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ABSTRACT

The language connectome was in-vivo investigated using multimodal non-invasive

quantitative MRI.

In PPA patients (n=18) recruited by the IRCCS ISNB, Bologna, cortical thickness

measures showed a predominant reduction on the left hemisphere (p<0.005) with

respect to matched healthy controls (HC) (n=18), ), and an accuracy of 86.1% in

discrimination from Alzheimer’s disease patients (n=18). The left temporal and

para-hippocampal gyri significantly correlated (p<0.01) with language fluency.

In PPA patients (n=31) recruited by the Northwestern University Chicago, DTI

measures were longitudinally evaluated (2-years follow-up) under the supervision

of Prof. M. Catani, Kings College London. Significant differences with matched

HC (n=27) were found, tract-localized at baseline and widespread in the follow-

up. Language assessment scores correlated with arcuate (AF) and uncinate (UF)

fasciculi DTI measures.

In left-ischemic stroke patients (n=16) recruited by the NatBrainLab, Kings Col-

lege London, language recovery was longitudinally evaluated (6-months follow-

up). Using arterial spin labelling imaging a significant correlation (p<0.01) be-

tween language recovery and cerebral blood flow asymmetry, was found in the

middle cerebral artery perfusion, towards the right.

In HC (n=29) recruited by the DIBINEM Functional MR Unit, University of Bologna,

an along-tract algorithm was developed suitable for different tractography meth-

ods, using the Laplacian operator. A higher left superior temporal gyrus and pre-

central operculum AF connectivity was found (Talozzi L et al., 2018), and lateral-

ized UF projections towards the left dorsal orbital cortex.

In HC (n=50) recruited in the Human Connectome Project, a new tractography-
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driven approach was developed for left association fibres, using a principal com-

ponent analysis. The first component discriminated cortical areas typically con-

nected by the AF, suggesting a good discrimination of cortical areas sharing a sim-

ilar connectivity pattern.

The evaluation of morphological, microstructural and metabolic measures could

be used as in-vivo biomarkers to monitor language impairment related to neu-

rodegeneration as surrogate of cognitive rehabilitation/interventional treatment

efficacy.
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CHAPTER 1

Introduction to the language connectome and quantitative MRI
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1.1 MULTIMODAL CHARACTERISATION OF THE LANGUAGE BRAIN NET-

WORK

The investigation of the language network is in continuous evolution, there is an

high interest in the scientific community to analyse pathophysiological mechanism

underling language dysfunction in different pathologies (e.g. neurodegeneration

and stroke), also the ongoing improvements of magnetic resonance imaging (MRI),

hardware and software, offer new potentialities for in-vivo biomarker detection

(Dick & Tremblay, 2012).

In my PhD project, I aimed to investigate the language network with a MRI multi-

modal approach, evaluating morphometric, microstructural and metabolic/func-

tional biomarkers:

• cortical thickness measures on T1w structural images (Paragraph 1.4.2);

• micro-structural Diffusion Tensor Imaging (DTI) measures (Paragraph 1.4.3);

• Cerebral Blood Flow (CBF) quantification (Paragraph 1.4.4).

The proposed multiparametric approach aim to find accurate biomarkers to tar-

get language rehabilitation or interventional treatments (transcranial direct current

stimulation - TDCS). To evaluate these measures in localised brain areas automatic

pipelines were developed, both using brain atlases and performing white matter

(WM) tractography reconstructions.

At the University of Bologna, Functional MR unit of the Department of Biomedi-

cal and Neuromotor Sciences, it was possible to evaluate MRI data acquired with

a standardised protocol for different neurodegenerative pathologies, Alzheimer’s

disease (AD) and PPA, and address the clinical question of differential diagnosis

in patients with dementia.
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Subsequently, I studied different cohorts of subjects with a language multimodal

investigation, and this was possible through the collaboration with both the King’s

College London, Tractography and Neuroanatomy Laboratory (NatBrainLab), ex-

pert for tractography (Catani et al., 2005) and language recovery after stroke (Forkel

et al., 2014), and the Northwestern University, Cognitive Neurology and Alzheimer

Center, pioneers in the clinical evaluation of Primary Progressive Aphasia (PPA)

(Mesulam, 1982).

Through these collaborations, I had the opportunity to perform longitudinal eval-

uations of language dysfunctions, both on a neurodegenerative basis (Paragraph

1.3.1) and caused by ischemic stroke (Paragraph 1.3.2).

For healthy controls (HC) clinical DTI protocols were developed and acquired at

the Functional MR unit of the Department of Biomedical and Neuromotor Sci-

ences, University of Bologna, in the prospective of clinical applications.

Furthermore, I analysed open-source high-resolution DTI data acquired for healthy

controls recruited within the Human Connectome Project initiative (HCP), evalu-

ating the left hemisphere connectivity.

1.1.1 Structure of the thesis

In the current Chapter 1, an introduction to the language functions will be pre-

sented, focusing on degenerative and vascular clinics, MRI acquisition techniques

and the language white matter network.

To achieve robust MRI biomarkers suitable for a single-patient study level, the

thesis focused on correlations between MRI measures, both micro- and macro-

structurally, and comprehensive neuro-psychological assessments for language.

Chapter 2, the category world fluency test (Novelli et al., 1986) was correlated with

https://www.natbrainlab.co.uk/
http://www.humanconnectomeproject.org
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cortical thickness measures in PPA. I evaluated retrospectively T1w images of PPA

(n=18), AD (n=18) and HC (n=18), recruited by the IRCCS Istituto Delle Scienze Neu-

rologiche di Bologna and the Functional MR unit of the Department of Biomedical

and Neuromotor Sciences, University of Bologna.

Chapter 3, the Western Aphasia Battery Revised (Kertesz, 2007), the Peabody Pic-

ture Naming Test (Dunn et al., 2007), the Boston Naming Test (Kaplan et al., 2001),

the Pyramids and Palm Tree Test (Howard & Patterson, 1992) and the Norwest-

ern Anagram Verbs and Sentence (Cho-Reyes & Thompson, 2012) were correlated

to language tract DTI measures for PPA patients and compared to HC. I analysed

retrospectively DTI data acquired longitudinally, 2 years follow-up, of PPA (n=31)

and HC (n=27), recruited by the Cognitive Neurology and Alzheimer Center of

Northwestern University, Chicago (USA).

Chapter 4, the Western Aphasia Battery Revised was correlated to CBF measures

in cerebral vascular arterial territories for stroke patients. I evaluated Arterial Spin

Labelling (ASL) data longitudinally acquired, 6-months follow-up, of left ischemic

stroke patients (n=16), and HC (n=14), recruited by the NatBrainLab Stroke team,

King’s College London (UK). Acquisition of stroke patients are still ongoing, thus

preliminary results will be presented.

In the healthy control analysis, new algorithms were developed for tractography.

Chapter 5, an along-tract parameterisation of the arcuate and uncinate fasciculi

was developed to evaluate hemispheric asymmetries for DTI measures and tract

curvature. I evaluated T1w and DTI data of HC (n=29), recruited by the Functional

MR unit of the Department of Biomedical and Neuromotor Sciences, University of

Bologna.
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Chapter 6, a tractography driven cortical clustering based on Principal Component

Analysis (PCA) was developed to evaluate the whole left hemisphere connectivity,

dominant in language processing. I evaluated DTI data of HC (n=50), recruited by

the Human Connectome Project S900.

This PhD thesis aimed to present a comprehensive investigation of the language

network, focusing on specific MRI quantitative measures and correlations between

multimodal in-vivo biomarkers and clinical assessments.

Moreover, in all the presented analyses, new software developments have been

proposed to realise automatic neuroimaging pipelines that can provide accurate

and specific quantitative MRI biomarkers.

1.2 LANGUAGE MAPPING FROM LESION TO DISCONNECTION SYNDROMES

"M. Broca believes that disease of the left side of the brain only, produces loss of Language;

and moreover, he locates the faculty of Articulate Language in a very limited part of that

hemisphere. My observations tend to support the first hypothesis, and, in a general way,

the second."

This writing by John Hughlings Jackson (1835 − 1911) (York & Steinberg, 2006)

summarised the revolutionary idea for the nineteenth century that localisation of

focal lesion of the brain can be a key for interpret patients’ symptoms, as aphasia.

It was a real breakthrough in the holistic conception of human cortex, where all

brain areas were thought to work synergically (Zilles & Amunts, 2010).

In fact, the first association between specific brain areas and functions was about

language, based on the discoveries of Paul Broca (1861) and Carl Wernicke (1874).

P. Broca, a french neurosurgeon, studied brain anatomy of aphasic patients by
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post-mortem investigation, identifying an area in the frontal lobe as responsible of

speech production, the "Broca’s area", located in the frontal inferior gyrus includ-

ing posteriorly the pars opercularis and anteriorly the pars triangularis (Figure

1.1). Subsequently, C. Wernicke, a German Neurologist, identified the temporal

lobe as responsible for auditory comprehension, the "Wernicke’s area". He also

postulated a "psychic reflex arc" between the temporal and frontal areas, not neces-

sary the modern arcuate fasciculus, but a connection by an external capsule path-

way. In the meantime, the German neuroanatomists Johann Christian Reil (1812)

and Karl Friedrich Burdach (1822) identified a group of WM fibres arching around

the Sylvian fissure, the arcuate fasciculus; also described by Joseph Jules Dejerine

(1895) as the longitudinal fasciculus (Catani & de Schotten, 2012) (Figure 1.2).

These WM pathways were then investigated by Norman Geschwind (1972), eval-

uating translational studies in primates. N. Geschwind also characterised a third

parietal area involved in language function, an association area for "word mean-

ing representation", the Geschwind’s area (Figure 1.3). He was the first to make

the hypothesis of dysconnection syndroms, in which language deficits can arise from

damages of connections between integrated brain regions with distributed func-

tions. This was a second revolutionary prospective shift from focal lesion-language

deficit paradigm to connection symptoms mapping.

Nowadays, it is possible to measure in-vivo what was theorised by Wernicke with

MRI techniques, and address new questions about language, which is the char-

acterisation of language dysfunctions in neurodegenerative diseases or how lan-

guage recovers after stroke-induced aphasia.

Moreover, in 2005 a new concept of connectome was introduced by O. Sporns, G.

Tononi and R. Kotter (Sporns et al., 2005), and independently by P. Hagmann in his
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PhD thesis (Hagmann et al., 2007). The connectome is a matrix representation of

brain connections, at different resolution scales and with different modalities, e.g.

at a macroscale functional MRI (fMRI) can quantify a the functional connectome

and DTI the structural connectome.

These new powerful mathematical tools have been used in many neuroscience

applications (Sporns, 2010) and allow new multimodal brain cortex parcellation

(Glasser et al., 2016).

In addiction, even if it seems to be established that language functions are mainly

processed in the left hemisphere (Dick & Tremblay, 2012), it is worth to investigate

hemispheric differences of homologous areas. Interestingly, a recent research topic

is how different tractography methods can influence tractography reconstruction

of the arcuate fasciculus in the right hemisphere (Bain et al., 2019).

Figure 1.1: Cytoarchitectonic Brodmann areas.

Image from Amunts et al. (1999). Cytoarchitectonic mapping of hu-
man lateral brain surface, adapted from Brodmann (1909). Numbers
are according Brodmann area classifications. The locations of areas
44 and 45 are indicated by bold lines.
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Figure 1.2: "Anatomie des centres nerveux" white matter fibre repre-
sentation.

Images from pages 754 and 756 of Anatomie des centres nerveux
by Dejerine & Dejerine-Klumpke (1895), representing the left hemi-
sphere lateral view. On the left: fibres of the external capsule, the
uncinate fasciculus and arcuate or longitudinal fasciculi are shown.
On the right: left hemisphere uncinate fascicle, the arcuate fascicle
or superior longitudinal fascicle and the vertical occipital fascicle are
shown in transparency.

Arc, arcuate fascicle or superior longitudinal fascicle. - Ce, external capsule. - F2,
F3, second and third frontal convolutions. - f2- f3, , second and third (or H sulcus)
frontal sulcus. - F3(C), Cape of the third frontal convolution. - f4, olfactory sul-
cus. - Fa, ascending frontal convolution. - fa(pri), U-shaped fibers of the inferior
pre-Rolandic sulcus. - Fu, uncinate fascicle. - io, intra-occipital sulcus. - ip, intra-
parietal sulcus. - O1, O2, O3, first, second and third occipital convolutions. - oF1,
oF2, oF3, orbitary part of thefirst, second, and third frontal convolutions. - oF1(Gr),
rectus gyrus. - P1, P2, first and second parietal convolutions. - Pa, ascending pari-
etal convolution. - Pc, pli courbe. - po, occipito-parietal fissure. . - OpR, Rolandic
opercula. - por, post-Rolandic sulcus. - pri, inferior pre-Rolandic sulcus. - prs,
superior pre-Rolandic sulcus. - R, Rolando fissure. - T1, T2, first and second tem-
poral convolutions. - t1, parallel or first temporal sulcus. - t’1, vertical branches of
the parallel sulcus. - t2, second temporal sulcus. - Tp, deep temporal convolution.
- VS, Valley of Sylvius. - S(a), S(v), anterior and vertical branches of the Sylvian
fissure. -Ia, anterior insular convolution. Ip, posterior insular convolution. - ma,
anterior marginal sulcus. - mp, posterior marginal sulcus. - ms, superior marginal
sulcus. - oa, anterior occipital sulcus of Wernicke. - OpP2, parietal opercula. - Ov,
vertical occipital fascicle.

https://archive.org/details/anatomiedescentr01dj/page/754
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Figure 1.3: Broca-Wernicke-Geschwind language model.

from Mesulam et al. (2015). A panel: from Dejerine and Dejerine-
Klumpke (1895) where the Wernickes centre for auditory images of
words is indicated with ’A’, ’B’ is the the Brocas centre for motor
images of articulation and ’Pc’ is the the centre for visual images
of words. B panel: it is shown an evolution of the Wernicke’s area
definition by Penfield and Roberts (1959). C panel: The Geschwind
connectivity representation of the arcuate fasciculus connecting these
areas.
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1.3 LANGUAGE RELATED PATHOLOGIES

1.3.1 Primary Progressive Aphasia

In the late nineteenth century, two psychiatrists, the Czech Arnold Pick (1892) and

the French Paul Serieux (1893), described a progressive language disorder involv-

ing atrophy patterns in the frontal and temporal left hemisphere regions.

Subsequently, Mesulam (1982) described as first six patients who presented a pro-

gressive aphasia without a generalised dementia:

"The initial difficulty was an anomic aphasia in five of the patients and pure word deafness

in the sixth. [..]. Neurodiagnostic procedures were consistent with preferential involve-

ment of the left perisylvian region." (Mesulam, 1982)

Starting from these observations, criteria to diagnosis PPA have been defined by

Mesulam (2001, 2003) (Table 1.1).

Table 1.1: Primary Progressive Aphasia (PPA) diagnosis.

PPA diagnosis criteria (Mesulam, 2003):
Inclusion
criteria 1-3 must be answered positively
1. Most prominent clinical feature is difficulty with language;
2. These deficits are the principal cause of impaired daily living activities;
3. Aphasia should be the most prominent deficit at symptom onset and
for the initial phases of the disease.
Exclusion
criteria 1-4 must be answered negatively for a PPA diagnosis
1. Pattern of deficits is better accounted for by other non-degenerative
nervous system or medical disorders;
2. Cognitive disturbance is better accounted for by a psychiatric diagnosis;
3. Prominent initial episodic memory, visual memory, and
visuo-perceptual impairments;
4. Prominent, initial behavioural disturbance.
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The early diagnosis of PPA is usually based on mild but persistent pauses in

word-finding, which initially lead to a low-frequency in words production, or an

impairment in object naming, some abnormalities in syntax, spelling and word

comprehension errors (Rogalski & Mesulam, 2009).

The neuropsychological evaluation of PPA patients shows isolated language diffi-

culties and preserved other cognitive domains and daily activity. On the contrary,

personality changes are associated to the behavioural variant of fronto-temporal

dementia (Rogalski & Mesulam, 2009).

Moreover, PPA patients can be categorised into different variants according to pre-

sented language impairment (Rogalski & Mesulam, 2009; Gorno-Tempini et al.,

2011)

• semantic PPA (sPPA), characterised by a poor comprehension but a good syn-

tax;

• agrammatic PPA (aPPA), presenting a partial overlap with non-fluent PPA,

characterised by a poor syntax and fluency, but comprehension is preserved;

• logopenic PPA (lPPA), characterised by frequent pauses during world-findings,

but syntax and world comprehension are preserved;

• mixed PPA is a form where patient can have both syntax errors and poor

single world comprehension.

The classification of PPA into one of these variants may occur at one of three lev-

els: clinical, imaging supported or definite pathologic diagnosis. Clinical diagnosis

occurs when a case presents with speech and language features that are character-

istic of a specific variant. In addiction, clinical diagnosis criteria can be imaging-

supported, when the typical structural and functional neuroimaging changes are
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present. The third level, a definite pathology diagnosis, refers to cases that present

with typical clinical characteristics (with or without neuroimaging evidence) of

each variant and pathologic or genetic mutations associated with definite or Fronto

Temporal Lobar Degeneration (FTLD) spectrum, AD, or other specific etiology.

Gorno-Tempini et al. (2011) consensus paper provide criteria for non-fluent/agrammatic,

semantic and logopenic PPA diagnosis, which are respectively reported in Tables

1.2, 1.3 and 1.4.

