated.

Statistical analysis

Continuous variables are expressed as mean and standard deviation (SD), while categorical
variables are expressed by absolute numbers (n) and percentages (%). Groups were compared
using Student’s t-test or Mann-Whitney U test, as appropriate, for continuous variables and
Pearson chi-square test or Fisher’s exact test, as appropriate, for categorical variables. DTl metrics
were compared between patients with post-COVID-19 persistent hyposmia and controls using an
unpaired t-test.

Results

Study population

A total of 23 patients presenting with persistent COVID-19-related OD were included and
underwent olfactory assessment, neuropsychological evaluation, and brain MRI. Mean age was 37
+ 14 years, 12 (52%) were females. Mean duration of OD was 11 £ 5 months, with a maximum of
19 months. In all patients was present an olfactory defect, associated with dysosmia in nine (39%)
cases, and with gustatory dysfunction in 19 (83%) cases.

Neuropsychological evaluation

Memory and executive functions were the two cognitive domains mainly impaired. Specifically,
short-term and long-term verbal memory were impaired in 9% and 13% of patients; while short-
term and long-term visuospatial memory were impaired in 9% and 17% of patients. Moreover,
regarding the executive function domain to inhibit cognitive interference and working memory,
deficits were found respectively in 10% and 13% of patients.

Almost one-third of the patients had a pathological depression score, while three-fourth of
patients had a pathological fatigue score. Positive significant correlations were found between
odor discrimination and executive function abilities: attentive abilities (i.e., Trail Making Test A;
r=-0.631, p = 0.001) and cognitive flexibility (i.e., Trail Making Test B; r = -0.768, p < 0.001).

Neuroradiological evaluation
The reconstructed CN tractography reconstruction of CN | were superimposed on the 3D MPRAGE
T1 images and anatomically validated by expert neuroradiologist as corrected.

DTl metrics

MD.

Among post-COVID-19 patients with persistent hyposmia the mean olfactory nerve MD value was
1.17 + 0.36 x 10 mm?/s on the right and 1.13 + 0.29 x 10 mm?/s on the left. Among healthy

controls the mean olfactory nerve MD value was =1.21 + 0.3 x 10 mm,/s on the right and =1.23
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+0.26 x 10 mm?/s on the left. No significant difference was found between patients and healthy
controls (p = 0.670 for the right olfactory nerve, p = 0.195 for the left).

FA

Among healthy controls the mean olfactory nerve FA value was 0.223 + 0.046 on the right and
0.215 +£0.049 on the left. No significant difference was found between patients and healthy
controls (p = 0.524 for the right olfactory nerve, p = 0.093 for the left)

n-CSF like

Among COVID-19 patients with anosmia the mean olfactory nerve n-CSF like value was 0.264
1+ 0.149 on the right and 0.254 + 0.103 on the left. Among healthy controls the mean olfactory
nerve n-CSF like value was 0.239 + 0.141 on the right and 0.250 + 0.134 on the left. No significant
difference was found between patients and healthy controls (p = 0.264 for the right olfactory
nerve, p = 0.282 for the left).

n-GM like

Among COVID-19 patients with anosmia the mean olfactory nerve n-GM like value was 0.231
£ 0.170 on the right and 0.226 £ 0.130 on the left. Among healthy controls the mean olfactory
nerve n-GM like value was 0.251 + 0.181 on the right and 0.239 + 0.135 on the left. No significant
difference was found between patients and healthy controls (p = 0.119 for the right olfactory
nerve, p = 0.977 for the left).

n-WM like

Among COVID-19 patients with anosmia the mean olfactory nerve n-WM like value was 0.200
1 0.135 on the right and 0.195 £ 0.143 on the left. Among healthy controls the mean olfactory
nerve n-WM like value was 0.187 + 0.128 on the right and 0.174 + 0.108 on the left. No significant
difference was found between patients and healthy controls (p = 0.843 for the right olfactory
nerve, p = 0.550 for the left).
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Table 1. Comparison between DTI metrics in post-COVID-19 persistent hyposmia patients and

healthy controls.

Patients (N = 23)

Healthy Controls (N =37)

p (Student's t

Metric Side m + sd m + sd
test)
MD right 1.17 £0.36 1.21 £0.33 0.670
(x 107
left 1.13+0.29 1.23+0.26 0.195
mm?2/s)
EA right 0.231 £0.049 0.223 £ 0.046 0.524
left 0.239 £ 0.058 0.215 £ 0.049 0.093
) right 0.264 +0.149 0.239 +0.141 0.264
n-CSF like
left 0.254 £ 0.103 0.250+0.134 0.282
) right 0.231+0.170 0.251+0.181 0.119
n-GM like
left 0.226 £0.130 0.239 +0.135 0.977
] right 0.200 £ 0.135 0.187 £0.128 0.843
n-WM like
left 0.195 +0.143 0.174 £ 0.108 0.550
Discussion

In our study, we were able to successfully reconstruct CN | in 23 post-COVID-19 patients with

persistent hyposmia using a whole brain DTl multi-shell acquisition. The absence of
microstructural alterations in patients in comparison to normal controls may have a two-fold
explanation. Firstly, we cannot exclude the presence of contamination of air in the sinus cavities
that may have introduced some variability, as suggested in previous studies attempting to
reconstruct CN | (Echevarria-Cooper, Zhou et al. 2022). However, our negative results in terms of
microstructural alterations are in line with a previous systematic review that failed to find
morphological alterations in OBs in COVID-19 patients (Mohammadi, Gouravani et al. 2022) and
may be in line with a recent large study published in Nature in which Douaud et al. showed that
subjects with previous COVID-19 (n=401) had significantly greater atrophy cortical areas (i.e.
orbitofrontal cortex and parahippocampal gyrus connected to primary olfactory cortices, as well as
eduction in global brain compared with pre-infection findings and controls (n=384) (Douaud, Lee
et al. 2022). Although in the second study the olfactory function was not investigated, evidence
may suggest a central cortical mechanism supporting the development of persistent hyposmia in

post-covid patients rather than a persistent microstructural alteration within the WM tract of CN I.
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Anterior optic pathway deformity in patients with sellar/parasellar
tumors

Introduction

The anatomical visualization of the anterior optic pathway, including the chiasm, using DTT has
attracted great interest among neurosurgeons dealing with neoplasms of the sellar and parasellar
regions, (e.g., pituitary adenomas, tuberculum sellae meningioma, craniopharyngiomas) that may
cause extrinsic compression of the anterior visual pathway fibers when extending superiorly (Ma,
Su et al. 2016). Surgical resection of these tumors is challenging due to the high potential for
damage to the visual system. There is poor correlation between tumor extent on conventional
MRI modalities and visual impairment (He, Zhang et al. 2021); therefore, detailed information
about the fiber pathways and microstructural integrity could support in treatment decision-
making and surgical planning and potentially improve clinical outcomes.

From a radiological point of view, optimal visualization of the CNs can be carried out using a
variety of MRI sequences particularly employing steady-state acquisition sequences and
constructive interference in steady-state sequences, especially using 3T MRI scanner (Mikami,
Minamida et al. 2005). These types of studies provide excellent visualization of CN structures in
two dimensions; however, they lack adequate measures of tract continuity and integrity.
Furthermore, the three-dimensional relationship with surrounding structures cannot be
immediately derived from these images.

Recent advances in DTI tractography have allowed for the use of this technique even in small (0.1-
2 mm) structures outside of the brain parenchyma. In particular, there has been a great interest in
CN depiction using DTI tractography, as reported in multiple publications in recent years (see
“Previous Tractography Studies of Cranial Nerves” section for details). In fact, only DTI
tractography can track in vivo the complex trajectory of CN fibers in the three dimensions and
visualize structures not visible in conventional MRI (Puzniak, Ahmadi et al. 2019).

An important ongoing issue of CN tractography regards the validation of the anatomical accuracy
of the reconstructions, which is still not defined. Although attempts have been made to establish a
guantitative method of measuring the anatomical fidelity of the reconstructions, such as the
computation of the Dice similarity coefficient between the tractographical reconstructions and a
conventional MRI image (Zolal, Sobottka et al. 2017) or the normalized overlap score (NOS)
between multiple reconstructions (He, Zhang et al. 2021), to date there is still no established
method usable to separate the fibers that correspond to the CN from those that do not.
Therefore, operator judgement continues to be extensively used. The claims that the position of
the CN was detected using DTl tend to be somewhat questionable, because the decision about
which reconstructions are accurate is made in a qualitative manner by the operator.
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Some previous studies have reported the feasibility of performing CN tractography of anterior
optic pathways tracts in some large (n = 62) (Jacquesson, Cotton et al. 2019), and small case series
(n = 5) of patients with brain tumors (Ma, Su et al. 2016). Interestingly, in a 2015 World
Neurosurgery article, Hajiabadi et al. (Hajiabadi, Alimohamadi et al. 2015) reported two patients
with pituitary macroadenomas in which it was impossible to reconstruct the optic chiasma with
DTI tractography preoperatively due to severe dislocation and compression but after surgery the
reconstruction became possible along with improvement of the visual deficit. The authors
suggested that the compression caused disturbance of axoplasmic flow and, therefore, the non-
visualization of decussating chiasmatic fibers in DTI tractography.

Other studies have explored the possibility that DTl metrics within the reconstructed anterior
tracts could correlate with clinical manifestations in patients with tumors of the sella turcica
compressing the chiasm, and most referred to DTI metrics within the optic tracts. In particular,
Paul at al. (Paul, Gaffin-Cahn et al. 2014) and Liang et al. (Liang, Lin et al. 2021) observed that DTI
metrics within the optic tracts correlate with the degree of the visual deficit at the time of
examination. Anik et al. (Anik, Anik et al. 2011) were the only group to report that the DTI metrics
within the chiasm, particularly FA values below 0.4 and MD values over 1.400 x 10> mm?*s™, were
associated with a lack of improvement in visual deficit at six-month follow-up.