The PPA variant characterisation is still in a evolving definition and also PPA pa-

tients may transit from a subtype to another in time (Rogalski & Mesulam, 2009).

Definite pathology diagnosis may occur when there is a clinical diagnosis of PPA,

and either histopathologic evidence of a specific neurodegenerative pathology (e.g.,

FTLD-tau, FTLD-TDP, AD, other) or presence of a known pathogenic mutation

(Gorno-Tempini et al., 2011).

NON FLUENT/AGRAMMATICAL PPA VARIANT
Clinical diagnosis
At least one the following core features must be present
1. Agrammatism in language production;
2. Effortful, halting speech with inconsistent speech sound errors
and distortions (apraxia of speech).
At least 2 of 3 of the following other features must be present:
1. Impaired comprehension of syntactically complex sentences;
2. Spared single-word comprehension
3. Spared object knowledge
Imaging-supported diagnosis
In addiction to clinical diagnosis, imaging must show one or more of the
following results:
a. Predominant left posterior fronto-insular atrophy on MRI or
b. Predominant left posterior fronto-insular hypoperfusion or
hypometabolism on SPECT or PET.

Table 1.2: Non-fluent or agrammatical Primary Progressive Apha-
sia (PPA) variant clinical and imaging-supported diagnosis (Gorno-
Tempini et al., 2011).
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SEMANTIC PPA VARIANT
Clinical diagnosis
Both of the following core features must be present:
1. Impaired confrontation naming;
2. Impaired single-world comrehension.
At least three of the following diagnostic features must be present:
1. Impaired object knowledge, particularly for low-frequency or
low-familiarity items;
2. Surface dyslexia or dysgraphia;
3. Spared repetition;
4. Spared speech production (grammar and motor speech).
Imaging-supported diagnosis
In addiction to clinical diagnosis, imaging must show one or more of the
following results:
a. Predominant anterior temporal lobe atrophy;
b. Predominant anterior temporal hypoperfusion or
hypometabolism on SPECT or PET.

Table 1.3: Semantic Primary Progressive Aphasia (PPA) variant clin-
ical and imaging-supported diagnosis (Gorno-Tempini et al., 2011).
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LOGOPENIC PPA VARIANT
Clinical diagnosis
Both of the following core features must be present:
1. Impaired single-word retrieval in spontaneous speech and naming;
2. Impaired repetition of sentences and phrases.
At least 3 of the following other features must be present:
1. Speech (phonologic) errors in spontaneous speech and naming;
2. Spared single-word comprehension and object knowledge;
3. Spared motor speech;
4. Absence of frank agrammatism.
Imaging-supported diagnosis
In addiction to clinical diagnosis, imaging must show at least one of the
following results:
a. Predominant left posterior perisylvian or parietal atrophy on MRI;
b. Predominant left posterior perisylvian or parietal hypoperfusion or
hypometabolism on SPECT or PET.

Table 1.4: Logopenic Primary Progressive Aphasia (PPA) variant
clinical and imaging-supported diagnosis (Gorno-Tempini et al.,
2011).

1.3.2 Stroke-related aphasia

Language dysfunctions may occur after stroke, in particular aphasia is present in

21 − 38 % of acute stroke (Berthier, 2005). Stroke-induced aphasia significantly

negatively impacts quality of life and speech-language therapy remains the main-

stay treatment for these patients (Berthier, 2005).

Aphasia is typically correlated to ischemic or hemorrhagic stoke of the middle

cerebral artery (MCA) which supplies the medial regions, insula cortex and frontal

operculum areas, involved in language processing (Figure 1.4).

Stroke can be divided into two main categories:

• ischemic stroke: arterial occlusion (84%);

• haemorrhagic stroke (16%) affecting brain parenchyma divided in intracere-

bral and subarachnoidal haemorrhage.
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Neurological symptoms can be: motor, sensory, behavioural, cognitive or behavioural

on the basis of the vascular territory involved.

Aphasia typically occurs when the stroke is located in the left hemisphere, domi-

nant for language, and in rare cases of "cross aphasia" the lesion in present in the

right hemisphere.

Historically, stroke-induced aphasia may have two clinical aphasia presentations:

• Broca-type, impairment of the grammatical system and in sequencing of ar-

ticulatory movements required for speaking (apraxia);

• Wernicke-type, impairment in the lexical/semantic systems.

Recently, Ardila (2010) proposed a reclassification of aphasic syndromes consid-

ering: primary language impairment (central aphasia), secondary language dis-

turbances (peripheral aphasia) and executive control impairments (dysexecutive

aphasia).

Figure 1.4: Cerebral vascular artery territories.

Images modified from Netter (2019) representing the blood supply
of the brain by the cerebral arteries (anterior, middle and posterior).
Lateral (left) and medial (right) views.
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Type Impairment
Primary (central) aphasias Language system impaired
Wernicke-type (fluent aphasia) Phonological level, Lexical level, Semantic

level
Broca-type (non-fluent aphasia) Sequencing expressive elements at syntac-

tic and phonetic level
Secondary (peripheral)
aphasias

Mechanisms of production impaired

Conduction aphasia Disconnection (or segmentary ideomotor
verbal apraxia)

SMA aphasia To initiate and maintain voluntary speech
production

Dysexecutive aphasia Language executive control impaired
Extra-Sylvian (transcortical) mo-
tor aphasia

Executive control of language

Table 1.5: Ardila (2010) classification of aphasia syndromes.

1.4 QUANTITATIVE MRI MEASURES

1.4.1 Introduction to Magnetic Resonance Imaging

MRI is a multimodal imaging technique, changing the acquisition scheme is pos-

sible to appreciate different contrasts in brain tissues, e.g. grey matter (GM) and

WM, and also measure specific tissue properties, such as proton diffusivity and

arterial blood perfusion. This MRI flexibility and sensitivity is a powerful tool in

the detection of brain tissue abnormalities.

Additionally, MRI is a non invasive technique, contrarily to PET or X-ray imaging,

MRI does not employ ionising radiation. The MRI physics exploited the resonance

between molecular protons (H1) and radiofrequency (RF) waves (frequency range

of MHz), described by the Larmor frequency law:

ωLarmor = γB0 (1.1)
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where γ is the gyromagnetic ratio characteristic of the proton nuclei H1 : γ =

42.58MHz
T

and B0 is the external static magnetic field (e.g. 1.5T or 3T).

Proton spin orientation can be manipulated by applying an external electromag-

netic fields with frequency ωLarmor and a significant signal emerges from the sum of

the all affected proton fields. Changing in spin orientations can be measure though

the interaction of the protons’ magnetic fields with a coil detector, described by the

Faraday’s law of electromagnetic induction.

Moreover, in the evaluation of the MRI signal it is important to consider the in-

teraction of proton spins and the neighbouring atoms, resulting in changing of H1

spin precession frequency.

Protons are part of an atom lattice, with which are in thermal contact. In terms, of

quantum language, a spin exchange a quantum of energy with the lattice, resulting

in a reduction of the longitudinal component of the proton local magnetic moment

per unit volume, or magnetisation: M⃗(r⃗, t).

The rate of change of the longitudinal component dMz(t)/dt is proportional to a

constant, empirically defined (T1):

dMz

dt
=

1

T1

(M0 −Mz) (1.2)

where M0 is the magnetisation equilibrium value, Mz is the longitudinal compo-

nent and T1 is the empirically defined "spin-lattice relaxation time". The integra-

tion of Eq. 1.2 results in the exponential decay of the magnetisation longitudinal

component:

Mz(t) = Mz(0)e
t/T1 +M0(1− et/T1) (1.3)
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Variations in local magnetic fields will influence the spin processional frequencies,

causing a spin fanning out over time and a reduction of the transverse magneti-

sation component (Mxy). This transverse decay is described by another empirical

parameter: the "spin-spin" relaxation time T2:

Mxy(t) = Mxy(0)e
t/T2 (1.4)

In addiction, spin dephasing is caused by inhomogeneities of the external magnetic

field, described by a separate decay time T ′
2. Thus, the total Mxy relaxation rate will

be described by:
1

T2∗
=

1

T2

+
1

T ′
2

(1.5)

Considering both the Eq. 1.3 and 1.4, the vector equation of the magnetisation

equation is defined by the empirical law, known as the "Bloch equation":

dM⃗

dt
= γM⃗ × B⃗ext +

1

T1

(M0 −Mz)ẑ −
1

T2

M⃗xy (1.6)

Longitudinal and transverse relaxation behaviours can be manipulated to obtain

different contrasts between tissues in MRI, such as T1-weighted (T1w) or T2-weighted

(T2w) images. To accomplish this, RF fields are applied for a short time, thus are

called RF pulses, and consequently the magnetisation vector rotates away from

the alignment along the B0 static magnetic field. A π/2 pulse will rotate the M⃗ in a

direction orthogonal to B0, and a π pulse will invert the precession orientation of

the proton spins.

Other important parameters in the collection of the MRI signal are:

• the timing on which the signal is acquired with respect to the application of
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the RF pulse, time of echo (TE).

• the timing that is given to proton spin to achieve to the magnetisation equi-

librium, time of relaxation (TR);

where TE << TR, and the measure signal is given by the Bloch equation solution

(Eq. 1.6) at TE.

Each MRI modality is characterised by a specific RF pulse sequence, where the

acquisition imaging parameters are defined. Subsequently, further spin manip-

ulation are needed to obtain a 3D volume imaging. To this purpose additional

magnetic gradients are used to associate a spatial position to specific phase and

frequency spin precession. A conventional 3D imaging approach is acquiring 2D

images along a slice select direction by phase encoding.

In the following paragraphs, I will introduce the MRI sequences used in the char-

acterisation of the language network.

1.4.2 T1-w imaging and cortical thickness measure

To obtain a T1-w MRI imaging, appropriate choices of TE and TR must be taken.

If we consider a spin-echo sequence, in which first a π/2 pulse is applied and sub-

sequently a π pulse, the MRI signal will be given by following formula:

S = N(H)(1− eTR/T1)eTE/T ∗
2 (1.7)

where if TE << T ∗
2 , thus eTE/T ∗

2 → 1, leading to a MRI signal mostly weighted on

T1 relaxation time.

Using automated method from T1w images, it is possible to extract cortical

thickness measures, defined as the distance between brain pial surface and the
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GM-WM interface (Figure 1.5). Cortical thickness measures can be used to detect

focal atrophy in small cohort of patients or even in individual subjects (Fischl &

Dale, 2000).

Figure 1.5: Cortical thickness measure extraction.

Figure adapted from Fischl & Dale (2000). Panel A: Coronal (left) and
axial (right) slices of the left hemisphere. Overlapped to T1w image,
in yellow the grey-white matter interface and in red the pial surface.
Panel B: later view of three-dimensional surface reconstruction of
grey-white matter (Left), pial (Center) and inflated (Right) surface
representation. Overlaid, cortical thickness measures.

1.4.3 Diffusion weighted imaging and micro-structural measures

Albert Einstein (1905) in his PhD thesis described molecular self-diffusivity, ex-

panding the Fick laws of particle diffusivity in the absence of a concentration gra-

dient. He made a microscopic and probabilistic interpretation of the Fick laws,

showing that molecules move by a random Brownian motion with a coefficient of



21

diffusivity (D) proportional to molecular size and temperature.

Focusing on MRI, water self-diffusivity coefficient at body temperature is: D =

3× 10−3mm2/s. In terms of MRI signal, protons Brownian motion lead to a signal

loss, since proton fluctuations in presence of local fields variations caused phase

changing and thus spin dephasing.

In 1956, Henry C. Torrey as first integrated the self-diffusivity contribution in the

Bloch equation (Eq. 1.6) for proton spin relaxation. Thus, an expanded Bloch-

Torrey equation for spin magnetisation relaxation was introduced:

dM⃗

dt
= γ(M⃗ × B⃗0) +D∇2M (1.8)

Afterwards, in 1965, Edward O. Stejskal and John E. Tanner proposed an MRI se-

quence to measure D though MRI (Stejskal & Tanner, 1965). They introduced two

pulse magnetic gradient field in the spin-echo sequence, the first before the π RF

pulse and the second after, with the same intensity (G) and duration (δ), separated

by time interval ∆.

In this manner, if proton spin move, the phase shift introduced by the fist magnetic

gradient will not be canceled by the second one, causing a reduction in the echo

signal intensity (Figure 1.6).

Thus, in presence of diffusion the acquired MRI signal will be modulated by an

addiction exponential factor with respect to Eq.1.7:

S = N(H)(1− eTR/T1)eTE/T ∗
2 ebD (1.9)
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where D is the coefficient of water diffusivity and b is a factor resulting by the

integration of the applied magnetic field in time:

b = γ2

TE∫
0

(

t∫
0

G(t′)dt′)2dt = γ2G2δ2(∆− δ

3
) (1.10)

In biological tissues, diffusivity is often restricted by microstructual barriers

that hinder molecule random walk. Thus, diffusivity will not be isotropic in space,

without a preferential direction, but restricted and/or directed in a specific direc-

tion, showing then an anisotropic diffusivity profile. This is the case of diffusivity

within axons, in which water molecule diffusion follows the direction of the axon

fibrillar structure in a preferential direction, parallel to white matter fibre trajecto-

ries.

Carlo Pierpaoli at the second meeting of the Society of Magnetic Resonance, San Fran-

cisco 1994 (Pierpaoli et al., 1994), proposed as first anisotropy indexes of brain

white matter, basing on DTI model proposed by Basser et al. (1994) (Pierpaoli &

Basser, 1996). In Figure 1.7 a schematic representation of an ellipsoidal diffusion

profile with reported eigenvalues: λ1, λ2 and λ3, and in Figure 1.8 the first pro-

posed anisotropy index ("volume ratio").

Nowadays, diffusion measures are commonly used for clinical evaluations, and

some of the most used diffusion tensor metrics are (Johansen-Berg & Behrens,

2013):

• the Fractional Anisotropy (FA), evaluated as:

FA =

√
3

2

(λ1− < λ >)2 + (λ2− < λ >)2 + (λ3− < λ >)2

λ2
1 + λ2

2 + λ2
3

(1.11)
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Figure 1.6: Stejskal and Tanner sequence for measuring the diffusion
coefficient in MRI.

Figure modified from Heisel et al. (2012). On the top: the RF pulse
sequence, a first π

2
pulse is applied, followed by a second π pulse

after a time interval τ . At TE = 2τ the echo signal is acquired. δ is
the duration of the diffusion magnetic gradient applied and ∆ is the
time separating the two gradients. Panel A: in the first column all
the spins are pushed in the plane orthogonal to the static magnetic
field by the π

2
pulse, in the second column spin start to dephase, in

the third column after the application of the π pulse spin precession
direction is inverted, and in the fourth column all the spins are in
phase producing the echo. Panel B: the same scheme of panel A is
illustrated but in presence of spin diffusivity, in this case spins do not
see the same magnetic gradient strength, causing a signal attenuation
showed in the forth column.
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where < λ > is the eigenvalue average.

• Mean Diffusivity (MD), evaluated as:

MD =
λ1 + λ2 + λ3

3
(1.12)

• Radial Diffusivity (RD), evaluated as:

RD =
λ2 + λ3

3
(1.13)

Figure 1.7: Schematics for the diffusion ellipsoid eigenvalues.

Schematic representation of an ellipsoid anisotropic diffusion profile,
where eigenvalues (λ1, λ2 and λ3) are reported next to the principal
axes (red).

1.4.4 Arterial spin labeling and cerebral blood flow quantification

Perfusion in the brain can be non invasively evaluated using ASL. This technique

does not require contrast agent injection, but uses the blood itself as tracer. In

particular the arterial flow, passing through the neck, is labelled before reaching

tissues and perfusion images are obtained as a subtraction of label and control

images (Chappell et al., 2018). Different labelling techniques are possible: pulsed,
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Figure 1.8: First diffusion anisotropy index for brain white matter.

Image from Pierpaoli et al. (1994). A coronal section of a monkey
brain for which the volume ratio anisotropy index, defined as V ol −
ratio = 27 λ1λ2λ3

(λ1+λ2+λ3)
, was evaluated.

continuous and pseudo-continuous (Alsop et al., 2015) (Figure 1.9 A).

Perfusion, defined as the volume of blood travelling through a tissue mass over

time, is tissue-dependent: GM perfusion is approximately 60mL/100g/min and

WM is about 20 mL/100g/min (Huettel et al., 2004) (Figure 1.9 B).

ASL can be used as a quantitative technique to measure CBF, defined as established

in the Alsop et al. (2015) white paper:

CBF = 6000
λ(Scontrol − Slabel)e

PLD/T1

2αT1SPD(1− e−τ/T1)
(1.14)

where SPD is the magnitude of the proton-density-weighed image, PLD is the

post-labelling delay, T1 longitudinal relaxation time of arterial blood at 3T (as stan-

dard considered 1.65s), α the standard value of labelling efficacy (for a pseudo-

continuous ASL sequence is 0.85), λ is the single whole brain partition coefficient

(0.9 taking account density differences in water, blood and tissue); the value 6000

is for converting in the standard units ml/100g/min.

Moreover, Chen et al. (2015a) showed how ASL can be used to assess resting state
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functions in the brain comparing to resting-Functional MRI (rFMRI). In fact, CBF

is normally coupled to glucose, metabolism and neuronal activity, strictly related

to Blood Oxygen Level Dependent (BOLD) signal (Huettel et al., 2004).

Figure 1.9: Cerebral blood flow quantification using ASL.

Images modified from Alsop et al. (2015). Panel A: schematic di-
agram of Arterial Spin Labelling (ASL) blood labelling: selecting a
slab of tissue, including arterial blood, with a pulse impulse (PASL),
or selecting a labelling plane using a continuous (CASL) or pseudo-
continuous (PCASL) pulse. Panel B: Example of a Cerebral Blood
Flow (CBF) map (ml/100g/min) overlay to a T1w image for a pa-
tient with semantic dementia (not low CBF in left temporal lobe).
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1.5 WHITE MATTER LANGUAGE NETWORK AND TRACTOGRAPHY TECH-

NIQUES

In the modern literature, the predominant Broca-Wernicke-Geschwind language

model (Figure 1.3) has been revised in favour of a more distributed cortical and

sub-cortical system for language processing (Dick et al., 2014).

The most promising framework is the dual stream language processing: a dorsal

route involving the arcuate fasciculus (Figure 1.10 A), and a ventral route com-

posed by tracts passing though the external capsule towards the frontal lobe, and

connecting the anterior temporal lobe to occipital cortex (Figure 1.10 B). In ad-

diction, new emphasis has been given to the speech "motor stream" with the in-

vestigation of the frontal aslant tract, connecting the inferior frontal lobe to pre-

supplementary motor area and anterior cingulate cortex (Catani et al., 2013) (Fig-

ure 1.10 C).

Tractography methods

In 1999, the first tractography algorithms were published (Jones et al., 1999; Con-

turo et al., 1999; Mori et al., 1999). It was a breakthrough in the neuroimaging field.

New algorithms to visualise in vivo and non-invasively neuronal projections were

developed (Mori et al., 1999). There was a great enthusiasm in the scientific com-

munity, looking towards the new potentiality of connectivity investigation and ap-

plications in neurological, psychiatric, and developmental disorders (Jones et al.,

1999).

However, the challenge of mapping the human connectome, based on DTI, brought

to a great variety of tractography algorithms, ranging from deterministic to prob-

abilistic fibre modelling (Maier-Hein et al., 2017).
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Figure 1.10: Schematics for the language network tracts.

Images modified from Dick et al. (2014). In the background, brain
lateral views from dissections by Ludwig and Klingler (1956; Table 6
and 8). Panel A: on the left, the arcuate three segment model, com-
posed by a long component, and the indirect anterior and posterior
segments (Catani et al., 2005). On the right, the arcuate two-segment
model composed by two long segment connecting the middle or su-
perior temporal gyri (Rilling et al., 2008). Panel B: the ventral streams
labelled with different colours, whereas the dorsal arcuate stream is
represented in white. Panel C: bilateral connections of the frontal
aslant tract in a coronal section, with outline origins in the inferior
frontal gyrus pars opercularis (IFGOp) and the superior frontal gyrus
(SFG).
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The different approaches to fibre reconstruction can be classified in single or mul-

tiple fibre modelling at voxel level (Figure 1.11). As first, tractography algorithms

based on diffusion tensor modelling provided information of a dominant single fi-

bre orientation, used to integrate connectivity pathway trajectories. Subsequently,

the mapping of complex WM configurations, such as crossing fibres, has been ad-

dressed (Tuch et al., 2002), and new high-order multiple fibre algorithm proposed

(Anderson, 2005).

Behrens et al. (2003) proposed the "ball and sticks model", where the isotropic dif-

fusion background (ball) is separated from the ansitropic tensors (sticks) evaluat-

ing partial volume effects. Subsequently, different fibre orientations are estimated

by Bayesian interference (Figure 1.12). Using a Monte Carlo chain modelling the

uncertainty of diffusion parameters can be estimated. A probabilistic streamline

propagation is performed by random sampling of the possible angular fibre ori-

entations. This approach has been shown to offer a significant advantage in non-

dominant fibre tracking (Behrens et al., 2007).

Diffusion modelling can be performed also using spherical devonvolution, which

allows a direct estimation of fibre orientation distribution (Tournier et al., 2004).

First a single-fibre response function has to be estimated, one method is making

the assumption that in voxels with higher FA, there is only one dominant fibre ori-

entation. The response function is needed as kernel to deconvolve the diffusion

signal in the different fibre orientations (Tournier et al., 2004).

In the spherical deconvolution framework different implementations are possible,

Tournier et al. (2007) proposed the constrained spherical deconvolution, in which

non-negatively constraints are imposed, whereas Dell’Acqua et al. (2007) proposed

the Richardson-Lucy spherical deconvolution. This algorithm was first proposed
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to restore astronomical images (White, 1994), and it has been modified by Flavio

Dell’Acqua to take into account noise contributions in DTI data.

The tractography modelling evolution has been deeply connected to improve-

ments in DWI acquisition protocols, offering nowadays the possibility to acquire

High Angular Resolution Diffusion Imaging (HARDI). In fact, it has been shown

that intravoxel white matter fiber heterogenity could be resolved by using high b-

value diffusion gradient sampling schemes (Tuch et al., 2002).

These advanced tractography methods improve fibre reconstruction, and are used

in presurgical evaluation to offer potential patient’s personalised treatment strate-

gies (Castellano et al., 2017).

However, even if a "gold standard" for fibre reconstruction has not been estab-

lished, post-mortem can be used as validation method. In Figure 1.13 left-hemisphere

dissection (De Benedictis et al., 2014) showing the arcuate fasciculus three segment

model proposed by (Catani et al., 2005) using tractography. In Figure 1.14 the dis-

section of the uncinate fasciculus (Kier et al., 2004) is shown.
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Figure 1.11: Single and multiple fibre modelling.

Image from Dell’Acqua & Tournier (2019). Different modelling of
the diffusion signal are shown. On the left: diffusion ellipsoids ob-
tained with diffusion tensor imaging (DTI) model, describing a sin-
gle dominant fiber orientation within each voxel. On the right: mul-
tiple fiber evaluation within each voxel, using spherical deconvolu-
tion (SD) modelling.

Figure 1.12: Ball and sticks multi-compartment diffusion modelling.

Image modified from Behrens et al. (2007) showing probabilistic
multi-orientation fitting. Sagittal (A) and axial (B) slices with close
ups of crossing fibre bundles of the arcuate fasciculus. In red first
dominant fibre orientation and in blue the second.
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Figure 1.13: Arcuate post-mortem dissection.

Image from De Benedictis et al. (2014) showing the arcuate fascicu-
lus (AF) dissection for the left hemisphere, proceeding in a lateral-
medial direction. Panel A: starting at the tempo-parietal junction the
posterior AF segment (blue arrow) was identified, connecting the
posterior superior and middle temporal gyri (pink circle) with the
ventral part of the inferior parietal lobe (blue circle, red pin). Panel B:
the anterior AF group (blue arrows) connecting to the inferior frontal
gyrus to the dorsal inferior parietal lobe (green circle) and to the pos-
terior part of the superior temporal gyrus (yellow arrow). Panel C:
the posterior AF component was lifted and separated (pink circle,
pink pin) from the deeper AF fibres. Panel D: complete exposure
of the AF long segment, connecting directly part of the superior and
middle temporal gyri to the frontal lobe. AF terminations (blue tags)
are directed to the pars opercularis (green circle), pars triangularis
(yellow circle) and middle frontal gyrus (violet circle).
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Figure 1.14: Uncinate post-mortem dissection.

Image from Kier et al. (2004) for the uncinate fasciculus (UF) dis-
section. Panel A: photograph of the lateral aspect of the dissected
brain showing the UF (transparent red) connecting the temporal and
frontal lobe. To visualise the UF it has been removed: part of the
anterior segment of the superior temporal gyrus (S), portion of the
middle temporal gyrus (M) and the temporal lobe. The white arrow
indicates the horizontal segment of the middle cerebral artery. Panel
B: with a three-dimensional MRI rendering the same UF lateral dis-
section (red) is shown.
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CHAPTER 2

Cortical thickness neurodegeneration prospective

In this chapter, cortical thickness atrophy patterns in neurodegenerative patholo-

gies were investigated. Patients were recruited by the IRCCS Istituto delle Scienze

Neurologiche di Bologna. I had the possibility to collaborate with the clinical neu-

ropsychologist PhD Micaela Mitolo to evaluate patient clinical assessments and

discuss brain area involvement in the different neurodegeneration processes.

Preliminary results of this study has been presented at the X AIRMM Congress

(Talozzi et al., 2019c), and I was awarded with the AIRMM Grant to attend the

meeting.

Aim of the study was the evaluation of differences between patients with promi-

nent language dysfunctions, PPA, patients with AD and a control group of HC.

Additionally, within the PPA group, correlation of cortical thickness measures and

a category world fluency test (Novelli et al., 1986) was evaluated.
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2.1 DIFFERENTIAL ANALYSIS - PPA vs AD

Material and Methods

Participants

AD and PPA patients were recruited by the IRCCS Istituto delle Scienze Neurologiche

di Bologna, whereas healthy controls by the Functional MR Unit - Department of

Biomedical and Neuromotor Sciences, University of Bologna. PPA patients were

diagnosed following the criteria of Mesulam (2003) (Table 1.1), whereas AD pa-

tients were diagnosed following the criteria published in McKhann et al. (2011),

because their recruitment started before Dubois et al. (2014) criteria, then not for

all AD patients PET scan or cerebral spinal fluid analysis were available.

In summary, participants of the study were (mean ± standard deviation):

• n=18 PPA, 6M/12F, 69 ± 7 years old;

• n=18 AD, 9M/9F, 68 ± 8 years old;

• n=18 HC, 10M/8F, 65 ± 9 years old.

In addiction to the root PPA diagnosis, patients were characterised in clinical vari-

ant according to specific language deficits: n=4 semantic, n=11 agrammatic, n=3

logopenic variants. Demographic features are reported in Table 2.1.

The three groups were matched with respect to age and gender.

Imaging

All participants of the study underwent a standardised T1-weighted protocol at

the S.Orsola-Malpighi Hospital, Bologna; acquisition parameters are reported in

Table 2.2.
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FreeSurfer v6 software was used to extract cortical thickness measures according

to the Desikan-Killiany atlas (Desikan et al., 2006) in the left and right hemisphere.

Thirty-three cortical regions were segemented for each hemisphere, as shown in

Figure 2.1.

Table 2.2: Acquisition parameters T1w - cortical thickness study.

Static field strength = 1.5 T
Scanner model = SIGNA HDx 15 GE

Coil = Birdcage head coil
Sequence = Fast Spoiled Gradient echo (FSPGR)

Time of echo = 5.1 ms
Time of relaxation = 12.5 ms
Time of inversion = 600 ms

In plane resolution = 1 x 1 mm2

Slice thickness = 1 mm
Field of view = 25.6 x 25.6 cm2

Acquisition of T1-weighted images was performed at S.Orsola-
Malpighi Hospital, Pad. 11, Bologna (IT).

Statistical analysis

First, data normality was evaluated using the Shapiro-Wilk test, and since some

of the extracted cortical thickness measures did not follow a Gaussian distribution

(n=15 left and right cortical regions), the non-parametric Mann-Whitney test was

used for group comparison. Moreover, p-values were corrected for false discovery

rate (fdr) errors (Benjamini & Hochberg, 1995), taking into account multiple com-

parisons across the sixty-six cortical regions.

Subsequently, a discriminant function analysis was evaluated to differentiate PPA

and AD. This is a pattern recognition algorithm that uses reduction dimensional-

ity of multiple input variables, before applying a linear classifier to discriminate

groups. Subsequently, a leave-one-out classification method was used for cross-

https://surfer.nmr.mgh.harvard.edu/
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Figure 2.1: Desikan-Killiany atlas cortical parcelization.

Image from (Desikan et al., 2006). Desikan-Killiany atlas cortical
parcelization implemented in the Freesurfer software.
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validation, where at each iteration one of the subject is excluded from the train-

ing set to test the method accuracy, by looking if it is correctly classified in one

of the two groups. Statistical analyses were performed both using SPSS v25 and

Matlab R2018a software.

Results - group comparisons

In Figure 2.2 surface projections of p-values corresponding to comparisons across

all groups are reported. In particular, in AD patients and controls comparison, the

patients’ cortical thickness atrophy was widespread, involving bilateral temporal,

occipital and mesial areas, whereas frontal regions were more reduced in the right

hemisphere. See Table 2.3 for quantitative cortical thickness values and reported

p-values.

On the contrary, comparing PPA vs controls, the patients’ cortical atrophy pattern

is predominantly present on the left, including temporo-parietal areas, frontal and

motor cortex and portion of the dorsal cingulate. On the right, the precentral cortex

is also more reduced in PPA, and with less extent also the angular, supramarginal

and middle temporal gyrus, see Table 2.4 for comparison results.

Then considering the two neurodegenerative diseases, we were not able to find

strong significant differences as in the comparisons with controls (p-values < 0.005,

fdr corrected). However, if we consider differences with a p-value < 0.05 non fdr

corrected (Table 2.5), a consistent cortical eloquent thickness reduction is measured

in PPA with respect to AD: left pars opercularis and triangularis, middle and supe-

rior temporal gyri. On the contrary, right portion of the posterior cingulate and the

right later occipital cortex presented a reduced cortical thickness in AD patients.

https://www-01.ibm.com/support/docview.wss?uid=swg24043678
https://it.mathworks.com/products/new_products/release2018a.html
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Figure 2.2: Surface projections of group comparison p-values.

P-values resulted from the Mann Whitney test are shown, projected
an average brain surface using freesurfer_statsurf_display Matlab
function.Top left: comparison of AD and controls, regions with p-
values < 0.005, fdr corrected, are shown. Top right: comparison of
PPA and controls regions with p-values < 0.005, fdr corrected, are
shown. Bottom: comparison of PPA and AD, regions with p-values
< 0.05 are shown.
HC=Healthy Controls; AD=Alzheimer’s Disease; PPA=Primary Progres-
sive Aphasia; fdr=false discovery rate.

https://developmentalimagingmcri.github.io/freesurfer_statsurf_display/
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Table 2.3: Results of the Mann-Whitney test for comparison of
Healthy Controls (HC) and Alzheimer’s Disease (AD) cortical thick-
ness (CT) values in the left and light hemisphere.

Cortical regions p-value HC CT (mm) AD CT (mm)
Right caudal middle frontal gyrus 1.29E-03 2.4 2.1
Right isthmus cingulate 1.29E-03 2.2 1.8
Right pre-cuneus 1.29E-03 2.2 2
Left entorhinal cortex 1.51E-03 3.1 2.5
Left isthmus cingulate 1.51E-03 2.2 1.9
Left superior temporal gyrus 1.51E-03 2.5 2.2
Left caudal middle frontal gyrus 1.67E-03 2.4 2.2
Left inferior parietal gyrus 1.70E-03 2.3 2
Left superior frontal gyrus 1.70E-03 2.6 2.4
Right fusiform gyrus 1.70E-03 2.4 2.2
Right entorhinal cortex 1.81E-03 3.2 2.6
Right lateral occipital cortex 1.81E-03 2 1.9
Left supramarginal gyrus 1.89E-03 2.3 2.1
Left fusiform gyrus 2.06E-03 2.4 2.1
Left middle temporal gyrus 2.06E-03 2.7 2.4
Right superior temporal gyrus 2.06E-03 2.5 2.3
Right inferior parietal gyrus 2.46E-03 2.3 2
Right middle temporal gyrus 2.46E-03 2.6 2.4
Left inferior temporal gyrus 2.93E-03 2.6 2.3
Right supramarginal gyrus 3.12E-03 2.3 2.1
Right inferior temporal gyrus 3.32E-03 2.6 2.4

Cortical regions are sorted with increasing p-values, corrected for
false discovery rate (only p-value < 0.005 are shown). For HC and
AD, median values of CT are shown, in bold the lowest median CT
across groups, which correspond to all the CT values of AD.
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Table 2.4: Results of the Mann-Whitney test for comparison of
Healthy Controls (HC) and Primary Progressive Aphasia (PPA) cor-
tical thickness (CT) values in the left and light hemisphere.

Cortical regions p-value HC CT (mm) PPA CT (mm)
Left caudal middle frontal gyrus 3.65E-04 2.4 2.2
Left inferior temporal gyrus 3.65E-04 2.6 2.2
Left middle temporal gyrus 3.65E-04 2.7 2.3
Left pars opercularis 3.65E-04 2.4 2.1
Left superior frontal gyrus 3.65E-04 2.6 2.3
Left superior temporal gyrus 6.89E-04 2.5 2.1
Left precuneus 7.71E-04 2.1 2
Left supramarginal gyrus 8.75E-04 2.3 2.1
Left inferior parietal gyrus 9.08E-04 2.3 2
Right caudal middle frontal gyrus 9.08E-04 2.4 2.2
Left precentral gyrus 1.55E-03 2.4 2.2
Left entorhinal cortex 3.11E-03 3.1 2.5
Left fusiform gyrus 3.11E-03 2.4 2.1
Left isthmus cingulate 3.11E-03 2.2 2
Left posterior cingulate 3.11E-03 2.3 2.2
Right precentral gyrus 3.11E-03 2.4 2.2
Left temporal pole 3.67E-03 3.5 3
Right inferior parietal gyrus 4.33E-03 2.3 2.1
Right supramarginal gyrus 4.59E-03 2.3 2.1
Right middle temporal gyrus 4.60E-03 2.6 2.4

Cortical regions are sorted with increasing p-values, corrected for
false discovery rate (only p-value < 0.005 are shown). For HC and
PPA median values of CT are shown, in bold the lowest median CT
across groups, which correspond to all the CT values for PPA.
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Table 2.5: Results of the Mann-Whitney test for comparison of Pri-
mary Progressive Aphasia (PPA) and Alzheimer’s Disease (AD) cor-
tical thickness (CT) values in the left and light hemisphere.