On the other hand, Raz et al. (Raz, Bick et al. 2015) described a single patient who experienced an
improvement of a bilateral bi-temporal vision reduction despite the presence of abnormal FA
values within the optic tracts. The authors interpret their data as highlighting the ability of the
remaining normally conductive axons to predict visual recovery following decompression of the
optic chiasm, stating that this threshold effect may be related to the redundancy in the anterior
visual pathway, which can be explained neuro-anatomically by overlapping receptive fields.

Aim

The primary aim of the current study was to assess the feasibility of a novel advanced DTI
tractography pipeline including multi-shell DTl and probabilistic tractography reconstruction of the
anterior optic pathway in patients with sellar/parasellar tumors. The second aim of the study was
to explore the correlations between DTl metrics within various anterior optic pathway sections
(i.e., right and left optic nerves, optic chiasm, and right and left optic tracts) and clinical data (i.e.,
presence of visual deficit and follow-up after surgery).
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Methods

Study population

We included all consecutive patients with occupying lesions of the sella turcica/parasellar region
with evidence of chiasmal compression who were candidates for endoscopic endonasal surgery in
the Pituitary Unit at IRCSS Istituto delle Scienze Neurologiche di Bologna between May 2021 and
August 2022. A group of sex- and age-matched healthy controls were selected from the
Neuroimaging Laboratory at IRCSS Istituto delle Scienze Neurologiche di Bologna, designed to
collect non-pathological MRI exams for clinical and research purposes. Written informed consent
was obtained from all participants prior participation to the study which was conducted according
to the Declaration of Helsinki guidelines and approved by the local ethic committee (Codice CE
815-2020-SPER-AUSLBO).

Clinical evaluation

All patients were clinically assessed at baseline by an expert neurosurgeon who performed the
neurological physical examination including the subjective visual field examination. In this
examination the patient is asked to look directly at an object in front of him or her (such as the
physician’s nose), while one eye is covered. The neurosurgeon then moves his hand out of the
patient's visual field and gradually brings it back in. The patient reports to the neurosurgeon when
their hand comes back into view. Afterwards, all patients performed a computerized visual field
examination and an ophthalmological examination to determine visual acuity. At these tests,
bitemporal hemianopsia is defined as the loss of vision in the outer half of both the right and left
visual fields and can be partial or complete. Right or left hemianopsia is defined as visual field loss
on the left or right side of the vertical midline. This visual examination was repeated at six-month
follow-up. Moreover, a complete evaluation of pituitary function (including measurement of blood
levels of GH, IGF-1, PRL, LH, FSH, ACTH and ADH) was performed before surgery and at six-month
follow-up. After surgery, pathological examination of the resected lesion was performed, and after
six months clinical and endocrinological evaluations were repeated as part of the routine follow-

up.

MRI acquisition

MRI specifications

Images were acquired using a 3T MRI Scanner (Magnetom Skyra, Siemens, Erlagen, Germany) and
VE11C-SP01 software (maximum gradient amplitude 45 mT/m; maximum “slew rate” 200 T/m/s)
and a 64-channel phased head coil at the IRCSS Istituto delle Scienze Neurologiche di Bologna —
Ospedale Bellaria, Bologna.

Subject preparation
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Written informed consent was obtained from each participant before MRI examination.
Participant removed all metallic or non-MRI compatible object before being positioned on the
scanner bed in a head-first supine position. Participants were instructed to abstain from rotating
their heads inside the coil. Head position was further restricted using foam pads. They used
phono-absorbent earplugs to protect their ears from the high noise level. They were also given a
bell to ring in case of emergency. The receiver coil has a mirror that allows the patient to see the
control room and reduce the effect of claustrophobia.

Scan protocol

A standardized scan protocol was followed in which the following sequences were administered.
T1-weighted images acquired using a three-dimensional inversion recovery prepared spoiled
gradient-echo (3D MPRAGE) sequence (flip angle = 9°; Tl = 900 ms; TE = 2.98 ms; TR = 2300 ms;
acquired matrix size = 256 x 256 x 256; phase FoV = 100%; reconstructed voxel size = 1 mm
isotropic) were used as an anatomical reference.

The next sequence was a DTI multi-shell acquisition which employed a single-shot spin-echo EPI
sequence with two different phase encoding directions (to better average the useful signal and
eddy currents), A-P and P-A (TE = 98 ms; TR = 4300 ms; 87 contiguous 2-mm thick slices; FoV = 220
x 220 mm; acquired matrix = 110 x 110; reconstructed in-plane resolution = 2.0 mm) with diffusion
sensitizing gradients applied in 131 (A-P) and 49 (P-A) non-collinear directions, 8 b =0 s/mm? (A-P
and P-A), 12 b = 300 s/mm? (A-P and P-A), 30 b = 1000 s/mm? (A-P and P-A), 64 b = 2000 s/mm? (A-
P) volumes.

T2-weighted fluid-attenuated inversion recovery (FLAIR) images were acquired using an inversion
recovery prepared fast spin echo sequence (flip angle = variable; Tl = 1800 ms; TE = 428 ms; TR =
5000 ms; 176 contiguous 1-mm thick slices, FoV = 256 x 256 mm; reconstructed voxel size =1 x 1
mm).

Next, T1-weighted coronal turbo spin echo (TSE) sequences were acquired centered on the sellar
region (flip angle = 150; TE = 8.1 ms; TR = 650 ms; 15 contiguous 2-mm thick slices, FoV = 150 x
150 mm; reconstructed voxel size = 0.4 x 0.4 x 2 mm).

T2-weighted coronal TSE sequences were acquired centered on the sellar region (flip angle = 150°;
TE = 99 ms; TR = 4000 ms; 13 contiguous 2-mm thick slices, FoV = 150 x 150 mm; reconstructed
voxel size = 0.6 x 0.6 x 2 mm).

Lastly, T1-weighted sagittal TSE sequences were acquired centered on the sellar region [flip angle

= 147°; TE = 8.8 ms; TR = 500 ms; 25 contiguous 2-mm thick slices, FoV = 150 x 150 mm;
reconstructed voxel size = 0.8 x 0.8 x 2 mm].
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At this point paramagnetic contrast agent (Gadoteridol 0.2 cc/kg) was administered to the patient
intravenously, and the following acquisitions were repeated: coronal T1-weighted coronal TSE,
sagittal T1-weighted coronal TSE, and 3D MPRAGE T1-weighted.

Diffusion tensor tractography tract estimation

Imaging preprocessing

Data from each participant were preprocessed using an in-house automated pipeline developed
from software packages freely available as part of the Oxford FSL, version 6; the NIH AFNI, version
20.3.02; and MRtrix, version 3.0.2. The image format used was compressed NIfTI-1, extension
“.nii.gz” ("NIfTI-1 Data Format").

DW images were skull-stripped using the FSL “bet” tool. Image denoising was performed with the
MRtrix3 “dwidenoise” function (Veraart, Novikov et al. 2016), implementing a principal
component analysis approach. Susceptibility-related distortions in the EPI acquisition were
estimated using the FSL “topup” function; subsequently, a combined correction for susceptibility,
eddy-current effects, and signal dropout, most commonly induced by subject movement, was
performed by FSL “eddy_openmp,” based on the “topup” estimates.

The DWI data were modelled at the voxel level using functions of the MRtrix toolkit. In particular,
the response function for SD was modelled using the “Dhollander” algorithm within
“dwi2response” (Dhollander, Mito et al. 2019). FODs were estimated using multi-shell multi-tissue
SD using the “msmt_csd” method implemented in the “dwi2fod” function (Jeurissen, Tournier et
al. 2014), as described in Manners et al. (Manners, Gramegna et al. 2022).

Characterization of the diffusion properties of tissue within each voxel was provided by FSL “dtifit”
based on the diffusion tensor, which was used to estimate voxel FA and MD.

Tract estimation
The MRtrix tool “tckgen” generated these streamlines by an iFOD1 approach (Tournier, Calamante
et al. 2012), following the procedure described by He et al. (He, Zhang et al. 2021).

In order to isolate the anterior optic pathway, selected fibers were transformed to the NIfTI
format to create a volumetric probability map based on fiber density. Voxels were subjected to a
threshold that excluded low probability tracts as detailed in the following section.

Anterior optic pathway reconstruction
Processing
On the MNI152 standard brain, a mask including the trajectory of the entire anterior optic
pathway from the optic bulb to the LGN (called “NERVO_mask”) was drawn. A single automatic
exclusion ROI including all the possible spurious segment originating from the principal tract
(called “ROI_NERVO_excl”) was then created. Next, a seed from LGN (“ROL_II_LGN”), an inclusion
ROl in the optic chiasm (“ROI_II_chiasm”) and a target (“ROL_II_orbit”) were drawn.
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Figure 2. Coronal (A), sagittal (B), and axial (C-D) reconstruction of the study template for CN Il
reconstruction. In yellow: the mask including all the trajectory of the whole anterior optic pathway
from the optic bulb to the lateral geniculate nucleus. An automatic exclusion region of interest
including all the possible spurious segment originating from the principal tract was then created
(in red). Finally, seeds from the lateral geniculate nucleus in blue and one in the orbit were drawn.

A linear-affine registration was performed between the by image of the DTl and the 3D MPRAGE
T1 using the “flirt” tool in FSL, and one non-linear (using “fnirt” of FSL) between the 3D MPRAGE
T1 and the MNI, in order to achieve an indirect transformation between the by image and MNI.
This registration is applied to each ROl with the “applywarp” function (using the “nearest
neighbour” approach for the mask and the exclusion and the “trilinear approach” for the others).
For each hemisphere (Left = L and Right = R), the iFOD1 (“tckgen”) method was applied to
generate up to 5,000,000 streamlines from the LGN ROI (seed), then selecting only those fulfilling
specified criteria: angle < 10°, cutoff/seed_cutoff = 0.005, crossing the ROl of the chiasma and
reaching the ipsilateral or contralateral ROI of the orbit (target). The seeding eventually stopped if
1000 were selected according to the above constraints. As a result, the four possible combinations
of crossing (LR, RL) or non-crossing (LL, RR) tracks were separately reconstructed. The same
procedure was repeated after inverting the seed and the target and the pairs of corresponding
tracks by seed and target were added into a single tract. The tracts were then transformed into an
image in the NIfTI format, where the voxel intensity was proportional to the density of the
streamlines; lastly, a threshold set at 10% of the maximum value was applied to obtain the
“final_nifti”.