Cortical regions p-value PPA CT (mm) AD CT (mm)
Right isthmus cingulate 0.009 2.1 1.8
Left superior temporal gyrus 0.011 2.1 2.2
Left middle temporal gyrus 0.018 2.3 2.4
Left pars opercularis 0.019 2.1 2.3
Left pars triangularis 0.034 2.1 2.2
Right lateral occipital cortex 0.043 2 1.9
Cortical regions are sorted with increasing p-values, only p-value <
0.05 are shown . For PPA and AD median values of CT are shown, in
bold the lowest median CT across groups.

Results - discriminant function analysis

Regions that significantly different in PPA and AD (Table 2.5) were considered in

the discriminant function analysis. In particular, one of the requirement of this

analysis is independence, thus the following variables were excluded after per-

forming a Person’s correlation and considering the one with a lower p-value in the

Mann Whitney test:

• the left middle temporal gyrus that significantly correlates with the left su-

perior temporal gyrus R=0.718 (p-value=5.3E-06);

• left pars triangularis that significantly correlates with the left par opercularis

R=0.621 (p-value=8.1E-08);

• right lateral occipital cortex since significantly correlates with the right isth-

mus cortex R=0.574 (p-value=2.5E-04).

After these considerations, variables of the discriminant function were the left pars

opercularis, the left superior temporal gyrus and right isthmus cortex. These vari-
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ables also fulfil the Leven’s criteria of equality in error variance (p>0.1).

As result, one discriminant function was found that explains the 100% of vari-

able’s variance and discriminated the two groups with a p-value=2.3E-6 (Wilks’

Lamba=0.476). In Table 2.6 the polled within-groups correlations between the

discriminant function and variables are reported. Discriminant function analy-

sis showed different pattern of cortical reduction between the two groups: in AD

patients the right isthmus cingulate was reduced, and in PPA the left superior tem-

poral and pars opercularis.

Moreover, the leave-one out cross-validation method showed a corrected classifi-

cation of 86.1% of subjects: 83.3% PPA were correctly classified and 88.9% of AD

were correctly classified.

Table 2.6: Discriminant function analysis to classify PPA and AD
patients.

Cortical regions R
Right isthmus cingulate -0.479
Left superior temporal gyrus 0.434
Left pars opercularis 0.334

Correlations between the discriminant function and variables are
shown. 86.1% of subjects were correctly classified using a leave-one
out classification method.
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2.2 CORRELATIONS WITH CATEGORY WORLD FLUENCY TEST IN PPA

Material and Methods

Within the PPA patient group (Table 2.1) only patients who performed the cate-

gory world fluency test (Novelli et al., 1986) were considered, excluding aPPA_5 and

aPPA_9. Patient aPPA_19 was added in this analysis. Thus, in n=17 PPA patients,

the category world fluency test was evaluated by asking to produce as many words

as possible from selected categories (animals, fruits and car brands), subsequently,

with a given 60 seconds for each category.

All patients were caucasian Italian native speakers, and raw scores were corrected

for age and education according to the national normative guidelines (Table 2.7)

(Novelli et al., 1986).

Patients performances in semantic fluency were correlated to cortical thickness

measures, evaluated as reported in Section 2.1, using Pearson correlation coeffi-

cients.

Results

Results of Pearson correlations between cortical thickness measures and semantic

fluency scores are reported in Table 2.8 and shown in Figure 2.3. In particular, the

most significant correlations were found in the left hemisphere (p-value ≤ 0.01):

temporal-occipital and para-limbic areas.



46

Table 2.7: category world fluency test scores (Novelli et al., 1986) and
demographic features of recruited PPA patients (n=17).

ID Semantic fluency score Education (y) Age (y) Gender
sPPA_1 10 13 73 F
sPPA_2 16 18 69 M
sPPA_3 9 13 75 F
sPPA_4 22 5 69 F
aPPA_6 17 13 52 F
aPPA_7 13 12 57 F
aPPA_8 14 18 72 M
aPPA_10 22 18 76 M
aPPA_11 29 8 72 F
aPPA_12 20 5 76 M
aPPA_13 23 5 79 F
aPPA_14 15 5 72 F
aPPA_15 27 11 57 F
lPPA_16 14 12 70 F
lPPA_17 11 17 68 F
lPPA_18 32 13 63 M
aPPA_19 15 8 76 M

F=Female; M=Male; PPA=Primary Progressive Aphasia; sPPA= se-
mantic PPA, aPPA= agrammatic PPA, lPPA= logopenic PPA.
Patients recruitment: IRCCS Istituto delle Scienze Neurologiche di
Bologna.

Table 2.8: Cortical thickness and category world fluency test correla-
tions.

Cortical region R p-value
Left inferior temporal gyrus 0.661 0.004
Left middle temporal gyrus 0.658 0.004
Left parahippocampal gyrus 0.657 0.004
Left fusiform gyrus 0.608 0.01

Significant correlations between cortical thickness measures and cat-
egory world fluency test scores (p-value ≤ 0.01).
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Figure 2.3: Correlation plots of category world fluency test scores and
cortical thickness measures.

Correlation plots between cortical thickness areas and semantic flu-
ency scores for PPA patients are reported. Dashed lines represent the
linear regression fitting and R2 the Pearson correlation coefficients.
Only cortical regions with significant correlations (p-value ≤ 0.01)
are shown: left inferior temporal cortex (A), left middle temporal
cortex (B), left parahippocampal cortex (C) and left fusiform cortex
(D).
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CHAPTER 3

Mapping white matter disconnections in Primary Progressive Aphasia

Thanks to the Marco Polo International Research Exchange Scholarship, I spent nine

months (from 1/9/2018 to 31/05/2019) at the Neuroanatomy and Tractography

Laboratory (NatBrainLab), Kings College London, under the supervision of Pro-

fessor Marco Catani. I met him during the 20th Neuroanatomy and tractography

Workshop, Kings College London (26-28/2/2018), a course that I attended during

my PhD training. In that occasion we discussed about a research project on PPA

data acquired by Professor Marek Marsel Mesulam at the Northwestern Univer-

sity, Chicago (USA).

The aim of this study was the longitudinal evaluation of language and white mat-

ter integrity, in PPA and healthy controls. I evaluated DTI metrics in the language

network with a ROI-based approach, comparing the two groups, both acquired

with a 2-years follow-up. Moreover, correlations between language assessment

scores and DTI metrics were analysed.

https://www.natbrainlab.co.uk/
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Participants

PPA patients and HC were recruited by the Cognitive Neurology and Alzheimer

Center of Northwestern University, Feinberg School of Medicine, Chicago (USA).

In summary, the participants of this study were (mean ± standard deviation):

• n=31 PPA, 16M/15F, 66 ± 6 years old, 3.6±1.9 disease duration, 16±2.6 edu-

cation years, 24 ±1.3 follow-up months;

• n=27 HC, 15M/12F, 63 ± 6 years old, 16±2 education years, 25 ±1.5 follow-

up months;

Complete demographic and clinical features are reported in Table 3.1 for patients

and in Table 3.2 for controls. The twp groups were matched for age, gender, ed-

ucation and handedness, evaluated with the Edinburgh Handedness Inventory

(Oldfield, 1971).

In addiction to the root PPA diagnosis, patients were characterised in clinical vari-

ants according to language deficits: n=11 semantic variant, n=13 agrammatic and

n=7 logopenic.

Participants underwent clinical assessments and MRI scan at the baseline and after

2-years.
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Table 3.1: Demographic and clinical features of PPA patients - DTI
longitudinal study.

ID Gender Age (y) Disease Duration (y) Education (y) Handedness
sPPA_CH6 F 56 2.58 18 100
sPPA_P101 M 64 2.32 18 70
sPPA_P47 F 61 2.25 13 100
sPPA_P51 M 65 1.87 20 100
sPPA_P59 M 63 3.08 14 80
sPPA_P60 M 69 5.67 20 90
sPPA_P64 M 61 5 14 100
sPPA_P69 F 61 1.83 12 100
sPPA_P82 M 73 4.01 20 95
sPPA_P83 M 73 2.5 18 90
sPPA_P98 M 60 6.05 16 90
aPPA_P42 F 80 0.92 14 100
aPPA_P53 F 63 2.83 18 100
aPPA_P58 M 67 3.25 14 80
aPPA_P63 M 72 5 14 100
aPPA_P66 F 66 5.08 12 100
aPPA_P68 F 62 6.75 13 100
aPPA_P72 F 70 3.67 18 100
aPPA_P78 M 60 1.42 19 90
aPPA_P86 M 80 6.04 18 100
aPPA_P89 M 62 7.19 16 100
aPPA_P92 F 69 1.23 14 100
aPPA_P94 F 63 2.54 16 100
aPPA_P99 F 66 2.5 12 100
lPPA_P100 M 64 3.8 16 80
lPPA_P103 F 58 2.03 18 95
lPPA_P56 F 65 1.33 18 100
lPPA_P62 M 58 7.92 20 100
lPPA_P70 F 72 4.58 14 100
lPPA_P73 F 65 3.33 18 100
lPPA_P88 M 68 3.82 16 100

ID=Identification key used in the research study.
sPPA=semantic PPA, aPPA=agrammatic PPA, lPPA=logopenic PPA,
F=Female; M=Male.
Recruitment: Cognitive Neurology and Alzheimer Center of North-
western University, Feinberg School of Medicine, Chicago (USA).
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Table 3.2: Demographic features of HC - DTI longitudinal study.

ID Gender Age (y) Education (y) Handedness
HC_C12 F 50 16 100
HC_C30 F 57 16 100
HC_C38 F 58 14 100
HC_C40 F 61 18 100
HC_C5 F 61 16 80
HC_C21 F 62 13 85
HC_C15 F 63 18 100
HC_C52 F 64 12 90
HC_C23 F 66 16 80
HC_C3 F 68 16 90
HC_C1 F 69 12 100
HC_C49 F 72 16 100
HC_C24 M 55 18 100
HC_C48 M 55 16 100
HC_C39 M 56 16 100
HC_C2 M 57 18 85
HC_C29 M 60 14 95
HC_C35 M 60 14 95
HC_C45 M 61 16 100
HC_C8 M 64 18 65
HC_C4 M 67 14 100
HC_C41 M 67 14 90
HC_C17 M 69 12 85
HC_C44 M 70 19 90
HC_C27 M 71 18 100
HC_C13 M 73 16 100
HC_C37 M 73 18 100

ID=Identification key used in the research study.
F=Female; M=Male; HC=Healthy Controls.
Recruitment: Cognitive Neurology and Alzheimer Center of North-
western University, Feinberg School of Medicine, Chicago (USA).



52

3.1 LANGUAGE ASSESSMENT

Language functions, in PPA and HC, were tested using the following neuro-psychological

tests:

• the Western Aphasia Battery Revised (Kertesz, 2007) to obtain an overall

language impairment score, and for sentence repetition scores;

• the Peabody Picture Vocabulary Test IV edition (Dunn et al., 2007) to mea-

sure impairment in word comprehension;

• the Boston Naming Test (Goodglass et al., 1983; Kaplan et al., 2001) to assess

naming performance;

• the Pyramids and Palm Trees Test (Howard & Patterson, 1992) to assess ob-

ject knowledge;

• the Northwestern Anagram Verbs and Sentence (Cho-Reyes & Thompson,

2012) as a measure of impairment in sentence comprehension.

Western Aphasia Battery Revised - AQ

To obtain an overall score of language impairment the revised Western Aphasia

Battery (WAB-R) was used (Kertesz, 2007), and particularly the Aphasia Quotient

(AQ) score. The AQ ranges between 0-100, and scores above 93.8 are considered

normal for language functions (Pedersen et al., 2004). In the WAB-R several lan-

guage abilities were considered. The AQ is a score composed by four categories

(total of 32 sub-tests):

• spontaneous speech score - evaluating information content, fluency, gram-

matical competence and paraphrases;
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• auditory verbal comprehension score - considering yes/no questions, audi-

tory word recognition and sequential commands;

• repetition score;

• naming and word finding - object naming, world fluency, sentence compre-

hension and responsive speech.

Western Aphasia Battery Revised - Rep66

From the WAB-R, test sentence repetition was considered. In particular, the WAB-

R repetition scale contains 100 items with ascending difficulties from repetition of

a single word to strings, phrases, and sentences. In Rep66 we considered only 66

items related to sentence repetition.

Peabody Picture Vocabulary Test - PPVT

The Peabody Picture Vocabulary Test (PPVT), IV edition (Dunn et al., 2007), is de-

signed to measure vocabulary performance. It contains a total of 228 items, and a

subset of 36 moderately difficult items (157 − 192) was considered. A choice of four

pictures was shown and ask participants to match an auditory word representing

an object, action or attribute to one of the pictures (Figure 3.1).

Boston Naming Test - BNT

The Boston Naming Test (BNT) was used as a measure of impairment in naming

(Kaplan et al., 2001). In particular, 60 items were administered in order of de-

creasing frequency of occurrence in language, and asked to name them within 20

seconds. If patients are not able to name the picture, a semantic clue is given, and
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if this is not determinant, after 20 second a second phonemic clue is given (Figure

3.2).

Pyramids and Palm Trees Test - PPT

The Pyramids and Palm Trees Test (PPT) was used to investigate non-verbal object

knowledge using the test picture version containing 52 items (Howard & Patter-

son, 1992). Three pictures were presented and it was asked to choose which of

the two pictures in the bottom was conceptually more closely associated with the

target object on the top (Figure 3.3).

Northwestern Anagram Verbs and Sentence - NAVS SCT

The Northwestern Anagram Verbs and Sentence, sentence comprehension part

(NAVS SCT) was used to assess grammatical competence and to measure impair-

ment in sentence comprehension (Cho-Reyes & Thompson, 2012). In particular,

15 items were considered: long items (n=10) and short (n=5). During the test, the

target sentence is read aloud and it is asked to point items corresponding to the lis-

tened sentence. 10 seconds were given to participants to respond. Sentences were

repeated once on request (Figure 3.4).
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Figure 3.1: Peabody Picture Vocabulary Test items.

Example of a four picture choice used in the Peabody Picture Vocab-
ulary Test, where it is asked to match an auditory word representing
an object, action or attribute to one of the pictures.

Figure 3.2: Boston Naming Test items.

Example of five items used in the Boston Naming Test, where it is
asked to name items with a different occurrence in language.
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Figure 3.3: Pyramids and Palm Trees Test items.

Example of one item used in the Pyramids and Palm Trees Test,
where it is asked to match one of the two pictures in the bottom to
the picture on the top, choosing the one that is conceptually close to
the target image.

Figure 3.4: Northwestern Anagram Verbs and Sentence items.

Example of sentence comprehension item of the Northwestern Ana-
gram Verbs and Sentence. The examiner reads aloud the sentence:
«Pete saw the cat who was chasing the dog» and it is asked to point
the figure that matches the listened sentence.
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3.2 EVALUATION OF DTI METRICS IN THE LANGUAGE NETWORK

DWI protocol acquisition

PPA patients and HC underwent a standardised MRI protocol at the Cognitive

Neurology and Alzheimer Center of Northwestern University, Feinberg School of

Medicine, Chicago (USA).

In this study, I evaluated DWI data longitudinally acquired, whose acquisition pa-

rameters were reported in Table 3.3, and remained constant in the 2-years follow-

up.

Table 3.3: Acquisition parameters DTI - baseline and 2-years follow-
up.

Scanner model = Siemens TRioTim
Static field strength = 3T

Coil = 12 channels
b-value = 1000 s/mm2

Time of echo = 88 ms
Time of relaxation = 16 R-R intervals

Voxel dimension = 2x2x2 mm3

Acquisition matrix = 128x128x72
n. of diffusion gradient directions = 60

n. of null b-value = 8

The acquisition was gated to the cardiac cycle, thus the time of relax-
ation is a function of the subject’s heart rate variability (R-R).
Site: Cognitive Neurology and Alzheimer Center of Northwestern
University, Feinberg School of Medicine, Chicago (USA).

DWI pre-processing

Imaging pre-processing was performed in collaboration with Ahmad Beyh, PhD

candidate of the Natbrainlab group, King’s College London.
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We used the method described by Veraart et al. (2016) for de-noising and the one

described by Kellner et al. (2016) for Gibbs ringing correction, for both methods

we used the Tortoise software C implementation (Pierpaoli et al., 2010).

Atlas-approach for language tracts

To evaluate DTI metrics in both PPA patients and HC, a tract atlas-based approach

was used, in particular, group variability maps were evaluated with the MegaTrack

software (Dell’Acqua et al., 2015), which concatenates in a single group tractogram

tractography results obtained from different subjects using the StarTrack software.

Tract group-variability maps were downloaded from the website recently created

by Stones et al. (2019). This website allows to set a query for control subjects con-

trolling for age and gender, and obtain group-variability maps of different WM

tracts in the MNI-152 space. For this analysis, a deterministic tensor model was

used and only control subjects older than 40 years old were considered. Thus, we

obtained a control group of 49 healthy volunteers, ageing between 58 ± 11 years

old, 22 females and 27 males. Tract group variability maps were thresholded to

contain at least the 50 % of controls.