Transfer to the neuronavigation system
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In order to transfer the images to the neuronavigator system (StealthStation S7 MEDTRONIC,
Louisville, CO, US), each anterior optic pathway reconstruction was registered from the by image
of the DTI to the 3D MPRAGE T1 using a trilinear interpolation and subjected to a threshold set at
15% of the maximum, after which the image was binarized and superimposed on the 3D MPRAGE
T1. The resulting images were visualized by the neuroradiologist, and a higher threshold was
selected if needed, and the NIfTI image was transformed to a Digital Imaging and Communications
in Medicine  (DICOM) format using the free  Karawun python package
https://github.com/DevelopmentallmagingMCRI/karawun.

Along-tract analysis

In order to perform the along-tract analysis, the “final_nifti” file was used to mask each of the
streamline file defining the four tracks (Left geniculate — Left orbit track; Left geniculate — Right
orbit track, Right geniculate — Left orbit track, Right geniculate _ Right orbit track). For each of
these tracks, the streamline file was registered to the MNI using the “tcktransform” option. For
each tract, the most extreme points ware defined as the most extremal points that ware reached
by at least 50% of the fibers in the anterior and posterior directions. To identify them, the nerve
was cut in each slice of the NIfTI image in the main direction of the nerve (typically the y-axis) and
the number of streamlines passing through each slice was calculated using the “tckedit + tckstats”
option of MRtrix. (Tournier, Smith, Ret al. 2019). The two identified extremal points of each track
define a line, which iwa used to do the resampling (using the “tckresample” function) of each line
in 15 equidistant points.

Segments 1-7 are those corresponding to the optic tract, segments 7-9 to the optic chiasm, and
segments 10-15 to the optic nerves.

DTI metrics definition

For each of these points the DTI-derived metrics, MD and FA were calculated and averaged for the
right and left optic nerve, optic chiasm, and optic tracts. Moreover, since FODs were estimated
using multi-shell multi-tissue SD models we were able to infer three parameters from three tissue
compartments: two with isotropic diffusion characteristics, one representing restricted diffusion
and labelled GM and the other representing unhindered diffusion and labelled CSF; finally one
component with anisotropic characteristics modelled as a tensor, labelled WM (Manners,
Gramegna et al. 2022).

Neuroradiological confirmation

The reconstructed tracts were superimposed on a 3D MPRAGE T1 image and visualized by an
expert neuroradiologist. In cases of patients for whom the algorithm failed to automatically
reconstruct the pathway, a manual optic chiasm ROl was drawn and the algorithm performed
again. If the algorithm failed again, a secondary exclusion ROl in/near the tumor was used as
exclusion mask.

39


https://github.com/DevelopmentalImagingMCRI/karawun

Surgical confirmation

All patients underwent an endoscopic endonasal approach utilizing neuronavigation, with a goal of
complete resection. In a subgroup of patients, the DTI three-dimensional reconstruction images
were transformed into DICOM format and transferred to the neuronavigation system with
dedicated software for endoscopic procedures (StealthStation S8, Medtronic, Louisville, CO, USA).
For each patient, the reconstruction adherence of the tracking (evaluated at the neuronavigation)
to the intraoperative identification of the optic structures and evaluated as fully compliant
(Jacquesson, Cotton et al. 2019).

Statistical analysis

Continuous variables are expressed as mean and standard deviation (SD), while categorical
variables are expressed by absolute numbers (n) and percentages (%). Groups were compared
using Student’s t-test or Mann-Whitney U test, as appropriate, for continuous variables and
Pearson chi-square test or Fisher’s exact test, as appropriate, for categorical variables.

DTl metrics were compared between patients (whole group, patients presenting with visual
symptoms, patients presenting with bitemporal hemianopia) and controls using an unpaired two-
sided t-test. Patients presenting with visual symptoms were divided between those who
experienced complete resolution of symptoms (“responders”) and those who did not (“non-
responders”) at six months follow-up and un unpaired t-test was performed to compare these
responders vs non responders.
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Results

Study population

A total of 27 patients with sellar/parasellar tumors displacing the optic chiasm were included (13
female, mean age: 53.3 + 16.4 years).

Pathological and molecular sellar lesion diagnosis

Based upon pathological examination, 20/27 (74.1%) patients had pituitary macroadenomas;
among these, 13 cases were diagnosed as gonadotropinomas, three cases as plurihormonal PIT-1
positive adenomas, three cases as silent corticotropinomas, and one case as a mixed somatotroph-
lactotroph adenoma.

Of the remaining seven cases, three (11.1%) were meningiomas (WHO grade 1), two (7.4%) were
craniopharyngiomas, and two (7.4%) were other diagnoses such as pilocytic astrocytoma and
mature teratoma.

Pituitary function was assessed to be normal in 23/27 (85.2%) patients except three who
presented with anterior hypopituitarism and one with panhypopituitarism. Three patients with
macroadenomas presented clinical evidence of hormonal hypersecretion; specifically, two patients
showed high plasmatic levels of prolactin (PRL) and one showed high plasmatic levels of growth
hormone/insulin-like growth factor -1 (GH/IGF-1).

Visual deficit
Twenty out of 27 patients (74.1%) presented visual symptoms, and among them 13 (65%)
displayed temporal hemianopsia, four (20%) showed a left hemianopsia, and three (15%) had right
hemianopsia.

Clinical and endocrinological follow-up

At six-month follow-up, nine out of 27 patients (33.3%) presented abnormal pituitary function.
Upon clinical examination, seven out of 20 patients (35%) presented a resolution of visual
symptoms whereas 13 (65%) showed a partial resolution.

Neuroradiological confirmation

All the 3D MPRAGE T1 images were considered of good quality, the three-dimensional
tractographic reconstruction were superimposed on the 3D MPRAGE T1 and visually evaluated by
an expert neuroradiologist. During neuroradiological examination, the tractography algorithm was
judge to fully automatically perform the tractographical reconstruction in 16/27 (59.3%), in 11/27
(40.27%) cases it was necessary to add a manual chiasm ROI, the algorithm was performed again
and then able to reconstruct the anterior optic pathway in all patients.
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In all but five patients (22/27, 81.5%) all five tracts (right optic nerve, left optic nerve, chiasm, right
optic tract, left optic tract) were correctly reconstructed, for a total of 130/135 (96.3%) tracts

reconstructed.

Figure 3. Reconstruction of the optic chiasm in patient with macroadenoma.

Legend: A. Coronal turbo spin echo image and B. coronal constructive interference in steady state
reconstruction showing upwards displacement of the optic chiasm (red arrow), which was
successfully reconstructed by the fractographic algorithm and superimposed on the 3D MPRAGE
T1 image (C) in a patient with macroadenoma (gonadotropinoma).

Figure 4. Reconstruction of the optic nerve and chiasm in patient with pilocytic astrocytoma

Legend: A. Sagittal 3D MPRAGE T1 and B. sagittal constructive interference in steady state
reconstruction showing a pilocytic astrocytoma (red circle) in which the optic nerve and chiasm
were successfully reconstructed and superimposed on the sagittal 3D MPRAGE T1 (C).

Figure 5. Reconstruction of the optic nerve and chiasm in patient with mature teratoma
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Legend: A. Axial 3D MPRAGE T1 and B. axial constructive interference in steady state
reconstruction showing a patients with mature teratoma (red circle) in which the optic nerve and
chiasm were successfully reconstructed and superimposed on the axial 3D MPRAGE T1 (C).

Neurosurgical confirmation

Upon visual inspection during surgery in 13 patients, all but two patients (11/13, 84.7%) presented
a correct correspondence of all segments. In two patients, it was impossible to confirm the
presence of both optic tracts, resulting in a total of 61/65 (81.3%) tracts surgically confirmed.

DTI Metrics results

Significant and no significant difference in DTI metrics in patients with sellar/parasellar tumors and
healthy controls are reported in Table 2. Comparisons between patients with visual deficit and
without, and patients with temporal hemianopsia and without, are reported in Table 3 and Table
4. Comparisons between responders and non-responders are reported in Table 4.
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Table 2. DTI metrics in patients with sellar/parasellar tumors and healthy controls.

Patients (N = 27)

Healthy Controls (N = 30)

Structure Metric m + sd min - max m + sd min - max p(t)
MD (um%/s) 143029 095-237 | 137+022  089-178  0.375
Right FA 0.301+0.068 0.161-0.464 | 0.339+0.048 0.266-0.464 0.018
optic nerve nCSF-like  0.173+0.064 0.084-0.413 | 0.184+0.084 0.063-0.462 0.606
nGM-like  0.187+0.063 0.073-0.342 | 0.172+0.092 0.056—0.462 0.497
nWM-like 0.257£0.069 0.107-0.400 | 0.306+0.072 0.163-0.462 0.014
MD (um?/s) 145+027  1.04-2.04 | 1.51£0.20 1.09-1.87  0.362
FA 0.322+0.063 0.189-0.473 | 0.327+0.055 0.196-0.456 0.760
optitezlrve nCSF-like 0.172+0.063 0.089-0.367 | 0.210+0.068 0.110-0.435 0.033
nGM-like  0.191+0.066 0.083-0.322 | 0.178+0.090 0.062-0.435 0.544
nWM-like 0.260+0.079 0.130-0.402 | 0.321+0.089 0.087-0.492 0.009

MD (um%/s) 1.75+0.25  131-230 | 2.13+0.23 1.49-255 <0.001
FA 0.239:0.044 0.124-0.337 | 0.248+0.058 0.156-0.450 0.518

Opticchiasm  nCSF-like 0.308+0.077 0.176-0.501 | 0.448+0.083 0.272-0.645 <0.001
nGM-like 0.247 £0.080 0.095-0.411 | 0.168+0.085 0.069-0.450 0.001
nWM-like 0.393+0.094 0.210-0.553 | 0.329+0.077 0.192-0.496 0.007
MD (um%/s) 141+021  1.15-2.07 | 1.29+0.09 1.07-143  0.007
. FA 0.407+0.081 0.148-0.542 | 0.468+0.053 0.301-0.554 0.001
opfi'cg:tact nCSF-like  0.187+£0.055 0.113-0.351 | 0.173£0.072 0.90-0.433  0.428
nGM-like 0.251+0.118 0.077-0.497 | 0.188+0.069 0.098-0.433 0.017
NnWM-like 0.554+0.132 0.298-0.779 | 0.632+0.113 0.301-0.766 0.022
MD (um%/s) 1.34+0.16 1.10-1.62 | 1.26+0.09 1.13-154  0.024
FA 0.430£0.076 0.216-0.539 | 0.477+0.057 0.309-0.571 0.011
opt::::act nCSF-like  0.168+0.054 0.080-0.318 | 0.162-0.075 0.090-0.412 0.731
nGM-like 0.243+0.098 0.087-0.489 | 0.194+0.068 0.087-0.412 0.030
nWM-like 0.581+0.122 0.354-0.785| 0.636+0.120 0.309-0.784 0.095
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Patients with visual deficits

The differences in the DTl metrics of patients with sellar and parasellar tumors who presented

visual symptoms were in comparison to those who not presented visual deficit are reported in the

table below. The only statistically significant difference was found between patients with visual

symptoms and those without in the left optic nerve (p = 0.027).

Table 3. DTI metrics in patients with and without visual symptoms

Patients with visual symptoms

Patients without visual symptoms

Structure Metric m + sd min - max m + sd min - max p(t)
MD (umz/s) 1.38+0.32 9.5-2.37 1.54+0.19 1.34-1.87 0.244

Right optic FA 0.303 £ 0.078 0.161-0.464 | 0.308 £0.057 0.257-0.417 0.865
nerve nCSF-like 0.167 £ 0.070 0.084-0.413 | 0.186+0.050 0.123-0.257 0.456
nGM-like 0.195 +0.063 0.090-0.342 | 0.165+0.061 0.073-0.227 0.284

nWM-like 0.247 £ 0.070 0.107-0.400 | 0.284+0.062 0.217-0.367 0.235

MD (p.mZ/s) 1.41+0.27 1.04 -2.04 1.53+0.27 1.19-1.87 0.374

FA 0.315+0.059 0.189-0.404 | 0.345+0.076 0.259-0.473 0.315

optil;e::rve nCSF-like  0.167+0.066  0.089-0.367 | 0.178+0.060 0.097-0.260 0.587
nGM-like 0.206 + 0.064 0.130-0.322 | 0.152+0.058 0.083-0.251 0.062

nWM-like 0.239 £ 0.083 0.130-0.402 | 0.315+0.024 0.277-0.345 0.027

MD (um?/s)  1.72+0.26 1.21-2.30 1.83+0.20 1.55-2.10  0.317

FA 0.253 £ 0.042 0.180-0.337 | 0.235+0.032 0.181-0.278 0.324

Optic chiasm  nCSF-like 0.300 +0.083 0.176 -0.501 | 0.328 £+0.058 0.243-0.397 0.346
nGM-like  0.254+0.073  0.141-0.411 | 0.229+0.102 0.095-0.353 0.499

nWM-like  0.401+0.098 0.210-0.553 | 0.372+0.085 0.234-0.487 0.508

MD (umz/s) 1.42+0.23 1.15-2.07 1.35+0.17 1.17-1.65 0.503

) FA 0.413 £ 0.059 0.296-0.498 | 0.453+0.062 0.350-0.542 0.180
op':Icgrrtact nCSF-like  0.193+0.054 0.113-0.351 | 0.146+0.024 0.120-0.184 0.353
nGM-like 0.275+0.121 0.080-0.497 | 0.175+0.073 0.077-0.300 0.070

nWM-like 0.526 £ 0.127 0.298-0.763 | 0.641+0.120 0.417-0.779 0.062

MD (um?/s)  1.37+0.15 1.20-1.62 1.27 +0.16 1.10-1.61  0.170

FA 0.419+0.080 0.216-0.539 | 0.474+0.046 0.390-0.536 0.353

optli-:::act nCSF-like 0.178 £ 0.049 0.112-0.318 | 0.122+0.027 0.080-0.152 0.128
nGM-like  0.260+0.105 0.093-0.489 | 0.198+0.060 0.087-0.268 0.159

nWM-like  0.556+0.120 0.354-0.785 | 0.648+0.109 0.432-0.760 0.089
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Patients with bitemporal hemianopia

The differences in the DTl metrics of patients with sellar and parasellar tumors who presented

with bitemporal hemianopsia in comparison to those who presented with other temporal deficits

are presented below.

Table 4. DTI metrics in patients with and without bitemporal hemianopsia

Patients with bitemporal hemianopsia

Patients without bitemporal hemianopsia

Structure Metric m * sd min — max m + sd min — max p (t)
MD (um?®/s)  1.34+0.20 0.95—1.55 1454047  1.02-2.37 0.534

Right optic FA 0.304+0.066 0.224-0417 |0.287+0.101 0.161-0.464 0.695
nerve nCSF-like 0.152 £ 0.032 0.100-0.204 0.189+0.105 0.084-0.413 0.271
nGM-like 0.208 + 0.066 0.129-0.342 0.182+0.064 0.090-0.288 0.425

nWM-like 0.259 + 0.058 0.191-0.400 0.229+0.088 0.107-0.347 0.401

MD (um%/s)  1.40 £0.21 1.04-1.74 145+036  1.04-2.04 0.730

FA 0.316 £ 0.056 0.234-0.404 0.308 £ 0.066 0.189-0.377 0.804

Optil;erf\terve nCSF-like 0.159 £ 0.040 0.089-0.232 0.182+0.097 0.090-0.367 0.456
nGM-like 0.212 £ 0.071 0.130-0.322 0.283+0.075 0.136-0.304 0.757

nWM-like 0.240+0.074 0.146-0.402 0.237+0.102 0.130-0.360 0.944

MD (umz/s) 1.71+£0.31 1.31-2.30 1.73+£0.20 1.44-1.99 0.915

FA 0.251 £ 0.046 0.180-0.337 0.251+0.033 0.212-0.289 0.989

Optic chiasm  nCSF-like 0.284 £ 0.084 0.176 -0.501 0.318+£0.089 0.194-0.429 0.437
nGM-like 0.246 £ 0.071 0.141-0.351 0.202+0.061 0.181-0.411 0.321

nWM-like  0.414 + 0.081 0.319-0.538 0.372+0.133 0.210-0.553 0.394

MD (um?/s)  1.45+0.29 1.15-2.07 139+0.08 130-149  0.624

_ FA 0.405 £ 0.074 0.296 - 0.498 0.416+0.023 0.378-0.446 0.728
Opfilcgr:act nCSF-like 0.194 + 0.057 0.113-0.351 0.189+0.044 0.128-0.238 0.831
nGM-like 0.259+0.138 0.080-0.497 0.325+0.068 0.224-0.420 0.289

nWM-like  0.542 +0.138 0.298 -0.763 0.492+0.100 0.378-0.614 0.441

MD (umz/s) 1.33+£0.15 1.20-1.62 142 +0.16 1.24-1.62 0.277

FA 0.427 £ 0.090 0.216 -0.539 0.398+0.049 0.336—-0.465 0.478

Optli_ce:tract nCSF-like 0.172 £ 0.037 0.122-0.234 0.188+0.067 0.112-0.318 0.503
nGM-like  0.227 +0.084 0.093-0.381 0.329+0.105 0.157-0.489 0.036

nWM-like  0.592 + 0.106 0.397-0.785 0.496 £ 0.126 0.354-0.696 0.093
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Patients with different visual recovery

The differences in the DTl metrics of patients with sellar and parasellar tumors who presented

resolution of the visual symptoms in comparison to those who did not are presented below.