In particular, I evaluated WM tracts of the left hemisphere involved in language

processing (Catani & de Schotten, 2012; Forkel & Catani, 2019):

• the arcuate fasciculus (AF), long segment, anterior and posterior indirect seg-

ments (Catani et al., 2005);

• the uncinate fasciculus (UF) (Catani et al., 2002);

• aslant tract (FAT) (Catani et al., 2012, 2013);

• inferior longitudinal fasciculus (ILF) (Catani & Dawson, 2017).

https://tortoise.nibib.nih.gov/
https://www.mr-startrack.com/
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A 3D representation of tract group-variability maps is shown in figure (3.5).

MNI-152 registration

The obtained group variability maps for language tracts were used as ROIs to eval-

uate DTI metrics (FA, MD and RD), in PPA patients and controls. For this purpose,

ROIs were registered from the MNI-152 space to subject’s DWI native space, using

the Ants software.

This method applies a differomorfic transformation between two different image

spaces to a third common space where coordinates of input images are trans-

formed. For this purpose, Ants software calculated optimal translation matrices

and vector field by linear and non-linear registration algorithms.

In particular, for ROIs registration I used an FA-based approach, in which sub-

ject’s FA maps were registered to an FA template in the MNI space, which has

been created using the HCP dataset (Human Connectome Project S900) reported

in Chapter 6.

3.3 PPA vs HEALTHY CONTROLS - LANGUAGE ASSESSMENT AND DTI

METRICS

Statistical methods

All the statistical tests were performed at t0, t0+2y and evaluating the longitudinal

variation rate ∆, defined as:

• t0 - DTI metrics and language score at the baseline;

• t0+2y - DTI metrics and language score at the 2-years follow-up;

http://stnava.github.io/ANTs/
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Figure 3.5: White matter atlas for language network evaluation.

Associative WM tracts involved in language processing are shown
for the left hemisphere. Tract group variability maps for control
volunteers from the database in Stones et al. (2019) website, using
Megatrack software (Dell’Acqua et al., 2015), and thresholded to in-
clude at least the 50% of controls. 3D rendering was obtained with
(Brain-R software).

Figure 3.6: FA-based registration of language tracts.

In blue the group variability map of the Arcuate Fasciculus (AF),
long component, thresholded to include at least the 50% of controls.
On the left the MNI-152 FA map where the AF is defined in the Mega-
Track atlas, on the right a PPA patient FA map and the registered AF
using the ANTs software.

https://cran.r-project.org/web/packages/brainR/index.html
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Figure 3.7: Arcuate ROI to evaluate DTI measures.

On the left a tensor model RGB zoomed representation. On the mid-
dle and right, the arcuate ROI borders (red) on sagittal projections
of different DTI measures evaluated in a PPA patients: fractional
anisotropy, mean and radial diffusivity.

• ∆ - variation rate between baseline (t0) and follow-up (t0+2y), where the vari-

ation rate formula (Rogalski et al., 2007) was:

for language assessment

∆ score =
(score at t0)− (score at t0+2y)

(score at t0)
(3.1)

and for DTI measures

∆ DTI measure =
(DTI measure at t0)− (DTI measure at t0+2y)

(DTI measure at t0)
(3.2)

In this manner, the longitudinal variation measures has been normalised by the

baseline value.

As described in Paragraph 2.1, comparisons between patients and controls were

evaluated with the non-parametric Mann-Whitney test, and p-values corrected

taking into account for multiple comparisons across different ROIs and DTI met-
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rics (Benjamini & Hochberg, 1995) (Matlab R2018a).

Subsequently, to evaluate differences across the three PPA variants the non para-

metric Kruskal-Wallis Test was used, and p-values corrected for multiple compar-

isons across groups, using Bonferroni ( SPSS v25).

Results

Language assessment

Language assessment mean scores and significant differences between PPA vari-

ants and controls were reported in Table 3.4.

WAB repetition scores were lower in aPPA and lPPA, whereas PPVT and BNT

scores were lower in sPPA. The PPT scores were mostly lower in sPPA at the base-

line, whereas at the follow-up significantly lower in all the PPA variants with re-

spect to controls. In addiction, the NAVS longitudinal progression rate ∆ was

significantly higher for score reduction only in aPPA.

For more details, about language assessment scores in PPA clinical variants, in Ap-

pendix A results of Kruscal-Wallis comparisons across PPA variants were reported

and also box-plot of post-hoc significantly differences between sPPA vs aPPA and

sPPA vs lPPA.

DTI metrics

At the baseline, significant differences between PPA patients and healthy controls

were found (Table 3.5). Considering p-value < 0.01 and clinical PPA variants:

• in the FAT, higher FA measure in sPPA;

• in the ILF, higher MD measure in sPPA;

https://it.mathworks.com/products/new_products/release2018a.html
https://www-01.ibm.com/support/docview.wss?uid=swg24043678
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Language test HC sPPA aPPA lPPA
WAB AQ (100) t0 100 88*** 87*** 91**
WAB AQ (100) t0 + 2y - 70 63 73
∆ WAB AQ - -0.2 -0.28 -0.2
WAB Rep (66) t0 65 59*** 51*** 49***
WAB Rep (66) t0 + 2y 65 49*** 31*** 32***
∆ WAB Rep 0 -0.17*** -0.41*** -0.34**
PPVT (36) t0 35 22*** 34* 34*
PPVT (36) t0 + 2y 35 13*** 31*** 30**
∆ PPVT 0.01 -0.38** -0.09* -0.11*
BNT (60) t0 58 10*** 46*** 53**
BNT (60) t0 + 2y 58 5*** 33*** 33***
∆ BNT 0 -0.48*** -0.35** -0.39***
PPT Pic (52) t0 51 45*** 50** 50
PPT Pic (52) t0 + 2y 51 38*** 48*** 46***
∆ PPT Pic 0 -0.17*** -0.03** -0.08***
NAVS-SCTnc (15) t0 15 15 14** 14*
NAVS-SCTnc (15) t0 + 2y 15 14* 10** 14*
∆ NAVS-SCTnc 0 -0.07 -0.26* -0.05

Table 3.4: PPA vs HC, language assessment score comparison.

Mean language assessment scores for controls and PPA variants
(sPPA, aPPA and lPPA) are reported, at the baseline t0, at 2-years
follow-up t0 + 2y and evaluating the longitudinal variation rate ∆
(Equation 3.1). Significant results for Mann-Whitney test comparison
between PPA and controls are signed with asterisks corresponding to
p-values: * < 0.05, ** < 0.01, *** < 0.001.
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At the follow-up, a greater DTI measure difference between patients and con-

trols was detected (Table 3.6). Considering p-value < 0.001 and clinical PPA vari-

ants:

• in the AF posterior segment and UF, the FA was lower, and MD and RD

measures higher in all PPA variants;

• in the ILF, the MD measure higher in all PPA variants.

Moreover, evaluating the ∆ longitudinal variation rate of DTI measures (Equa-

tion 3.2), significant differences between PPA and controls were found in all the

investigated language networks (Table 3.7). Considering p-value < 0.001 and clin-

ical PPA variants:

• in the the AF long segment, the FA measure was decreased in sPPA and

aPPA, and the RD measure increased in sPPA;

• in the AF anterior segment, the FA measure was decreased in lPPA;

• in the AF posterior, the MD measure increased in sPPA, the FA measure was

reduced and the RD measure decreased in all PPA variants;

• in the UF, MD and RD measures increased in sPPA, and FA measure was

decreased in all PPA variants.

Additionally, in Appendix A results of Kruscal-Wallis comparisons of DTI met-

rics across PPA variants were reported, and also box-plot of post-hoc significantly

differences between sPPA vs aPPA and sPPA vs lPPA.
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DTI metrics t0
HC all PPA sPPA aPPA lPPA

AF FA 0.44 0.44 0.45 0.44 0.44
AF MD (mm2/s x 10−3) 0.74 0.75 0.74 0.77* 0.75
AF RD (mm2/s x 10−3) 0.56 0.56 0.54 0.58 0.56
AF ant FA 0.4 0.39 0.4 0.37 0.39
AF ant MD (mm2/s x 10−3) 0.76 0.76 0.74 0.81* 0.75
AF ant RD (mm2/s x 10−3) 0.59 0.6 0.57 0.65 0.59
AF post FA 0.34 0.32 0.33 0.32 0.3*
AF post MD (mm2/s x 10−3) 0.77 0.79** 0.78 0.82* 0.81*
AF post RD (mm2/s x 10−3) 0.62 0.66* 0.63 0.67* 0.67
UF FA 0.34 0.33 0.3* 0.34 0.34
UF MD (mm2/s x 10−3) 0.8 0.81 0.83* 0.8 0.79
UF RD (mm2/s x 10−3) 0.64 0.65 0.68* 0.64 0.65
FAT FA 0.41 0.43 0.44** 0.38 0.44*
FAT MD (mm2/s x 10−3) 0.74 0.75 0.73 0.77* 0.73
FAT RD (mm2/s x 10−3) 0.57 0.57 0.54 0.61 0.54
ILF FA 0.39 0.39 0.38 0.39 0.4
ILF MD (mm2/s x 10−3) 0.8 0.82* 0.85** 0.83 0.81
ILF RD (mm2/s x 10−3) 0.61 0.62 0.66 0.65 0.62

Table 3.5: PPA vs HC, DTI measures at baseline.

Median DTI measures (FA, MD and RD), evaluated in language
tracts at baseline t0, are reported for controls, PPA group and PPA
variant sub-groups (sPPA, aPPA and lPPA). Significant results for
Mann-Whitney test comparison between patients and controls are
signed with asterisks corresponding to p-values: * < 0.05, ** < 0.01,
*** < 0.001.



66

DTI metrics t0 + 2y

HC all PPA sPPA aPPA lPPA
AF FA 0.45 0.42** 0.42** 0.42** 0.41**
AF MD (mm2/s x 10−3) 0.73 0.77** 0.76** 0.79** 0.77**
AF RD (mm2/s x 10−3) 0.54 0.58* 0.57* 0.6* 0.58*
AF ant FA 0.4 0.37** 0.39** 0.37** 0.36**
AF ant MD (mm2/s x 10−3) 0.76 0.78* 0.77* 0.81* 0.78*
AF ant RD (mm2/s x 10−3) 0.59 0.62* 0.61* 0.64* 0.62*
AF post FA 0.35 0.29*** 0.31*** 0.29*** 0.27***
AF post MD (mm2/s x 10−3) 0.76 0.83*** 0.81*** 0.83*** 0.86***
AF post RD (mm2/s x 10−3) 0.62 0.69*** 0.66*** 0.69*** 0.72***
UF FA 0.34 0.31*** 0.28*** 0.32*** 0.33***
UF MD (mm2/s x 10−3) 0.79 0.83*** 0.9*** 0.83*** 0.83***
UF RD (mm2/s x 10−3) 0.64 0.69*** 0.74*** 0.68*** 0.67***
FAT FA 0.41 0.42 0.43 0.36 0.43
FAT MD (mm2/s x 10−3) 0.75 0.77 0.74 0.82 0.75
FAT RD (mm2/s x 10−3) 0.57 0.58 0.55 0.66 0.56
ILF FA 0.39 0.37 0.36 0.36 0.38
ILF MD (mm2/s x 10−3) 0.8 0.85*** 0.85*** 0.84*** 0.84***
ILF RD (mm2/s x 10−3) 0.62 0.65 0.65 0.66 0.65

Table 3.6: PPA vs HC, DTI measures at follow-up.

Median DTI measures (FA, MD and RD), evaluated in language
tracts at 2-years follow-up t0+2y, are reported for controls, PPA group
and PPA variant sub-groups (sPPA, aPPA and lPPA). Significant re-
sults for Mann-Whitney test comparison between patients and con-
trols are signed with asterisks corresponding to p-values: * < 0.05, **
< 0.01, *** < 0.001.
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DTI metrics ∆

HC all PPA sPPA aPPA lPPA
AF FA 0.02 -0.04*** -0.05*** -0.03*** -0.05**
AF MD 0 0.02** 0.03** 0.02* 0.03*
AF RD -0.01 0.03*** 0.03*** 0.03** 0.05**
AF ant FA 0.02 -0.04*** -0.05 -0.03* -0.06***
AF ant MD 0 0.01 0.03 0.01 0.02
AF ant RD -0.02 0.02** 0.04** 0.02 0.02*
AF post FA 0.01 -0.08*** -0.08*** -0.08*** -0.11***
AF post MD 0 0.04*** 0.04*** 0.02** 0.05**
AF post RD 0 0.05*** 0.05*** 0.03*** 0.07***
UF FA 0.03 -0.07*** -0.1*** -0.07*** -0.04***
UF MD 0 0.04*** 0.05*** 0.02** 0.02*
UF RD -0.02 0.05*** 0.07*** 0.04** 0.03*
FAT FA 0.02 -0.02** -0.02** -0.02 -0.04**
FAT MD 0.01 0.03** 0.01 0.03 0.04**
FAT RD 0 0.04*** 0 0.05** 0.06**
ILF FA 0.02 -0.06** -0.05* -0.06** -0.06
ILF MD 0 0.03*** 0.05** 0.02* 0.04**
ILF RD 0 0.06*** 0.08* 0.03** 0.06*

Table 3.7: PPA vs HC, DTI measures at longitudinal variation rate.

Median DTI measures (FA, MD and RD) of the longitudinal varia-
tion rate, ∆ (Equation 3.2) is reported for controls, PPA group and
PPA variant sub-groups (sPPA, aPPA and lPPA). Significant results
for Mann-Whitney test comparison between patients and controls
are signed with asterisks corresponding to p-values: * < 0.05, ** <
0.01, *** < 0.001.
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3.4 MAPPING LANGUAGE DISCONNECTIONS

Statistical methods

Language disconnection mapping in the language network was evaluated in PPA

patients, calculating correlations between DTI measures and language assessment

at baseline t0, the 2-years follow-up t0+2y and considering the progression rate ∆ as

reported in paragraph 3.3. Correlations were evaluated using the SPSS v25 partial

correlation function, controlling for gender, education, age at visit and disease du-

ration. The language disconnection mapping was performed considering all PPA

(n=31).

Results

Correlations results between DTI measures and language assesment scores are re-

ported in Table 3.8 (p-values < 0.01). At the baseline significant correlations were:

• WAB-repetition scores and MD and RD measures in the AF posterior;

• PPVT and MD measure in the UF;

• BNT and MD and RD measures in the UF.

In the follow-up:

• PPVT and FA measure in the UF;

• PPT and all DTI measures in the UF.

Considering longitudinal variations of language test scores (Equation 3.1 ) and DTI

measures (Equation 3.2):

• PPT and MD measure in the UF.

https://www-01.ibm.com/support/docview.wss?uid=swg24043678
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Scatter plots of the significant correlations are shown in Figure 3.8.

Correlations between DTI measures an language assessment scores

WAB-Rep t0 PPVT t0 BNT t0
AF post MD (-0.514) UF MD (-0.494) UF MD (-0.568)
AF post RD (-0.497) UF RD (-0.522)

PPVT t0+2y PPT t0+2y ∆ PPT
UF FA (0.58) UF FA (0.544) ∆ UF MD (-0.525)

UF MD (-0.602)
UF RD (-0.597)

Table 3.8: Mapping language disconnections in PPA.

Significant correlations (p-value < 0.01) between language assess-
ment scores and DTI measures in language tracts are reported, cor-
relation R in brackets. Correlations were evaluated at the baseline t0,
2-years follow-up t0 + 2y and evaluating the longitudinal variation
rate ∆. No significant correlations were found for WAB-AQ.
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Figure 3.8: Correlation scatter plots of DTI measures and language
assessment.

Scatter plots corresponding to the most significant correlations be-
tween DTI measures and language assessment are reported (p-value
< 0.01). Correlations were evaluated controlling controlling for gen-
der, education, age at visit and disease duration. Thus, the residual
values are reported in the scatter plots, showing the correlation R
(p-values) and regression line.
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CHAPTER 4

Metabolic plasticity in stroke-related aphasia

During my research period at the King’s College London (from 1/9/2018 to 31/05/2019),

at the Neuroanatomy and Tractography Laboratory (NatBrainLab), under the su-

pervision of Prof. M.Catani, I had the possibility to collaborate with Dr. Jacqueline

Stephanie Forkel, who is currently working on brain re-wiring and plasticity after

stroke (Forkel et al., 2014; Forkel & Catani, 2018). In particular, she had a leading

position in the prospective stroke project founding by Welcome Trust.

Aim of this study was the longitudinal evaluation of stroke patients using ASL

imaging and quantification of CBF in bilateral arterial territories and Broca’s areas.

Moreover, CBF measures were evaluated in a group of healthy controls.

The WAB-R scale was used to assess aphasia severity, and correlations between AQ

and CBF were performed. Patients were recruited on the basis of clinical symp-

toms, in particular aphasia, by the the NatBrainLab stroke team, King’s College.

They underwent neuropsychological assessment and MRI, at baseline and at fol-

low up: three months (language assessment only), six months (language assess-

ment and MRI).

https://www.natbrainlab.co.uk/
https://wellcome.ac.uk/
https://www.natbrainlab.co.uk/


72

MATERIAL AND METHODS

Participants

Patients who had left ischemic stroke lesions and presented language dysfunctions

were recruited by the NatBrainLab Stroke team, in summary:

• n=16 patients, 4M/12F, 63 ± 14 years old (mean ± std).