Table 5. DTI metrics in patients with and without visual improvement

Patients with visual improvement

Patients without visual improvement

(N=7) (N=13)

Structure Metric m * sd min — max m tsd min — max p(t)
MD (um?/s) 1.32+0.14 1.12-1.55 1.44 +0.43 0.95-2.37 0.518
Right FA 0.298 +0.062  0.235-0.417 0.296 + 0.081 0.161-0.464 0.974
optic nCSF-like 0.168 £ 0.044 0.112-0.257 0.174 £ 0.088 0.084-0.413 0.858
nerve nGM-like 0.199+0.072  0.129-0.342 0.196 + 0.058 0.090 - 0.288 0.297
nWM-like 0.254 £ 0.066 0.148 - 0.367 0.253 £ 0.082 0.107 -0.400 0.977
MD (um?/s) 1.25+0.20 1.04 -1.53 1.55+0.24 1.22-2.04 0.019
Left FA 0.318+0.058  0.234-0.404 0.309 + 0.055 0.189-0.377 0.746
optic nCSF-like 0.147 £ 0.059 0.089-0.238 0.187 £ 0.068 0.105-0.367 0.197
nerve nGM-like 0.186 £ 0.068 0.130-0.304 0.224 £ 0.064 0.136-0.322 0.237
nWM-like 0.239+0.092 0.130-0.360 0.246 + 0.080 0.146 — 0.402 0.861
MD (umz/s) 1.74£0.20 1.44-2.30 1.70+0.21 1.31-1.99 0.818
. FA 0.237 £ 0.027 0.210-0.277 0.240 £ 0.057 0.124 -0.337 0.905
cOhF::I:m nCSF-like 0.320+£0.122 0.176 - 0.501 0.290 £ 0.052 0.194 -0.397 0.440
nGM-like 0.228 £ 0.065 0.141-0.292 0.266 £ 0.075 0.174-0.411 0.299
nWM-like 0.387+0.113  0.274-0.553 0.400 + 0.095 0.210-0.538 0.796
MD (umz/s) 1.44 +£0.29 1.26 -2.07 1.41+0.19 1.15-1.79 0.852
. FA 0.436+0.046  0.337-0.483 0.369 + 0.088 0.148 — 0.498 0.061
::i?z tract nCSF-like 0.193+0.072  0.128-0.351 0.189 + 0.039 0.113 -0.250 0.850
nGM-like 0.223 £0.138 0.080-0.420 0.314 £0.105 0.116 -0.497 0.113
nWM-like 0.583 +£0.113 0.383-0.705 0.500 £ 0.129 0.298 -0.763 0.155
MD (um?/s) 1.41+0.17 1.20 - 1.62 1.34+0.14 1.23-1.62 0.384
Left FA 0.424 +£0.105 0.216-0.536 0.417 £ 0.067 0.304 -0.539 0.855
optic tract nCSF-like 0.182 £0.070 0.080-0.318 0.167 £0.040 0.112-0.234 0.548
nGM-like 0.248 £ 0.099 0.112-0.374 0.275+0.111 0.093-0.489 0.606
nWM-like 0.584 +£0.138 0.388 -0.760 0.555+0.121 0.354 -0.785 0.629
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Discussion

In this part of my thesis | have presented the largest case series of sellar/parasellar tumors
patients with a successful tractography reconstruction of the anterior optic pathway. We
evaluated the anatomical fidelity of the reconstruction during surgery and explored the clinical
significance of the metrics inside the tracts, finding a reduction in MD within the optic chiasm and
a reduction of FA in the optic tracts of patients compared to healthy controls.

While Liang et al. (Liang, Lin et al. 2021) published a larger case series (n=65) of patients with
pituitary tumors in which anterior optic tractography was performed, there is no mention in their
study of the anatomical fidelity of tractography reconstruction. Moreover, the tractography was
performed with a deterministic algorithm of diffusion spectrum images measuring the different
degrees of anisotropy of the diffusion signal decay. Interestingly, the authors found a significant
association between the anisotropic metrics in the optic nerve and tracts (the chiasm is not
mentioned) and the degree of visual field defect. However, no data were reported on the
association between the response to treatment in terms of the resolution of the visual symptoms
after surgery and the DTI metrics.

One other previous ancillary DTl study published by Hajiabadi et al. in 2016 (Hajiabadi, Samii et al.
2016) reported that tractography reconstructed the anterior optic pathway in 22 (88%) of the 25
patients with pituitary tumors included. The authors reported that in those patients in whom the
chiasm was impossible to reconstruct there was less visual improvement at three months follow-
up. Finally, Anik et al. (Anik, Anik et al. 2011) performed a retrospective study including 72 patients
with pituitary adenoma who had a preoperative DTl examination in which the anterior optic
pathway tractography reconstruction was retrospectively performed. The method of validation of
anatomical fidelity was not described; however, the authors assessed the optic chiasm by DTI,
including each optic nerve nasal and temporal segments at the prechiasmatic portion, both sides,
and central part of the chiasma, optic tract just after chiasma, and also the affected side of the
nerves. A mean FA of 0.400 and MD values over 1.4x10° mm? s were related with no visual
improvement in the postoperative 6 months period. In none of the above-mentioned studies was
the tractographic reconstruction used for presurgical planning.

Only two previous studies reported the use of tractographic reconstruction of the anterior optic
pathway in the presurgical planning of patients. Yoshino et al. (Yoshino, Abhinav et al. 2016)
reported the surgical confirmation of cranial nerve reconstruction in three patients. In particular, a
35-year-old woman with an optic-hypothalamic glioma in which a presurgical DTT study showed
clear visualization of the optic nerves, optic chiasm, and optic tracts with predominant inferior
displacement of the optic apparatus, obvious infiltration and damage of the right optic nerve, and
lateral displacement of the left optic nerve. The imaging findings were considered critical in
choosing the supraorbital over the endonasal approach. The second case was a 62-year-old
woman with a petroclival meningioma in which preoperative DTI tracked CN Il which was severely
displaced superiorly and medially. The location of reconstructed CNs was consistent with the
intraoperative findings. In the last patient, a 39-year-old male, a giant adenoma with a large
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suprasellar extension and bilateral cavernous sinus invasion was studied. Preoperative DTT
showed severe displacement of the optic chiasm in the superior and posterior directions which
were confirmed intraoperatively.

In the large case series published by Jacquesson et al. (Jacquesson, Cotton et al. 2019) in which a
total of 372 cranial nerves in 62 patients (the exact number and type of nerve for each patient is
not specified in the study) were reported to be successfully tracked, among which 175 were
considered to be displaced; only one patient was treated with endoscopic endonasal surgery for a
sellar lesion, and in one other with a petroclival meningioma, the displacement of CN Ill changed
the surgical approach from the endonasal to open surgery.

The interpretation of the increase in MD at the level of the displaced optic chiasm is interesting
and challenging. A single previous animal study (Clifford-Jones, McDonald et al. 1985) was
performed in which a chronic progressive compression of the optic nerve in a cat was produced by
an inflatable silicon rubber balloon implanted in the orbit, simulating a chiasmal displacement. The
authors found that within the first week the predominant pathological change was demyelination.
Both partially and completely demyelinated fibers were seen at all stages of the experiments but
by the fifth week, as some axons had been remyelinated by oligodendrocytes despite the
continued presence of the balloon. The myelin sheaths of the new internodes were abnormally
thin and short, and many showed an atypical paranodal organization. There was evidence of the
breakdown of some of the new internodes. Given this evidence, one first speculative explanation
for the reduction in MD may be associated to the phenomenon of re-myelinization and or glial
activation at this level.

One other explanation may be associated with the presence of more leaflets of glia in the same
space, due to the severe displacing of the structure in which more myelin sheets are concentrated
in the same space, since it has been demonstrated that the length of the biological membrane is
one of the independent predictors of ADC values in cellular models (Eida, Van Cauteren et al.
2016)

One potential reason for the absence of significant association of our metrics with clinical
characteristics of the visual deficit may lie in the fact that patients with lesions displacing the
chiasm do not show a reduction in visual acuity but rather in the field of view. In fact, for example,
Wu et al. (Wu, Duan et al. 2019), using a DTI analysis of a single-shell acquisition and b = 100
s/mm?, found asymmetry in the FA values of the optic nerves of patients with mono-orbital space-
occupying lesions who presented reduction in visual acuity and not in reduction of the visual field.
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Anterior optic pathway changes in patients with Leber’s Hereditary Optic Neuropathy

Introduction

Leber’s hereditary optic neuropathy (LHON) is one of the most common inherited optic
neuropathies with an estimated prevalence of about 1:25,000 people (Carelli, Ross-Cisneros et al.
2004, Yu-Wai-Man, Griffiths et al. 2011). In the majority of cases (i.e., > 90%), it is associated with
one of three mtDNA missense point mutations (m.3460G>A, m.11778G>A, and m.14484T>C) in
genes encoding for the mitochondrial respiratory chain complex | subunits (Maresca, Caporali et
al. 2014). LHON is characterized by a sudden, subacute onset of monolateral blindness, commonly
followed by blindness in the other eye, and preferentially affects young males. It is characterized
by selective loss of RGCs, leading to optic nerve atrophy and varying degrees of blindness in young
adulthood.

In normal anatomy, RGC axons are located in the optic head, where they are unmyelinated and
therefore have slow conduction velocities. They require a great deal of energy to restore their
electrical potentials and have one of the highest oxygen consumptions of all of the tissues in the
body. The portions of the optic nerve fibers outside the optic head are made of both axon and a
myelin sheath, the latter being composed predominantly of oligodendrocytes and astrocytes.
About 5 cm posterior to the optic disk, the two optic nerves converge to form the optic chiasm,
where a partial decussation (~53%) occurs (Hansen, Netter et al. 2019).

In histopathological studies of genetically confirmed LHON cases, a complete loss of central fibers
with various degrees of axonal sparing in the periphery at the level of the optic head were
consistently found (Carelli, Ross-Cisneros et al. 2004). In the myelinated portion of the optic nerve,
widely varying myelin thicknesses were also evident, with some axons being almost denuded of
myelin sheath. Interestingly, most demyelinated fibers showed accumulations of mitochondria
which sometimes completely filled the axonal profile. In some instances, evidence of
remyelination was also seen, indicating that the pathophysiological process may be much more
dynamic than mere neurodegeneration (Carelli, Ross-Cisneros et al. 2002, Carelli, Ross-Cisneros et
al. 2004, Carelli, La Morgia et al. 2017, Maresca and Carelli 2021).