Complete patients’ demographics is reported in Table 4.1. Patients with hemor-

rhagic stroke were excluded from this study, and not any of the selected patients

underwent thrombectomy; whereas n=6 had a thrombolisis treatment with Tissue-

type Plasminogen Activator (TPA).

In addiction, healthy controls have been recruited in the study:

• n=14 controls, 10M/4F, 54 ± 14 years old (mean ± std).

Controls’ demographic features are reported in Table 4.2.

In the current dataset (Tables 4.1 and 4.2), patients and controls are matched for

age, education and handedness, but not for ethnicity and gender.

Thus, group comparisons between patients and controls were not performed, hope-

fully it will be possible after a new control recruitment.

WAB-R language evaluation

The Revised Western Aphasia Battery (Kertesz, 2007) was administrated to evalu-

ate aphasia severity. Patients’ AQ scores (Paragraph 3.1) are reported in Table 4.3,

evaluated at baseline, with a 3 months and 6 months follow-up.

https://www.natbrainlab.co.uk/
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Table 4.1: Stroke patient study: demographic and clinical features.

ID Gender Age (y) Education (y) Ethnicity Handedness TPA
P_04 F 61 17 CAUCASIAN R yes
P_09 F 86 12 AFRO-CARRIBEAN R no
P_10 F 62 13 CAUCASIAN R no
P_13 F 76 14 CAUCASIAN R no
P_14 F 39 14 CAUCASIAN R yes
P_17 F 61 14 CAUCASIAN R no
P_22 M 67 23 SOUTH ASIAN R no
P_23 F 62 12 AFRO-CARRIBEAN R no
P_25 F 50 12 AFRICAN R no
P_38 F 72 12 CAUCASIAN R yes
P_46 M 74 17 CAUCASIAN R yes
P_48 M 72 12 AFRO-CARRIBEAN R no
P_49 M 77 17 CAUCASIAN R yes
P_44 F 34 14 CAUCASIAN R no
P_50 F 58 18 CAUCASIAN R yes
P_36 F 57 17 AFRO-CARRIBEAN R no

ID=Identification; F=Female; M=Male; R=Right; L=Left;
TPA=Tissue-type Plasminogen Activator treatment; P=Patient.
Recruitment: NatBrainLab Stroke team, King’s College, London
(UK).
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Table 4.2: HC who underwent ASL imaging: demographic features.

ID Gender Age (y) Education (y) Ethnicity Handedness
H001 F 41 14 CAUCASIAN L
H002 M 46 18 ASIAN R
H006 F 32 17 CAUCASIAN R
H007 M 31 21 CAUCASIAN R
H009 M 64 15 CAUCASIAN R
H012 M 61 21 CAUCASIAN R
H019 M 51 18 CAUCASIAN R
H024 M 62 17 CAUCASIAN R
H026 M 44 19 CAUCASIAN R
H034 M 59 17 CAUCASIAN L
H045 M 73 20 CAUCASIAN R
H046 F 75 12 CAUCASIAN R
H047 M 60 18 CAUCASIAN R
H050 F 56 18 CAUCASIAN R

F=Female; M=Male; R=Right; L=Left; H=Healthy controls.
Recruitment: NatBrainLab Stroke team, King’s College, London
(UK).
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Table 4.3: Stroke patients WAB-R Aphasic Quotient (AQ).

ID AQ baseline AQ at 3 m AQ at 6 m
P_04 49.6 76 83.8
P_09 64.3 70.7 71.2
P_10 88.3 98.2 97.1
P_13 83.7 97 97
P_14 40.1 96.8 96.2
P_17 78.6 97 96.6
P_22 59.7 90.7 90.8
P_23 81.6 88 87.2
P_25 72.1 88.6 80.3
P_38 75 91.3 93.5
P_46 39.5 94.4 93.4
P_48 59.5 80 80.3
P_49 96.6 97.6 99.3
P_44 88.3 99.6 94.6
P_50 90.8 100 99.4
P_36 45.2 82.3 91.9

P=Patient; AQ=Aphasic Quotient.
AQ baseline evaluated at 2.8 ± 1.3 days from stroke.
AQ 3 months follow-up evaluated at 91.6 ± 0.7 days from stroke.
AQ 6 months follow-up evaluated at 182.3 ± 1.2 days from stroke

.
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Imaging

Recruited controls and stroke patients underwent a standardised MRI protocol at

the Centre for Neuroimaging Sciences, Maudsley Hospital, London (UK), includ-

ing T1w and ASL; acquisition parameters are reported in Table 4.4.

In addition, stroke patients underwent MRI longitudinally, at baseline acute/sub-

acute and with a six months follow-up. MRI time post onset is reported in Table

4.5.

Scanner model = DISCOVERY_MR750
Static field strength = 3T
Coil = 32-channel head

T1w ASL
Time of echo = 3.25 ms Time of echo = 11 ms

Time of relaxation = 8.23 ms Time of relaxation = 5124 ms
In-plane resolution = 0.9x0.9 mm2 In-plane resolution = 1.88x1.88 mm2

Slice thickness = 0.9 mm Slice thickness = 3 mm
Field of view = 25.6 x 25.6 cm2 Acquisition matrix = 128x128x55

Flip angle = 12◦ Flip angle = 111◦

Time of inversion = 450 ms Post Delay Labelling = 2025ms
Number of excitations = 4

Table 4.4: Acquisition parameters of T1w and ASL imaging.

Site: Centre for Neuroimaging Sciences, King’s College London,
Maudsley Hospital, London (UK).

4.1 REGISTRATION OF CBF MAPS TO MNI

The used GE scan (Table 4.4) automatically evaluated CBF maps, using the formula

reported in the white paper by Alsop et al. (2015) (Equation 1.14). Subsequently,

CBF maps were normalised to the MNI using the ASLToolbox software, developed

by Abad et al. (2016) in collaboration with the Centre for Neuroimaging Sciences,

King’s College London. This software is a matlab toolbox, SPM based, which com-

https://sites.google.com/site/asltoolbox/
https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
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Table 4.5: MRI time post onset (TPO) from stroke.

ID MRI baseline TPO (days) MRI Follow-up TPO (days)
P_04 12 193
P_09 11 292
P_10 9 288
P_13 19 201
P_14 15 186
P_17 40 186
P_22 - 188
P_23 9 179
P_25 4 187
P_38 10 183
P_46 27 210
P_48 10 186
P_49 9 182
P_44 11 -
P_50 7 -
P_36 - 194

P=patient.
The dash symbol ’-’ indicates patients who did not undergo MRI.
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puted the ASL processing pipeline shown in Figure 4.1. ASL analysis data input

were:

• CBF maps, which were automatically calculated by the GE scanner;

• Proton Density (PD) images, which were acquired during the ASL sequence,

and thus co-registered to the CBF map;

• T1w structural images acquired with high resolution (isotropic voxel 0.9 mm).

In particular, the PD images were used to register CBF maps to the structural T1w,

which were subsequently registered to the MNI-152 2mm resolution space. In this

manner, the CBF maps were first registered to T1w images, using the PD contrast,

and then normalised to the MNI.

Results

T1w and CBF maps registered to the MNI space were reported for the healthy

controls in Figure 4.2, for stroke patients longitudinally acquired in Figure 4.3, and

for patients acquired only at one time point, baseline or follow-up, in Figure 4.4.
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Figure 4.1: ASL registration pipeline to MNI space.

Image modified from Abad et al. (2016) representing the pipeline
for processing ASL datasets in ASLToolbox. Each box represents a
main step in ASLToolbox procedure to register CBF maps to the MNI
space, using PD and T1w registration. On the top, orange line boxes
represent pipeline input data.

https://sites.google.com/site/asltoolbox/
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Figure 4.2: T1w and CBF maps of healthy controls.

Axial slices (MNI z=4mm) of T1w and CBF maps are shown for the
n=14 healthy controls with corresponding ID (H0) (Table 4.2). CBF
maps (ml/100g/min) has been re-scaled to better show intensity con-
trasts.
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Figure 4.3: T1w and CBF maps, at baseline and follow-up, of stroke
patients.

Axial slices of T1w and CBF maps registered to the MNI space are
shown for stroke patients longitudinally acquired, at baseline top
panel and at the 6-months follow-up in bottom panel. Axial slices
have been selected related to stroke lesion localisation and CBF maps
(ml/100g/min) and have been re-scaled for a better intensity con-
trast. In the bottom, corresponding patient ID (P_), introduced in
Table 4.1, where the asterisks ’*’ indicate patients who had thrombol-
ysis (TPA) treatment.
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Figure 4.4: T1w and CBF maps, single time point, of stroke patients.

T1w and CBF maps registered to the MNI space are shown for stroke
patients acquired with on time point, at baseline (left panel) or in
the follow-up (right panel). Axial slices have been selected related
to stroke lesion localisation and CBF maps (ml/100g/min) and have
been re-scaled for a better intensity contrast. In the bottom, corre-
sponding patient ID (P_), introduced in Table 4.1, where the asterisks
’*’ indicate patients who had thrombolysis (TPA) treatment.

4.2 VASCULAR ARTERY TERRITORIES AND BROCA’S ROIS

ROI statistics was evaluated both in different arterial territories defined by Tatu

et al. (2012), and in the Broca area, defined using the cytoarchitectonic JuBrain atlas:

• Anterior Cerebral Artery (ACA) territory ;

• Middle Cerebral Artery (MCA) territory;

• Posterior Cerebral Artery (PCA) territory;

• Broca’s area (Brodmann 44 and 45) (Amunts et al., 1999).

The arterial territories ROIs were defined in the MNI-152 2mm brain (Figure 4.5),

whereas Broca’s regions, originally in the Colin27 1mm brain 1(Holmes et al., 1998),

were registered to the MNI-152 atlas using linear (FLIRT) and non linear (FNIRT)

1Colin Holmes, a member of the MNI lab, was scanned 27 times. This was used as the standard
template in SPM, matched to the MNI space.

https://jubrain.fz-juelich.de/apps/cytoviewer/cytoviewer-main.php
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FLIRT
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FNIRT/UserGuide
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registration tools from the fsl library. Calculated transformations were applied to

Brodmann area 44 and 45 (Figure 4.6), merged to defined the Broca area. In these

ROIs, median CBF measure was bilaterally evaluated.

In addiction, I investigated hemispheric asymmetries by the calculation of the Lat-

erality Index (LI), defined as proposed by Seghier (2008):

LI =
CBFleft − CBFright

CBFleft + CBFright

(4.1)

Figure 4.5: Cerebral vascular artery territory ROIs.

Axial projection of the arterial cerebral vascular (artery) territory
ROIs (Tatu et al., 2012), evaluated bilaterally (anterior, middle and
posterior). Coordinates are reported in the MNI-152 reference sys-
tem.

4.3 CBF STATISTICS IN HEALTHY CONTROLS

In controls, CBF variability has been evaluated. In Figure 4.7, median and standard

deviation of CBF maps across the n=14 healthy controls is shown. The highest stan-

dard deviation is in the posterior cerebral artery territory. Quantitative bilateral
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Figure 4.6: Broca area, Brodmann area 44 and 45

Axial projections of bilateral Brodmann area 44 and 45 (Amunts et al.,
1999), registered to the MNI-152 space and the corresponding coor-
dinates are reported.

median values for the different artery territories (anterior, middle and posterior)

and Broca area are reported in the boxplots shown in Figure 4.8.

On the contrary, less variability across subjects was measured for the laterality in-

dex (equation 4.1) in the defined CBF ROIs (Figure 4.9).

Evaluating Pearson correlations between ASL ROI statistics and controls’ age, sig-

nificant correlations were present between absolute CBF quantification, whereas

no any with CBF laterality index (Table 4.6).

4.4 CBF STATISTICS STROKE PATIENTS AND AQ CORRELATIONS

Baseline

Evaluating CBF ROI statistics at the baseline, significant correlations were found

between LI in the MCA only and the MR timing post onset, on which patients

underwent MRI, R=-0.748 p-value=0.002. Thus, with the passing of time from the

stroke event, the CBF asymmetry of the MCA shifts from no lateralisation to an
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Figure 4.7: CBF median and standard deviation across healthy con-
trols.

Axial slice on the MNI-152 2mm template, coordinate on the bottom
left corner.
Left panel: median CBF measure across the n=14 healthy controls.
Right panel: standard deviation (std) of CBF measure in healthy con-
trols.

Figure 4.8: Bilateral CBF ROI statistics in healthy controls.

Boxplots of CBF median values in healthy controls (n=14) bilaterally
evaluated for different cerebral arteries territories, anterior (ACA),
middle (MCA) and posterior(PCA), and for the defined Broca areas
(Brodmann 44 and 45).
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Figure 4.9: CBF LI ROI statistics in healthy controls.

Boxplots of CBF LI (equation 4.1), for healthy controls (n=14), bilat-
erally evaluated for the cerebral arteries territories, anterior (ACA),
middle (MCA) and posterior(PCA), and for the defined Broca areas
(Brodmann 44 and 45).

Table 4.6: Correlation of CBF statistics with age in controls.

CBF ROI R p-value
ACA right -0.612 *
MCA right -0.614 *
PCA right -0.622 *
Broca right -0.671 **
ACA left -0.645 *
MCA left -0.617 **
PCA left -0.608 *
Broca left -0.683 **
ACA LI 0.063 n.s.
MCA LI -0.231 n.s.
PCA LI 0.152 n.s.
Broca LI -0.318 n.s.

Pearson correlations between absolute CBF quantification and LI
(Equation 4.1), evaluated bilaterally for the cerebral arteries territo-
ries, anterior (ACA), middle (MCA) and posterior(PCA), and for the
defined Broca’s areas (Brodmann 44 and 45). P-values are marked
with asterisks (* < 0.05, ** < 0.01) or not significant (n.s.) when p-
value > 0.05.
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higher perfusion on the right hemisphere (Figure 4.10).

Figure 4.10: Scatter plot of LI MCA and Time Post Onset (TPO) MRI
correlation.

Scatter plot reporting in x-axis the Time Post Onset (TPO) on which
patients underwent MRI and in y-axis Laterality Index (LI) of the
Middle Cerebral Artery (MCA) (Equation 4.1). Closing to scatter
points the corresponding patient CBF map. On top right corner,
Pearson correlation R and p-value. Correlation regression line is
shown in dashed.
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Follow-up

Evaluating CBF at a 6-months follow-up significant correlations were found be-

tween CBF ROI statistics and language scores using the WAB-R battery (Paragraph

3.1). In particular, significant correlations were found only for the MCA LI (Table

4.7) with:

• AQ at baseline;

• AQ differences between baseline and AQ at three and six months after stroke.

In addiction, a significant correlation between MCA LI and patients’ education

was found (R=-0.67, p-value=0.009).

In Figure 4.11 the scatter plot for MCA LI and corresponding AQ difference be-

tween baseline and 6-months follow-up is reported. This correlation (R=-0.759, p-

value=0.002) indicates that an increasing perfusion asymmetry towards the right

hemisphere corresponds to an higher recovery in the AQ scale.

Moreover, dividing stroke patients in normal language functions (AQt0+6m>93.8)

and mild-aphasia (AQt0+6m<93.8) (Pedersen et al., 2004), boxplot of both absolute

CBF and LI of the MCA are reported in Figure 4.12. Patients who completely recov-

ery language functions had an higher median CBF value bilaterally in the MCA,

but with an asymmetry towards the right hemisphere.

In Figure 4.13 laterality indexes for all the cerebral artery territories and for Broca’s

area are reported, even if significant correlations with AQ scores were not found

in this patient group.

In all the CBF ROIs a perfusion lateralisation towards the right was measured, and

in particular in the Broca’s area, if the stroke lesion involved the left inferior frontal

gyrus.
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Figure 4.11: Scatter plot LI MCA and AQ recovery.

Scatter plot reporting in x-axis Laterality Index (LI) of the Mid-
dle Cerebral Artery (MCA) (Equation 4.1) and y-axis the Aphasic
Quotient (AQ) difference between 6-months follow-up and baseline.
Closing to scatter points the corresponding patient CBF map. On top
left corner, Pearson correlation R and p-value. Correlation regression
line is shown in dashed.



90

Figure 4.12: CBF quantification and LI of the MCA at 6-months
follow-up.

Stroke patients were divided in two groups based on the
AQ 6-months follow-up score: with normal language functions
(AQt0+6m>93.8) and mild-aphasia (AQt0+6m<93.8) (Pedersen et al.,
2004). Top: boxplots of Cerebral Blood Flow (CBF) absolute quan-
tification bilaterally in the Middle Cerebral Artery (MCA). Bottom:
boxplot for the MCA Laterality Index (LI) (Equation 4.1).
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Correlations with LI MCA t0+6m

R p-value < 0.01
AQ t0 0.668 0.009
AQ t0+3m - AQ t0 -0.733 0.003
AQ t0+6m - AQ t0 -0.759 0.002

Table 4.7: Significant correlations CBF measures and AQ scale.

Significant correlations between the Laterality Index (LI) and the
Middle Cerebral Artery (MCA) (Equation 4.1) and Aphasic Quotient
(AQ) are reported. In particular with AQ at baseline, and the score
differences between the 3 and 6-months follow-up and the baseline.