Only two previous studies have attempted to unravel the pathophysiological mechanism
responsible for visual deficits in patients with LHON using DTT metrics of the anterior and
posterior optic pathways. In 2019, Takemura et al. (Takemura, Ogawa et al. 2019) observed a
reduction of FA values both in the anterior optic pathway (in both the chiasm and optic tracts) and
in the posterior optic pathway (primarily the optic radiation) in LHON patients compared to
normal controls. Interestingly, whereas the reduction of FA only in the chiasma and optic tracts
were found to correlate with any other parameter (i.e., reduced T1 value) suggestive of myelin
content as a result of the T1 mapping; this was not true for the reduction of FA in the posterior
optic pathway. Interestingly, the authors found a reduction in MD in the optic tract only and an

increase in MD in the optic radiation.
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The authors suggested that the reduction of FA in the two pathways could be related to different
biological mechanisms and proposed three possible, although speculative, hypotheses to explain
the possibility of different origins of the microstructural changes in the optic radiation. The first is
that the reduced FA may reflect axonal dysfunction. Notably, previous ancillary DTI studies in
animal models (Aung, Mar et al. 2013) have revealed that diffusivity measurements may be
associated with both myelin and axon pathologies. The second, and simplest, hypothesis is that
the morphological changes in the myelin of the optic radiation detected as changes in FA do not
affect the overall myelin volume fraction parameter calculated by the T1 mapping. The third
hypothesis, and potentially the most interesting, is that the alterations in FA may reflect
abnormalities in glia in the posterior optic pathway (optic radiation) resulting from reactive gliosis,
since this has been observed in an animal model of glaucoma (Bosco, Breen et al. 2016). However,
the reductions in FA in the anterior and posterior optic pathways had been observed already
previously in 2014 by Ogawa et al. (Ogawa, Takemura et al. 2014) using a tractography paradigm.

The exact pathophysiological mechanism of LHON remains a topic of debate. In a recent OCT
follow-up study (Carbonelli, La Morgia et al. 2022), the unaffected eyes of four LHON patients,
each with one affected eye, were monitored until they, too, exhibited alterations from 60 days
before to 170 days after conversion. The authors found that the primary morphological change
was an increase in the thickness of the retinal nerve fiber layer (RNFL), followed by a reduction of
the same, whereas the ganglion cell layer (GCL) did not undergo significant changes until the onset
of visual loss when a significant reduction of thickness became evident. This poses the question of
whether the primary mechanism consists of alterations of the fibers starting from the axons of the
RGC (represented in OCT by the RLFN layer) and ultimately reaching the somata of the RGC
(represented in OCT by the GCL layers).

The current treatments for LHON are not curative, but recently a gene therapy has been proposed
using an intravitreal injection of adeno-associated viral (AAV) vectors, specifically a recombinant
replication-defective AAV, serotype 2, which contains a modified complementary DNA encoding
the human wild-type mitochondrial NADH dehydrogenase subunit 4 (ND4) protein (Yu-Wai-Man,
Newman et al. 2020).

Aim

The aim of this current study was to determine whether the DTl metrics evaluated within the
tractographic reconstruction of the anterior optic pathways are associated with morphological
alteration within the retina and with the progression of the disease after gene therapy.
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Methods
Study population

All patients with a molecular diagnosis of LHON and no additional atypical findings referred to the
Neuroimaging Laboratory by the Laboratory of Neurogenetics at the IRCCS Institute of
Neurological Sciences of Bologna, Bellaria Hospital, Bologna, Italy, between April 2021 and January
2022, were considered to be eligible for evaluation. Written informed consent was obtained from
patients prior to participation in the study, which was conducted according to the guidelines of the
Declaration of Helsinki and approved by the “Area Vasta Emilia Centro” Ethics Committee (CE-
AVEC) with approval number NOE-121/2019/0SS/AUSLBO—CE 19012. Patients were included in
the subacute phase within nine months from monocular or bilateral onset of visual deficit.

Study design

Patients received a complete clinical and neuroradiological evaluation the day before intravitreal
injection of AAV vector. Gene therapy was administered after approval by the internal ethical
committee for compassionate use and signing of the informed consent. We included
m.11778/MT-ND4 LHON patients with onset of disease within one year from the last affected eye.
Each subject received an intravitreal injection in each eye containing 9 x 10 viral genomes in 90
mL (REFLECT www.clinicaltrials.gov NCT03293524). The procedure was carried out in a surgical
room at Bellaria Hospital. Treatment with prophylactic oral steroids was provided. Both clinical
and neuroradiological evaluations were repeated at six- and 12-months follow-up for a total of
three evaluations.

Clinical evaluation

Neuro-ophthalmological assessment included the evaluation of the best corrected visual acuity
(BCVA) measured using a retro-illuminated Early Treatment Diabetic Retinopathy Study (ETDRS)
chart positioned at 4 m and expressed as the logarithm of the minimum angle of resolution
(logMAR). Counting fingers and hand movements were converted to 2.0 and 2.3 logMAR,
respectively. In this scale blindness is defined as a BCVA worse than 1.3 logMAR (Bailey and Lovie
1976).

OCT for assessing the average RNFL thickness and average GCL thickness (OCT: DRI Triton, Topcon,
Tokyo, Japan). OCT images (DRI Triton, Topcon, Tokyo, Japan) were obtained using a 3-
dimensional wide scan protocol with a size of 12 x 9 mm consisting of 256 B-scans, each
comprising 512 A-scans. Peripapillary RNFL thickness were measured using a 360° 3.4-mm
diameter circle scan with thicknesses measured across the superior, nasal, inferior, and temporal
sectors and segmentation analysis of the macula measured across six sectors of the 6-mm
diameter circular annulus centered on the foveal included GCL. For the purpose of this study, OCT
measures were averaged over all assessed retinal areas.
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Flash visual evoked potentials (FVEPs) were presented by the ColorDome ganzfeld (Diagnosys LLC).
Gold cup skin electrodes were placed in Oz for active, Cz for reference and Fz for. The resulting
first and the second positive deflections were named P1 and P2, and their preceding negative
deflections, N1 and N2. Peak-to-peak amplitudes (uV) were measured for N1-P1 and N2-P2
complexes. Peak times (ms) were measured for N2 and P2.

The photopic negative response (PhNR) is a slow negative component of a flash photopic full-field
electroretinogram (ERG) in which the stimulus conditions were produced also by the ColorDome.
Both pupils were dilated (pupil diameter >7 mm) with one drop each of tropicamide 1% and
phenylephrine 10% and then light-adapted for 10 min. The corneal surface was anesthetized with
two drops of tetracaine 1% to apply Dawson-Trick-Litzkow (DTL-Plus™) micro conductors
(Diagnosys LLC, Lowell, MA, USA) on the lower conjunctival fornix. Gold cup electrodes were used
in the temple for reference and Fz for ground. Electrode impedance was checked and set at 5 kilo
Ohms (kQ) or less. Red (640 nm) stimulus flashes of 4-ms duration were presented at a 4-Hz rate
on a blue (470 nm) rod saturating background. Red flash stimulation was presented at 1, 3 and
7 cd-s/mz, while the blue background remained at 10 kilo Ohms cd/mz. An Espion E3 was used to
record PhNR waveforms. A total of six sets of 25 sweeps of 150-ms duration per eye were
recorded with bandpass filtering between 0.3 and 300 Hz. Each of the six repetitions was manually
filtered to remove eye blink and other motion artifacts, and an average of the remaining
responses was generated for each eye. Recordings were obtained from both right and left eyes.
PhNR waveforms were visually inspected, and the a-wave, b-wave, and PhNR components were
determined. Peak time (ms) and amplitude of PhNR (uV) from peak to trough (amplitude between
the peak of the b-wave and the trough of the PhNR) were recorded.

We also retrieved information regarding disease characteristics for all patients included in the
study.
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MRI acquisition

MRI protocol

Images were acquired using a 3T MRI Scanner (Magnetom Skyra, Siemens, Erlagen, Germany) and
VE11C-SPO1 software (maximum gradient amplitude 45 mT m™%; maximum “slew rate” 200 T m'’s’
') and a 64-channel phased head coil at the IRCSS Istituto delle Scienze Neurologiche di Bologna —
Ospedale Bellaria, Bologna.

Patient preparation

Written informed consent was obtained from each participant before MRI examination.
Participants removed all metallic or non-MRI compatible object before being positioned on the
scanner bed in a head-first supine position. Participants were instructed to abstain from rotating
their heads inside the coil. Head position was further restricted using foam pads. They used
phono-absorbent earplugs to protect their ears from the high noise level. They were also given a
bell to ring in case of emergency. The receiver coil has a mirror that allows the patient to see the
control room and reduce the effect of claustrophobia.

Scan protocol

A standardized scan protocol was followed in which the following sequences were administered.
To establish the correct patient placement for setting the reference planes for each sequence, 3-
plane localization was implemented from the acquisition console.

T1-weighted images acquired using a three-dimensional inversion recovery prepared spoiled
gradient-echo (3D MPRAGE) sequence (flip angle = 9°; Tl = 900 ms; TE = 2.98 ms; TR = 2300 ms;
acquired matrix size = 256 x 256 x 256; phase FoV = 100%; reconstructed voxel size = 1 mm
isotropic) were used as an anatomical reference.

The next sequence was a DTl multi-shell acquisition which employed a single-shot spin-echo EPI
sequence with two different phase encoding directions (to better average the useful signal and
reduce the effect of eddy currents), A-P and P-A (TE = 98 ms; TR = 4300 ms; 87 contiguous 2-mm
thick slices; FoV = 220 x 220 mm; acquired matrix = 110 x 110; reconstructed in-plane resolution =
2.0 mm) with diffusion sensitizing gradients applied in 131 (A-P) and 49 (P-A) non-collinear
directions, 8b=0 (A-P and P-A), 12 b = 300 s/mm? (A-P and P-A), 30 b = 1000 s/mm? (A-P and P-
A), 64 b = 2000 s/mm? (A-P) volumes.

Diffusion tensor tractography tract estimation
Imaging preprocessing
Data from each participant was preprocessed using an in-house automated pipeline developed

from software packages freely available as part of the Oxford FSL, version 6; the NIH AFNI, version
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20.3.02; and MRtrix, version 3.0.2. The image format used was compressed NIfTI-1, extension
“.nii.gz” (ref: https://nifti.nimh.nih.gov/nifti-1).

DW images were skull-stripped using the FSL “bet” tool. Image denoising was performed with the
MRtrix3 “dwidenoise” function (Veraart, Novikov et al. 2016), implementing a principal
component analysis approach. Susceptibility-related distortions in the EPI acquisition were
estimated using the FSL “topup” function; subsequently, a combined correction for susceptibility,
eddy-current effects, and signal dropout, most commonly induced by subject movement, was
performed by FSL “eddy_openmp,” based on the “topup” estimates.