Figure 4.13: LI quantification in CBF ROI at 6-months follow-up.

Histogram representation of LI, in the x-axis patients’ IDs intro-
duced in Table 4.1, and in y-axis the corresponding Laterality In-
dex (LI) (Equation 4.1) for the cerebral arteries territories, ante-
rior (ACA), middle (MCA) and posterior(PCA), and for the defined
Broca’s areas. Patients were sorted along the x-axis with respect to
AQ score at the 6-months follow-up, with normal language functions
(AQt0+6m>93.8) and mild-aphasia (AQt0+6m<93.8) (Pedersen et al.,
2004). On the bottom, patients CBF map axial slices corresponding
to stroke lesions.
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CHAPTER 5

Arcuate and uncinate tractography in healthy controls

In this chapter, the arcuate and uncinate were bilaterally investigated in a group

of healthy controls. In particular, automatic tractography procedures and a new

along-tract algorithm suitable for different tractography methods were implemented.

Findings on the arcuate fasciculus were published last year (Talozzi et al., 2018c)

(see article in section B), and previously presented at different conferences as oral

communication (Talozzi et al., 2017a), electronic poster (Talozzi et al., 2017b) and

traditional posters (Talozzi et al., 2016a), (Talozzi et al., 2016b).

Preliminary results on the uncinate fasciculus were presented at national (Talozzi

et al., 2018b) and international meetings (Talozzi et al., 2018a).

Moreover, I was awarded with educational stipends to attend the 25th ISMRM

Annual Meeting and Exhibition, 22-27/04/2017, Honolulu (USA), and the Joint

Annual Meeting ISMRM-ESMRMB, 16-21/06/2018, Paris, (France). In addiction, I

participated to the 1st MRtrix3 workshop, 22-24/06/2018, Paris (France), to deepen

my knowledge in constrained spherical deconvolution tractography.

Aim of the study was to evaluate the arcuate fasciculus using different tractogra-

phy methods, both deterministic and probabilistic, to address the question of how

tractography methods influence the AF tractography in the right hemisphere (Bain

et al., 2019). For this purpose along-tract procedures were implemented and sub-

sequently applied to bilateral investigate the uncinate fasciculus and hemispheric

asymmetries.
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Participants

In this session healthy controls recruited by the Functional MR Unit, Department

of Biomedical and Neuromotor Sciences of the University of Bologna, were anal-

ysed: n=29 HC, 15M/14F, 35.8 ± 15.9 years old. Detailed controls demographics

were reported in table 5.1.

Participants were recruited among Hospital and University workers and their rel-

atives. In all participants a current or past history of neurological or psychiatric

disorders and major brain injuries were excluded, signal and/or morphology al-

terations on brain images were excluded.

Imaging

Participants underwent a standardised brain MRI protocol including T1-weighted

and DW imaging. Acquisition parameters of T1w scans were previously reported

in table 2.2, and DWI parameters are reported in table 5.2.

Preprocessing

To assess the quality of DWI data, a detailed visual inspection slice by slice was

performed, and subsequently automatic slice intensity dropout evaluation and in-

terpolation correction by an homebrew developed software by PhD David Neil

Manners at the Functional MR Unit, Department of Biomedical and Neuromotor

Sciences of the University of Bologna.

Eddy-current correction and local fitting of the diffusion tensor parameters were

performed using the FMRIBs Diffusion Toolbox. For both T1w and DWI, BET was

used for brain extraction, and images were non-linearly registered using ART 3dwarper

software and the processing pipeline developed by Manners et al. (2017).

http://www.fmrib.ox.ac.uk/fsl/fdt/index.html
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/BET/UserGuide
https://www.nitrc.org/projects/art/l
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Table 5.1: HC recruited in the DTI study: demographic features.

ID Gender Age (y) Writing hand
C_01 F 23 R
C_02 F 21 R
C_03 M 20 R
C_04 F 19 L
C_05 M 60 R
C_06 M 22 L
C_07 F 49 R
C_08 M 49 R
C_09 M 33 R
C_10 M 32 R
C_11 F 73 R
C_12 F 83 R
C_13 M 24 R
C_14 F 28 R
C_15 M 51 R corrected
C_16 F 32 R
C_17 F 28 R
C_18 M 28 R
C_19 F 46 R corrected
C_20 F 30 R
C_21 M 27 R
C_22 F 24 R
C_23 F 37 R
C_24 F 24 R
C_25 M 43 R
C_26 M 29 R
C_27 M 22 L
C_28 M 40 R
C_29 M 42 R

F=Female; M=Male; R=Right; L=Left; C=Control.
Recruitment: Functional MR Unit - Department of Biomedical and
Neuromotor Sciences, University of Bologna.
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Table 5.2: Acquisition parameters of DTI

Static field strength = 1.5 T
Scanner model = SIGNA HDx 15 GE

Sequence = single-shot SE-EPI
b-value = 900 s/mm2

Time of echo = 87 ms
Time of relaxation = 10000 ms

In plane resolution = 1.25 x 1.25 mm2 *
Slice thickness = 3 mm

Field of view = 32 x 32 cm2

n. of diffusion gradient directions = 64
n. of null b-value = 7

*automatic scanner upsample 0.5 factor.
Site: S.Orsola-Malpighi Hospital, Pad. 11, Bologna (IT)

5.1 BILATERAL AF AUTOMATIC TRACTOGRAPHY WITH DIFFERENT METH-

ODS

Tractography methods

Tractography of the AF was performed using three different approaches:

• probabilistic tractography based on the ball-and-sticks model - Probtrackx2;

• deterministic tractography with constrained spherical deconvolution - CSTdet;

• probabilistic tractography with constrained spherical deconvolution - CSTprob.

Probtrackx2 is part of the Fsl software. It allows probabilistic fibre tracking af-

ter the Bayesian estimation of diffusion parameters (Bedpostx) using the ball and

sticks model (Behrens et al., 2003).

CSTdet and CSTprob were performed using the Mrtrix3 software, which provides

an estimate of the Fibre Orientation Density (FOD) function by deconvolving the

diffusion signal using non-negatively constrained spherical deconvolution (Tournier

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT/UserGuide#PROBTRACKX_-_probabilistic_tracking_with_crossing_fibres
https://mrtrix.readthedocs.io/en/latest/reference/commands/tckgen.html
https://mrtrix.readthedocs.io/en/latest/reference/commands/tckgen.html
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki
http://www.mrtrix.org
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et al., 2007). The Tournier algorithm (Tournier et al., 2013) was chosen to estimate

the response function, and the maximum harmonic degree was set at lmax=8. Sub-

sequently, both deterministic and probabilistic fiber tracking was performed. De-

terministic streamlines were evaluated by stepping along the local fibre orientation

and performing a peak-finding procedure on the FOD once per point (Tournier

et al., 2012), using the SD_Stream function. Probabilistic streamlines were obtained

by iFOD2, via random sampling of the FOD, using the 2nd order integration over

fibre orientation distribution (Tournier et al., 2010).

For the AF tractography an automatic procedure was implemented. Tractography

ROIs were defined in the MNI-152 space (2mm voxel resolution):

• seed mask located in the WM of the AF just anterior to the point where the

tract begins to arc towards temporal GM (Giorgio et al., 2010) (in green in

Figure 5.1);

• target masks located in the GM of the frontal and temporal lobes, according

to the Harvard-Oxford probabilistic atlas which was thresholded at 25% of

subjects (in blue in Figure 5.1), adapting the procedure of (Galantucci et al.,

2011).

The AF was delineated starting from the defined WM seed mask and requiring the

streamlines to traverse both frontal and temporal GM targets. Tractography results

were thresholded at 10% with respect to the maximum of connectivity within each

voxel.
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Figure 5.1: Tractography ROIs for the AF

The ROIs used for the AF tractography were reported on the MNI-
152 space. The seed ROI (green) was defined in the WM underlying
the angular gyrus; the target ROIs (blue) were defined in the frontal
and temporal GM according to the Harvard-Oxford probabilistic at-
las, thresholded at 10% of subjects.

Results

Tractography results are shown in Figure 5.2 using group variability maps. Trac-

tography of the AF was bilaterally successful for all the subjects with the exception

of the right AF in one control (male, right handed). Moreover, for CSTdet group

variability maps there were not voxels were all controls presented the AF tracts, in

fact the group variability maximum was at the 65.5% of controls for the right AF

and 75.9% on the left. On the contrary, for probabilistic methods group variability

maximum was 100 % of subjects bilaterally.

In addiction, in Figure 5.2 and 5.3 cortical terminations were signed, and in partic-

ular bilateral middle temporal gyrus terminations were detected, whereas superior

temporal gyrus projections were found only on the left. With respect to frontal AF

terminations, bilateral inferior frontal gyrus projections were detected, whereas

terminations towards the precentral operculum were detected only on the left.
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Figure 5.2: Bilateral AF group variability maps.

Sagittal, coronal and axial views of the group variability (GV) maps,
thresholded at the 10% of subjects, for the different tractography al-
gorithms: CSTdet (A), Probtrackx2 (B), CSTprob (C). The intensity
scales of the maps are associated to the minimum and maximum of
the subjects represented by the GV maps. Coordinates of the shown
projections are reported in mm in the MNI space. The arrows indi-
cate with different colours characteristic GM terminations of the AF:
superior temporal gyrus (green), middle temporal gyrus (yellow),
precentral operculum (red) and inferior frontal gyrus (turquoise).

.
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Figure 5.3: Bilateral AF 3D-rendering and group variability maps.

For both A and B, upper: 3-dimensional rendering of group variabil-
ity (GV) maps volume for the three tractography algorithms, left AF
(blue) and right AF (red); lower: GV map of GM projections of the
AF, on the MNI-152 brain. A upper: right lateral view. A lower:
right sagittal section. B upper: left lateral view. B lower: left sagittal
section. The angle of view of the 3-dimensional rendering is set indi-
vidually for each algorithm to better visualise GM projections. The
coordinates of the GV projections shown are reported in mm in the
MNI space. The coloured arrows indicate characteristic GM termi-
nations of the AF: superior temporal gyrus (green), middle temporal
gyrus (yellow), precentral operculum (red) and inferior frontal gyrus
(turquoise).

.
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5.2 BILATERAL UF AUTOMATIC TRACTOGRAPHY

Tractography methods

The UF tractography was performed using the CSTprob (defined in paragraph 5.1).

Tractography ROIs were defined on the MNI space, in the WM before reaching

both the anterior temporal lobe and the fronto-orbital cortex, as suggested in the

AutoPtx fsl toolbox (see figure 5.4). Tractography results were thresholded at 10%

of the maximum of connectivity within each voxel.

Figure 5.4: Tractography ROIs for the UF.

The ROIs used for the UF tractography were reported on the MNI-
152 space and defined as in the AutoPtx toolbox.

Results

For all subjects the UF was successfully reconstructed in both hemispheres. Group

variability maps showed different cortical terminations towards the frontal lobe

in particular, the left UF was more dorsally located projecting towards the lateral

frontal orbital cortex, whereas the right UF was more ventrally located targeting

the right medial frontal orbital cortex and frontal pole (see Figure 5.5).

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/AutoPtx
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/AutoPtx
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Figure 5.5: Bilateral UF group variability maps.

A: Sagittal, coronal and axial views of the group variability (GV)
maps, thresholded at the 10% of subjects; the intensity scales of the
maps are scaled to the minimum and maximum of the subjects repre-
sented by the GV maps. Coordinates of the projections shown were
reported in mm in the MNI-152 standard space.
B: 3-dimensional rendering of GV maps volume on the MNI-152
brain, thresholded at the 10% of subjects. The left UF was coloured
in blue, the right UF in red.

.
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5.3 ALONG-TRACT ANALYSIS - LAPLACIAN MODELLING

Along-tract algorithm

During my PhD course, I developed an along-tract algorithm that can be applied

to both deterministic and probabilistic tractography results. This method allow to

perform along-tract analysis of diffusion measures and map tract localisation. For

this purpose I used the Laplacian spectral graph properties, in particular I evalu-

ated the Fielder vector (Ψ) that corresponds to the smallest non-zero eigenvalue. Ψ

can be used to establish an intrinsic coordinate system for elongated tubular struc-

tures, where the Ψ gradient follows the shape of the object and its maximum and

minimum are at the two extremes of the elongated objects (Chung et al., 2011). I

used this Ψ gradient property to perform along-tract analysis. First, tract surface

was modelled using triangular meshes, and subsequently a connectivity matrix of

mesh node localisation computed. Along-tract evaluation was restricted to the UF

and AF bundle core, defined as the compact WM before branching towards GM

terminations. For the AF bundle core definition, coordinates of the WM ROI pro-

posed in Giorgio et al. (2010) were used (Figure 5.6 A); whereas for the UF, I used

the tractography seed and target ROI (Figure 5.6 B).

Subsequently, the obtained mesh segmentation was projected to each tract voxel by

a nearest neighbour association between mesh vertex and volume voxels. Ψ val-

ues were sorted and divided in different intervals to define along-tract segments.

In particular, tract division number was defined in relation to tract volume, as the

maximum number for which a unique association between mesh nodes and vol-

ume voxels was preserved for all subjects. The proposed along-tract algorithm was

implemented in Matlab (R2017a).
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Figure 5.6: ROI for WM core definition for AF and UF.

The ROIs used in the definition of WM cores, compact part of WM
bundle before branching towards GM terminations, are reported.
The ROIs used for this definition are reported in green for the AF
(panel A) and for the UF (panel B).

Results

The Laplacian along-tract algorithm was successfully applied in both the AF and

UF tracts. In particular, tract division was defined as:

• fifteen along-tract segments for the AF;

• eight along-tract segments for the UF.

In Figure 5.7 median along-tract segmentation across subjects is reported of the AF,

considering different tractography methods, whereas in Figure 5.8 the along-tract

analysis for the UF tract.
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Figure 5.7: Along-AF Laplacian modelling.

3-dimensional rendering of the mean Laplacian AF along-tract mod-
elling across subjects, for each tractography method, dividing the AF
into 15 segments (blue=1st frontal segment, red=15th temporal seg-
ment), projected onto the MNI-152 brain.

.
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Figure 5.8: Along-UF Laplacian modelling.

3-dimensional rendering of the mean Laplacian UF along-tract mod-
elling across subjects, dividing the UF into eigth segments (blue=1st

frontal segment, red=15th temporal segment), projected onto the
MNI-152 brain.

.

5.4 HEMISPHERIC ASYMMETRIES

Statistical methods

Along-tract volume was evaluated and centroid coordinates of along-tract seg-

ments reported in the MNI space coordinate system. Segment coordinates were

plotted and used to evaluate curvature mapping. Moreover, DTI metrics (FA, MD,

λ1, λ2 and λ3) in the defined WM core and along-tract were evaluated. Statistical

analyses were conducted with MATLAB R2016a. The Kolmogorov-Smirnov test

was performed to test whether diffusion metrics were normally distributed. The

median and interquartile values of tract volume and diffusion parameters were

calculated. Subsequently, the non-parametric paired Wilcoxon signed-rank test,

was used for left-right comparisons, with a significant level set at p<0.05 and cor-

rected by the FDR (False Discovery Rate) method for multiple comparisons across
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along-tract segments.

Arcuate

The AF volume was higher using the probabilistic tractography methods than the

deterministic one, especially with CSTprob. The tract volume was significantly

bigger in the left AF with Probtrackx2, while there were no significant differences

in tract volume between hemispheres with the CST algorithms (table 5.3).

FA differed between the hemispheres only in the CSTprob, showing a lower me-

dian value of the left FA and correspondingly λ1 was significantly higher in the

right and λ2 in the left hemisphere. With the CSTdet we measured higher λ2 on

the left and higher λ3 on the right; with Probtrackx2 we measured an higher λ1

and λ3 on the right, and higher λ2 on the left. Right and left MD values were not

significantly different for any of the three tractography algorithms (table 5.3).

Evaluating along-AF volume asymmetries, with CSTdet and CSTprob we mea-

sured significant volume differences only in isolated segments, whereas with Prob-

trackx2 the tract volume was bigger on the left in the temporal region of tract (Fig-

ure 5.9). For along-AF asymmetries in DTI metrics and tract curvature, all the

results are reported in appendix B as in the original published paper (Talozzi et al.,

2018c).
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Table 5.3: Wilcoxon signed rank test results comparing the right and
left AF tractography results for the three proposed algorithms (CST-
det, Probtrackx2, CSTprob). In table, median and interquartile (IR)
values of the tract volume and diffusion parameters are shown for
the right and left AF. Associated p-values are reported: * < 0.05, ** <
0.01, *** < 0.001.