The DWI data were modelled at the voxel level using functions of the MRtrix toolkit. In particular,
the response function for SD was modelled using the “Dhollander” algorithm within
“dwi2response” (Dhollander 2019). FODs were estimated using multi-shell multi-tissue SD using
the “msmt_csd” method implemented in the “dwi2fod” function (Jeurissen 2014), as described in
Manners et al., 2022 (Manners, Gramegna et al. 2022).

Characterization of the diffusion properties of tissue within each voxel was provided by FSL “dtifit”
based on the diffusion tensor, which was used to estimate voxel FA and MD.

Tract estimation
The MRtrix tool “tckgen” generated these streamlines by an iFOD1 approach (Tournier, J.-D;
Calamante, F 2012), following the procedure described by He et al. (He, Zhang et al. 2021).

In order to isolate the anterior optic pathway, selected fibers were transformed to the NIfTI
format to create a volumetric probability map based on fiber density. Voxels were subjected to a
threshold that excluded low probability tracts as detailed in the following section.

Anterior optic pathway reconstruction

Processing

On the MNI152 standard brain, a mask was drawn that included the trajectory of the whole
anterior optic pathway from the optic bulb to the LGN (called “NERVO_mask”). A single automatic
exclusion ROl was then created, including all the possible spurious segment originating from the
principal tract (called “ROI_NERVO_excl”). Next, a seed from the LGN (“ROI_II_LGN"), an inclusion
ROl in the optic chiasm (“ROI_II_chiasm”), and a target (“ROI_II_orbit”) were defined.

An affine registration was performed between the by image of the DWI and the 3D MPRAGE T1
using the “flirt” tool in FSL while a non-linear deformation of the 3D MPRAGE T1 to the MNI
standard space was performed using “fnirt” of FSL, in order to indirectly transformation between
the by image to MNI space. This registration is applied to each ROI with the “applywarp” function
(using the “nearest neighbour” approach for the mask and the exclusion and the “trilinear
approach” for the others). For each hemisphere (Left=L and Right=R), the iFOD1 (“tckgen”)
method was applied to generate up to 5 million streamlines from the LGN ROI (seed), then
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selecting only those fulfilling specified criteria: angle < 10°, cutoff/seed_cutoff = 0.005, crossing
the ROI of the chiasma and reaching the ipsilateral or contralateral ROl of the orbit (target). The
seeding eventually stopped if 1000 streamlines were selected according to the above constraints.
As a result, the four possible combinations of crossing (LR, RL) or non-crossing (LL, RR) tracks were
separately reconstructed. The same procedure was repeated after inverting the seed and the
target and the pairs of corresponding tracks by seed and target were added into a single tract. The
tracts were then transformed into an image in the NIfTI format, where the voxel intensity was
proportional to the density of the streamlines; finally, a threshold set at 10% of the maximum
value was applied to obtain the final tract mask.

Along-tract analysis

In order to perform the along-tract analysis, the “final_nifti” file is used to mask each of the
streamline file defining the two tracks (right orbit tract- left geniculate and left orbit tract- right
geniculate). For each of these tracks, the streamline file is registered to the MNI using the
“tcktransform” option. For each tract, the most extreme points are defined as the most extreme
points that are reached by at least 50% of the fibers in the anterior and posterior directions. To
identify them, the nerve is cut in each slice of the NIfTI image in the main direction of the nerve
(typically the y-axis) and the number of streamlines passing through each slice is calculated using
the “tckedit + tckstats” option of MRtrix. (Tournier, Smith, Ret al. 2019) .The two identified
extreme points of each track define a line, which is used to do the resampling (using the
“tckresample” function) of each line in 15 equidistant points. Segments 1-7 are those
corresponding to the optic tract, segments 7-9 to the optic chiasm, and segments 10-15 to the
optic nerves.

DTI metrics definition

For each of the 15 segments the DTI-derived metrics MD and FA are calculated and averaged for
the right optic nerve fibers reaching the left geniculate ganglion and the left optic nerve reaching
the right geniculate ganglion.

Statistical analysis

Descriptive and frequency statistics were calculated using Excel, and comparisons were computed
using IBM SPSS Statistics 22.0.

Pearson’s correlation (r) was used to evaluate the relationship between clinical and
ophthalmological variables (time since visual deficit onset, logMAR, average RNFL, average PhNP
amplitude, average PhNP latency, average GCL) over each patient and each assessment time point.
The relationship between mean MD and FA values were assessed against each of the six clinical
variables in two ways.
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Firstly, simple regression was used to regress the MR variable against each clinical variable,
including each eye separately, but only the first time point (before treatment). Then, a mixed
model regression was performed, adding the patient as a random variable, to evaluating changes
between assessment time points.

Correlation parameters (r) and regression models (F) were considered to be significant when the
calculated probability was < 5%. Jamovi v. 2.3 was used for statistical analyses. The module GAMIj
2.6.6 was used for mixed model regression.

Results

Study population

At baseline, nine patients were included (mean age + standard deviation = 24.9 + 15.7 years, range
14-54). Six out of nine patients (mean age 35.0 *+ 12.3 years, range 19-54) were included in follow-
up study (two examinations).

Clinical and OCT evaluation at baseline and follow-up

At baseline examination, the mean time from disease onset was 9.1 £ 4.6 months (range =4 - 19.5
months). At OCT evaluation, the mean logMAR results were 65.3 + 23.6 (range = 1.3 - 2.3. The
mean RNFL thickness was 65.3 + 23.6 um (range = 35.0 — 108). The mean GCl thickness was 40.5
5.3 um (range = 32.7 - 50.5). The mean PhNR amplitude was -19.28 + 8.88 uV (range = 36.72 —
7.88). The mean PhNR latency was 66.7 £ 3.0 uV (range = 61 -73).

At the first follow-up, the mean time from disease onset was 16.9 + 4.8 months (range = 10 - 25.5
months). At OCT evaluation, the mean logMAR results were 1.5 + 0.4 (range = 1.1 — 2.0). The mean
RNFL average thickenss was 60.4 + 8.4 um (range = 51.0 - 76.0). The mean GCI average thickness
was 41.7+4.9 um (range = 34.7 — 50.3). The mean PhNR average amplitude was -14.18 + 6.68uV
(range =-28.1 —-3.1). The mean PhNR average latency was 70.4 £ 5.0 uV (range =62.0 — 77.0).

At the second follow-up, the mean time from disease onset was 23.8 + 4.7 months (range = 16 -
29.5). At OCT evaluation, the mean logMAR results were 1.3 + 0.3 (range = 0.8 — 1.6). The mean
RNFL average thickness was 50.6 + 11.2 um (range = 40 - 76. The mean GCl average thickness was
40.4 £ 4.5 pm (range = 33.7 — 48.7). The mean PhNR average amplitude was -11.83 + 5.78 Vv
(range =-26.4 —-42). The mean PhNR average latency was 71.6 + 3.4 uV (range = 65.0 — 78.5).

DTI metrics

At baseline examination, the mean FA value in the anterior optic pathway was 0.259 + 0.0319
(range =0.22 - 0.30. At first follow-up the mean FA value of the anterior optic pathway was 0.2591
+0.027 (range = 0.22 - 0.33). At second follow-up the mean FA value of the anterior optic pathway
was 0.2392 + 0.0289 (range = 0.21 - 0.29). There was a trend towards a reduction in the mean FA
values (p = 0.065)
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+ 0.198 (range = 1.24 - 1.82). There was a statistically significant increase in MD over time (p =
0.002).
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Correlations between Clinical, OCT and DTI metrics

Time from onset correlated with both logMAR (r = -0.525, p = < 0.001) and RNLF (r = -0.603, p =<
0.001). The RNLF correlated with the PhNR amplitude values (r = -0.457, p = 0.004) and PhNR
latency values (r = -0.471, p = 0.002). PhNR amplitude values were correlated with the GCL (r = -
0.468, p = 0.003).

Considering the mean MD at baseline, a regression analysis showed a significantly correlation with
the time from onset (p <.001), the RNFL mean value averages (p <.001), and PhNR amplitude (p
<.001) and PhNR latency (p = 0.015).

Considering the mean MD changes over time, a regression analysis showed only a significant
association with RNFL average reduction (p = 0.036).

Considering the mean FA at baseline, a regression analysis showed a significantly correlation with
time from onset (p=0.009), RNFL average reduction (p <.001) and PhNR average amplitude (p =
0.003).

No clinical parameters were associated with FA changes over time.
Referring to Figured4, RNFL correlated negatively with time since onset, and the two PhNP

indicators, which correlated with each other. Visual acuity (logMAR) also correlated with time
since onset. GCL only correlated with PhNP amplitude.

PhNPRavg
amp

time from
onset

PhNPRavg_
lat

Figure 6. Clinical and ophthalmological variables found to correlate significantly. Variables of the
same color are positively correlated, while those of different colors are negatively correlated.
Considering only the first time point, mean MD was significantly correlated to RNFL (p = 0.036),
while FA showed a trend towards the same relationship (p = 0.054). Considering the changes
between different time points, MD continued to show a significant dependency on RFNL, but also
on time since onset, and the two PhNP parameters. FA was dependent on RNFL, time since onset,
and PhNP amplitude.
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Considering all of the results, RNFL was the clinical/ophthalmological variable showing the most
consistent relationship to the MR diffusion variables.
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Discussion

In this part of the thesis, | have explored the association of anterior optic tract DTI metrics with
clinical, OCT, and electrophysiological markers of disease severity in LHON. We also correlated the
progression of the DTl metrics with the clinical progression of the disease over a 12-month follow-
up and response to an innovative genetic therapy.

At the baseline examination, this study demonstrates that both MD and FA median values within
the anterior optic pathway (considering the total myelinated nerve course from the retrobulbar
region of the optic nerve until the contralateral LGN) are directly correlated with retinal RNFL
reduction, with worse retinal electrophysiological response function amplitude, and with time
from onset of the disease. This is an important finding as it demonstrated that the pathological
alterations evaluated in the retina are reflected in the MD and FA values within the anterior optic
pathway.

After baseline, our patients were evaluated at six and 12 months after bilateral intravitreal
injection of recombinant replication-defective AAV (rAAV2/2-ND4). This was possible after the
positive finding of the REVERSE phase 3 clinical trial that had previously evaluated the efficacy of a
single intravitreal injection of rAAV2/2-ND4 in subjects with visual loss from LHON (Yu-Wai-Man,
Newman et al. 2020), after the preliminary positive result of efficiently rescue an induced defect in
mitochondrial respiratory chain complex | in a rat model of the disease (Cwerman-Thibault,
Augustin et al. 2015). However, it is interesting to keep in mind that in the REVERSE trial there was
an unexpected improvement in visual function in the contralateral untreated eye after unilateral
intravitreal administration of the viral vector. In an attempt to shed light on the possible
mechanism for this phenomenon, the authors subsequently performed a nonhuman primate
study, injecting viral DNA in a monolateral eye of a monkey and found, in a post-mortem study,
evidence of transfer of viral vector DNA from the injected eye to the contralateral retina, optic
nerve, and chiasm at three months follow-up (Yu-Wai-Man, Newman et al. 2020). The authors
interpret this finding as a possible trans-synaptic or trans-neuronal transfer mechanism (Zingg,
Chou et al. 2017) or contamination between mitochondria present in the WM tract originating
from the right retina directed towards the left geniculate and those originating from the left retina
and directed towards the right geniculate nucleus when they intersect within the chiasma (Mandal
and Drerup 2019). Mitochondria have been shown to migrate long distances in axons to distribute
energy and allow for distal neuronal activity (A. Mandal, 2019). Mitochondria may also be
exported through astrocytes that are found at a high density in the optic nerve head (Burdett and
Freeman 2014). Finally, the dense network of interconnected astrocytes could have aided this
process via membrane junctions (Ariazi, Benowitz et al. 2017).

In our follow-up study, only the progressive increase in MD in the anterior optic tract was

significantly associated with the progressive decrease in RNFL layers thickness, as was expected by

the natural history of the disease. Our results, therefore, suggest that the isotropic component of

diffusion, as demonstrated by the pathological increase in MD, may best reflect the pathological
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changes in the nerve fiber at the level of the optic nerve, chiasm, and tracts after viral injection,
which are associated to the reduction in RNFL.

It is established that the interpretations of altered DTl metrics are not univocal and may depend
on different biological mechanisms according to the disease studied (Dhollander T 2021). In a
recent post-mortem and DTI study in which the author provoked a unilateral retinal ischemia in
ten rats, which were subsequently sacrificed and subjected to a 7-Tesla examination with a high-
resolution DTI sequence using a 3-dimensional echo-planar acquisition (TR/TE= 250/21 ms; voxel
size = 125 x 125 x 125 um3, 80 different gradient directions, b-values of 2000 and 2500 s/mm?,
total scanning time = 15 h) (Narvaez-Delgado, Rojas-Vite et al. 2019). The post-mortem histological
results of both the intact and pathologic nerves are interesting. In the intact optic nerve, they
observed tightly packed axons with dense, circular myelin sheaths as well as interstitial glial cells
and their processes, some of them encircling capillaries. On the contrary, in the injured optic
nerves they observed an abnormal microstructure, involving both axons and surrounding glial
elements (in which the glial process appeared to increase in size and number associated with
foamy phagocytes) with shrunken axoplasm and retracted myelin sheaths. However, the total
thickness of myelin sheaths tended to be larger in the injured nerves, likely due to the pathological
separation of individual myelin layers and intra-myelin inclusions, as depicted by electron
microscopic observation. The number of axons was considerably lower as compared to intact
nerves, reducing axonal density by around 50%, which translated into reductions in axon and
myelin volume fractions. The remaining structurally viable axons in the injured nerves tended to
have slightly larger calibers, with a proportionally larger loss of small-caliber axons (Narvaez-
Delgado, Rojas-Vite et al. 2019).

The authors analyzed different non-common methods of modeling the DTI data acquired at 7 T.
Among their metrics, the only one comparable with one of those acquired in our paradigm is the
FA results of a multi-resolution discrete search (MRDS) algorithm of analysis. They unexpectedly
found that the FA of the optic nerves and chiasm negatively correlates with myelin thickness and
axon diameter (meaning that higher FA was present in the case of smaller myelin thickness and
axonal diameter). A subsequent examination using electron microscopy revealed that myelin
thickness was overestimated by the method used for automatic segmentation because of the
abundance of intra-myelin inclusions and fraying of myelin sheaths in pathological cases. These
findings provide a basis to suggest that microstructural pathological change in the myelin in
pathological optic nerve and tract after therapy may not be reflected in changes in FA.

The absence of correlation with the clinical data of increased visual acuity (i.e., logMAR) suggest
that the increase in visual acuity may be independent from the progression of microstructural
alterations within the pathway, thus suggesting a possible central mechanism of cortical plasticity,
perhaps at the level of the geniculate ganglion.

Overall, this part of my thesis demonstrates that both MD and FA metrics in the anterior optic

pathway may be alternative objective biomarkers that directly reflect intracranial anterior optic
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pathway pathophysiology in patients with LHON. These biomarkers should be used in the
evaluation of new therapeutic strategies.
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Conclusions

In my Ph.D. thesis, | have demonstrated a cutting-edge implementation of DTI acquisition, using a
combination of HARDI (i.e., more than 30 gradient diffusion direction) and MULTISHELL sequences
(i.e., multiple non-zero b values), on a clinically available 3-Tesla scanner with an acquisition time
(i.e., 12 min) that is compatible with clinical protocols. Moreover, in collaboration with the
Technical Development Group (TDG) of the Neuroimaging Laboratory we have developed the first
algorithm, based on a combination of tools from open-source software made available by the
international scientific community (FSL, MRtrix, AFNI) able to automatically reconstruct the whole
course of CN Il (including the whole anterior optic pathway) as well the olfactory nerve.

This important practical achievement has allowed us to implement the automatic tractographic
reconstruction of the whole displaced anterior optic pathway in patients with sellar/parasellar
tumors, providing important information for presurgical planning. Apart from being the largest
case series published on this topic, this has allowed us to find an interesting reduction in MD in the
displaced chiasma of these patients. Our results suggest that the anisotropic component of
diffusion (in the tensor model made by DTI), may be a better indicator of pathological changes
reflecting displacement and/or compression of extracranial myelinated nerve. This finding
provides a basis for possible use in future studies of anisotropic diffusion metrics in cases of
displacement and compression of peripheral nerves.

The same acquisition technology has allowed us to study a genetic disease involving the anterior
optic pathway, namely LHON, in which the successful reconstruction of the entire anterior optic
pathway was able to depict the association between the microstructural parameters within the
whole pathway and electrophysiological marker of dysfunction of the optic nerve as well as the
reduction in axonal nerve fiber layer in the retina itself. Moreover, we were able to follow the
responses of patients to the therapy. This study provides a basis for the introduction of whole
non-invasive optic pathway MRI biomarkers both for disease activity and follow-up assessment.

Regarding the reconstruction of CN [, the absence of a significant difference between COVID-19
patients and healthy controls demonstrates the necessity of developing new signal modeling
strategies able to improve the reconstruction of fibers in this area in presence of inevitable partial
volume contamination in voxels containing air in the sinus cavities.
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MR in vivo tractography for the reconstruction of cranial nerves course
ABSTRACT
Aim

The aim of my Ph.D. was to implement a diffusion tensor tractography (DTT) pipeline to reconstruct cranial
nerve | (olfactory) to study COVID-19 patients, and anterior optic pathway (AOP, including optic nerve,
chiasm, and optic tract) to study patients with sellar/parasellar tumors, and with Leber’s Hereditary Optic
Neuropathy (LHON).

Methods

We recruited 23 patients with olfactory dysfunction after COVID-19 infection (mean age 37+14 years, 12
females); 27 patients with sellar/parasellar tumors displacing the optic chiasm eligible for endonasal
endoscopic surgery (mean age 53. +16.4 years, 13 female) and 6 LHON patients (mutation 11778/MT-ND4,
mean age 24.9+15.7 years). Sex- and age-matched healthy control were also recruited.

In LHON patients, optical coherence tomography (OCT) was performed. Acquisitions were performed on a
clinical high field 3-T MRI scanner, using a multi-shell HARDI (High Angular Resolution Diffusion Imaging)
sequence (b-values 0-300-1000-2000 s/mm?, 64 maximum gradient directions, 2mm? isotropic voxel). DTT
was performed with a multi-tissue spherical deconvolution approach and mean diffusivity (MD) DTT metrics
were compared with healthy controls using an unpaired t-test. Correlations of DTT metrics with clinical data
were sought by regression analysis.

Results

In all 23 hypo/anosmic patients with previous COVID-19 infection the CN | was successfully reconstructed
with no DTT metrics alterations, thus suggesting the pathogenetic role of central olfactory cortical system
dysfunction.

In all 27 patients with sellar/parasellar tumors the AOP was reconstructed, and in 11/13 (84.7%) undergoing
endonasal endoscopic surgery the anatomical fidelity of the reconstruction was confirmed; a significant
decrease in MD within the chiasma (p<0.0001) was also found.

In LHON patients a reduction of MD in the AOP was significantly associated with OCT parameters (p=0.036).
Conclusions

Multi-shell HARDI diffusion-weighted MRI followed by multi-tissue spherical deconvolution for the DTT
reconstruction of the CN | and AOP has been implemented, and its utility demonstrated in clinical practice.