Hemispheric AF asymmetries WM core

CSTdet
Right AF Left AF p-value

Volume (mm3x 103) 1.7 (1.1) 2.0 (1.4) n.s.
FA 0.41 (0.04) 0.43 (0.06) n.s.
MD (mm2/s x 10−3) 0.73 (0.03) 0.73 (0.03) n.s.
λ1 (mm2/s x 10−3) 1.10 (0.09) 1.10 (0.08) n.s
λ2 (mm2/s x 10−3) 0.65 (0.05) 0.68 (0.05) *
λ3 (mm2/s x 10−3) 0.46 (0.04) 0.42 (0.05) **

Probtrack2
Right AF Left AF p-value

Volume (mm3x 103) 2.7 (0.7) 3.5 (0.9) **
FA 0.43 (0.06) 0.43 (0.04) n.s.
MD (mm2/s x 10−3) 0.73 (0.03) 0.74 (0.03) n.s.
λ1 (mm2/s x 10−3) 1.11 (0.08) 1.09 (0.03) *
λ2 (mm2/s x 10−3) 0.66 (0.04) 0.68(0.06) ***
λ3 (mm2/s x 10−3) 0.45 (0.04) 0.42 (0.04) *

CSTprob
Right AF Left AF p-value

Volume (mm3x 103) 6.3 (1.3) 6.9 (1.5) n.s.
FA 0.41 (0.04) 0.39 (0.04) ***
MD (mm2/s x 10−3) 0.74 (0.03) 0.74 (0.02) n.s.
λ1 (mm2/s x 10−3) 1.10 (0.05) 1.05 (0.04) ***
λ2 (mm2/s x 10−3) 0.67 (0.04) 0.70 (0.04) ***
λ3 (mm2/s x 10−3) 0.46 (0.04) 0.46 (0.03) n.s.
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Figure 5.9: Along-AF segment volumes for different tractography
methods.

Along-AF volume comparison between the right (dashed line) and
left (continuous line) AF tractography results, for the three algo-
rithms employed (CSTdet,Probtrackx2, CSTprob). In the plots me-
dian volumes are displayed along with interquartile range (shaded
area: red for the right, blue for the left). The red squares mark signif-
icant left-right differences with p-value < 0.05 after FDR correction.

.

Uncinate

At the whole-UF core level, we found significant left-right differences only in the

FA measure, with a left hemisphere values being higher (table 5.4).

At the along-UF level, we found a greater volume at right compared to left (R>L)

in the medial part of the UF core, and the opposite (L>R) in temporal segments

(Figure 5.10).

Along the UF an FA L>R was measured, corresponding with: an R>L MD in one

medial segment, an L>R λ1 in some temporal segments and an R>L λ3 along the

UF (Figure 5.11). With regard to UF curvature mapping (Figure 5.12), the left UF

segments were located more medially with respect to the right (lower |x|); frontal

UF segments were more superiorly located (higher z), whereas temporal segments

of the left UF were more posteriorly (lower y) and inferiorly (lower z) located with

respect to the right.
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Table 5.4: Wilcoxon signed rank test results comparing the right and
left UF tractography results. In table, median and interquartile (IR)
values of the tract volume and diffusion parameters are shown for
the right and left AF.

Hemispheric UF asymmetries WM core

Right UF Left UF p-value
Volume (mm3x 103) 2.2 (0.7) 2.4 (0.5) n.s.
FA 0.30 (0.05) 0.33 (0.04) 0.4*
MD (mm2/s x 10−3) 0.84 (0.04) 0.84 (0.03) n.s.
λ1 (mm2/s x 10−3) 1.16 (0.05) 1.17 (0.04) n.s.
λ2 (mm2/s x 10−3) 0.79 (0.04) 0.78 (0.04) n.s.
λ3 (mm2/s x 10−3) 0.6 (0.05) 0.59 (0.04) n.s.

Figure 5.10: Along-UF segment volume asymmetries.

Along-UF segment volumes comparison between the right (dashed
line) and left (continuous line) UF tractography results. In the plots
the median volumes are displayed along with the interquartile range
(shaded area: red for the right, blue for the left). The red squares
mark significant left-right differences with p-value<0.05 after FDR
correction.
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Figure 5.11: Along-UF DTI asymmetries.

Along-tract comparison between the right (dashed line) and left
(continuous line) UF tractography results, evaluated with the CST-
prob algorithm. Median DTI metrics are displayed along with the in-
terquartile range (shaded area: red for the right, blue for the left). The
red squares mark significant left-right differences with p-value<0.05
after FDR correction.
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Figure 5.12: Asymmetries in UF curvature.

Centroid coordinates of along-UF segments were reported in the
MNI-152 standard space. Right (dashed line) and left (continuous
line) tractography results were compared. Median coordinate values
were displayed along with the interquartile range (shaded area). The
red squares marked significant left-right differences with p-value <
0.05 corrected with FDR for multiple comparisons.
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CHAPTER 6

Tractography-driven cortical clustering - HCP dataset

Cortical brain regions can be characterised by common morphometric and connec-

tivity properties (Eickhoff et al., 2018). In this work, I applied a connectivity-based

cortical characterisation based on tractography results of healthy controls recruited

in Human Connectome Project (HCP). Preliminary results of this study were pre-

sented at national Talozzi et al. (2019b) and international Talozzi et al. (2019a) con-

gresses, and I was awarded by the Guarantors of Brain travelling grant to attend

the 25th OHBM meeting, Rome 9-13/06/2019.

The aim of the study was the development of a novel method based on PCA of

advanced diffusion tractography (Dell’Acqua et al., 2015) to define cortical regions

that share a similar connectivity pattern within the left hemisphere. Nevertheless,

PCA-based connectivity clustering was previously proposed to parcellate the oc-

cipital and frontal lobe in healthy controls by Thiebaut de Schotten et al. (2014,

2016).
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MATERIAL AND METHODS

Pre-processed b=2000s/mm2 diffusion MRI data of 50 right-handed males were

obtained from the Human Connectome Project (HCP) S900 release, see Table 6.1

for the acquisition parameters. Tractography and DTI metrics were evaluated in

StarTrack software: Euler tracking algorithm, 0.5 mm step size, 30◦ angle threshold

and 0.2 FA threshold.

Whole brain tractograms were non-linearly registered to MNI space and concate-

nated into a group tractogram (n=50) using MegaTrack (Dell’Acqua et al., 2015).

Subsequently, tractograms were filtered to select association streamlines running

within the left hemisphere, excluding commissural and projection fibres (Figure

6.1 A).

Freesurfer 5 software was run on the MNI-152 1mm brain and using a Matlab

script I randomly parcelled the grey matter to form a fine parcelization of 0.3 cm3

clusters (Figure 6.1 B). This analysis generated 1002 ROIs that were extended to

the underlying white matter using a nearest neighbour algorithm (median ROI

volume 0.5 cm3).

Pairwise ROIs connectivity was evaluated, obtaining a 1002x1002 connectivity

matrix whose weights were defined as:

wij =
n. of streamlines

V olumeROIi + V olumeROIj

thresholded to include a minimum of 10% of subjects (Figure 6.1 C). The con-

nectivity matrix was z-transformed and used for PCA analysis in Orange3. PCA

components were plotted according to matrix eigenvalues and fitted with a power

law curve. PCA weights were normalised and associated to the cortical ROIs.

www.mr-startrack.com
https://surfer.nmr.mgh.harvard.edu/
https://orange.biolab.si/
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Table 6.1: Acquisition parameters DTI - HCP

Static field strength = 3 T
Scanner model = Siemen Connectome Skyra

Sequence = Spin-echo EPI
b-value = 2000 s/mm2

Time of echo = 89.5 ms
Time of relaxation = 5520 s

Flip angle = 78◦

Voxel dim = 1.25 x 1.25 x 1.25 mm3

In-plane acquisition matrix = 168x144
n. of diffusion gradient directions = 90

n. of null b-valued = 6
Release: Human Connectome Project S900.

Virtual dissection of tracts ending in selected cortical ROIs was performed using

trackvis.

RESULTS

The PCA eigenvalue plot shows at least 20 significant PCA components, even if

there was no clear cut-off (Figure 6.2 A). The cortical hubs of the first five principal

components (Figure 6.2 B) identified by the PCA weights (negative and positive)

indicate regions that are connected by well known large association pathways (Fig-

ure 6.3) (Catani, 2017). Positive weights of PCA 1 define areas typically connected

by the arcuate fasciculus, whereas the negative weights identify medial limbic ar-

eas connected by the dorsal and ventral cingulum. The medial limbic areas were

also identified by positive weights in the PCA 2, PCA 3 and to less extent PCA 4.

Other cortical regions included areas connected by shorter association pathways,

such as the superior and middle posterior temporal regions connected by the ver-

tical temporal tract (PCA 3, positive), the superior temporal and supramarginal

http://trackvis.org/
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Figure 6.1: Structural connectome extraction for the HCP dataset.

Extraction scheme of the left hemisphere connectivity matrix. Panel
A: group tractogram of 50 HCP volunteers, obtained selecting only
association pathways. Panel B: random fine parcelization of MNI
grey matter of 0.3 cm3 (0.5 cm3 including white matter) clusters,
forming 1002 ROIs. Panel C: connectivity matrix representation (wij)
thresholded to include at least the 10% of subjects.

gyrus connected by the posterior segment of the arcuate fasciculus (PCA 5, neg-

ative), the lateral occipital areas connected by the vertical occipital tract (PCA 5,

positive) and the postcentral and inferior parietal lobule areas connected by the

intralobar parietal fibers (PCA 4, positive).
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Figure 6.2: Cortical projections of connectome principal component.

Panel A: eigenvalues of the connectivity matrix covariance associ-
ated to PCA components (blue) and the corresponding power law-
fitting curve (red). Panel B: left lateral and medial surface projec-
tions of PCA weights obtained from the first five PCA components:
positive weights are associated to red-yellow color-coding, negative
weights to blue-green. PCA 1 identifies positive perisylvian lan-
guage areas on the lateral aspect and negative limbic projections in
the medial aspect.
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Figure 6.3: Principal components related to cortical seed tractogra-
phy.

Streamlines ending in cortical ROIs localised with red circles. These
ROIs are associated to the highest PCA positive values (in yellow)
and to the lowest PCA negative values (in green). Panel A: connec-
tivity matrix sorted with respect to positive and negative weights,
associative white matter tracts terminating in/close to these respec-
tive cortical regions. Panel B: with respect to PCA 2,3,4 and 5 tracts
that end in cortical ROIs associated to positive and negative PCA
weights are shown.
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CHAPTER 7

Discussion
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7.1 LANGUAGE FUNCTION NEURODEGENERATION

The language network can be studied from different MRI modality prospective.

Seeley et al. (2009) demonstrated that a direct link between intrinsic functional

connectivity and grey matter structures is present, and in neurodegenerative dis-

eases the corticotrophic fate can be defined by the synchronous baseline activity.

Qi et al. (2019) studied developmental changes in language both evaluating cor-

tical thickness measures and white matter connectivity of the arcuate fasciculus.

They demonstrated the agreement of these two measures, but also the different

findings in the description of the language network development.

In my PhD project, the differential diagnosis of AD and PPA was addressed eval-

uating cortical thickness measures, and in PPA patients longitudinal variations of

DTI metrics in WM language tracts were evaluated.

Regarding cortical thickness measures, the results reported in Paragraph 2.1 showed

a different pattern of cortical thickness reduction in AD and PPA compared to HC.

These findings were in agreement with Ridgway et al. (2012), who explored pattern

of reduced cortical thickness in early-onset variant of AD (n=25 Posterior Cortex

Atrophy, n=15 lPPa, n=14 AD and n=30 HC), finding disease-specific reduction in

each patient group compared to HC, and common areas of cortical thinning in the

temporal-parietal regions. However, they supported the hypothesis that AD vari-

ants (including lPPA) have a phenotypic continuum spectrum of cortical thinning,

rather then distinct subtypes.

In my analysis, comparing PPA and AD, significant results did not survive for

multiple comparison corrections (Figure 2.2). Thus, I performed a multivariate

approach, a discriminant function analysis (Paragraph 2.1), which showed good

results in PPA and AD discrimination (86.1%).
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These findings confirmed the results of Kim et al. (2019), who used discriminant

function analysis combined with machine learning to classify a cohort of fron-

totemporal dementia patients (n=140 FTD, n=50 AD and n=146 HC). In this study

the overall classification accuracy was 75.8%, and in particular the left frontal lobe

discriminated non fluent PPA vs sPPA, and bilateral anterior temporal regions dis-

criminated the sPPA variant.

Moreover, significant correlations (p-value ≤ 0.01) were measured between left

temporal and para-hippocampal regions and performances in the category world

fluency test (Paragraph 2.2), suggesting that cortical thickness can be used as an in

vivo morphological biomarker for language neurodegeneration.

Rogalski et al. (2011) analysed cortical volume measures of 2-years follow-up PPA

patients, recruited in the same centre of the PPA cohort analysed in Chapter 3. At

the baseline, the cortical atrophy was localised in specific areas according to PPA

clinical variants, whereas at 2-years follow-up the atrophy was widespread, in-

volving the inferior frontal gyrus, the temporo-pariental junction and lateral tem-

poral cortex in all clinical variants. Our DTI findings were in agreement with the

diffuse language network degeneration in the 2-years follow-up previously mea-

sured with volumetric analysis (Rogalski et al., 2011). At baseline (Table 3.5), DTI

metrics alterations with respect to controls had different patterns considering PPA

clinical variants. On the contrary, at the follow-up DTI metrics alterations were

coherent in all PPA variants and spread in all AF segments, especially in AF pos-

terior, and in the UF (Table 3.6).

Regarding to significant differences in DTI measure, both at baseline and at follow-

up, a decreased FA and increased MD and RD measures were measured in PPA

with respect to HC, with the exception of FAT FA, which at baseline was signifi-
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cantly higher in sPPA and lPPA with respect to controls (Table 3.5 and Figure A.3).

The measured FAT FA values were comparable with the PPA study by Catani et al.

(2013), and this increasing diffusion anisotropy could be a compensatory mecha-

nism of contiguous WM degeneration.

The measured DTI longitudinal variations were in agreement with other PPA lon-

gitudinal studies (Tetzloff et al., 2017; Elahi et al., 2017) that investigated DTI met-

rics using an atlas based approach (JHU atlas) (Mori et al., 2005). In particular, we

measured the most significant WM abnormalities, compared to controls, in DTI

metrics (FA, MD and RD) of the AF posterior segment and UF in all the PPA vari-

ants (Table 3.6).

These tracts were also the ones that significantly correlated with language assess-

ment scores. Respectively the AF posterior MD and RD measures correlated with

the WAB-Rep scores at the baseline, whereas the UF DTI metrics correlated at the

baseline with the PPVT and BNT scores, and at the follow-up with PPVT and PPT

scores (Table 3.8).

No correlations were found for the WAB-AQ, since it is a general measure of apha-

sia severity and to evaluate the language functions more specific assessments are

required. The WAB score in repetition of sentence was evaluated showing signifi-

cant correlations.

Interestingly, we found a significant correlation between the PPT longitudinal vari-

ation correlated and UF MD measure, suggesting that semantic association of im-

ages is a language dysfunction presenting later in PPA (Table 3.4 and Figure A.2),

and probably due to a dysconnection syndrome of the UF. In particular, the UF

DTI metrics were significantly different only in the follow-up and considering the

variation of UF ∆ FA, in sPPA with respect to aPPA and lPPA (Table A.2 and Figure

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases
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A.4).

Clinical studies suggest that sPPA can have a disease progression with a closer as-

sociation with bvFTD (Rosen et al., 2006), whereas aPPA can be associated with

corticobasal degeneration (Kertesz et al., 2000). In addiction, from a neuropatho-

logic prospective, the 60−70 % of PPA patients who show brain alterations con-

sistent with frontotemporal lobar degeneration, characterised by tauopathy, mi-

crotubule associated protein in neurofilaments and glial filaments, or TDP-43 pro-

teinopathy (TAR DNA-binding protein 43 encoded by TARDBP), present in neu-

rons. Tau pathology is usually observed in aPPA, whereas sPPA is more often

connected with TDP-43 accumulation; whereas bvFTD can present both pathology

phenotype. On the contrary the 30−40 % of PPA patients present AD pathology,

especially lPPA (Rogalski & Mesulam, 2009; Staffaroni et al., 2019).

These neuropathologic differences across PPA variants, cause specific microstruc-

tures alterations, and thus influence DTI measures. This could be both a confound-

ing aspect in PPA group analysis or a specific characterisation of PPA clinical vari-

ants.

An atlas based approach was used for DTI analyses to ensure an automatic and

standardised procedure, longitudinally both in patients and controls. The adopted

ANTs registration software (Paragraph 3.2) allowed an optimal WM tract ROI reg-

istration to the single subject anatomy. The ANTs volume-based registration ap-

proach provided good scan-rescan repeatability (Avants et al., 2011) for cortical

thickness measurements, and even higher predictive performance of age and gen-

der in comparison to the most widely used Freesurfer suface-based software (Tusti-

son et al., 2014).

More recently, in the longitudinal PPA study by Tetzloff et al. (2017), the annualised
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rate of atrophy progression was evaluated whole-brain by using the annualised log

Jacobian values computed from each ANTs deformation field.

However, a possible drawback would be a partial volume effect due to the adopted

atlas ROI approach. Thus, future outlines will be the evaluation of specific tract at-

rophy by computing tractography analysis for each participant, and evaluating

along-tract measure such as volume, or also evaluating bilaterally atrophy pro-

gression by new explorative approaches (Tetzloff et al., 2017). Even if tract volume

is highly dependent on the adopted tractography algorithm (Talozzi et al., 2018c),

it has been shown that the number of streamlines in the uncinate fasciculus corre-

lated with BNT performance in PPA (Catani & de Schotten, 2012).

In the current study, only DTI metrics were evaluated, as a first investigation of the

neurodegeneration progression in PPA. However, it must be specified that even if

widely used and sensitive to microstructural alterations, they lack in specificity for

the underlying pathological substrate. DTI limitations are due to metrics depen-

dency on fibre configurations and free water contamination. To overcome these

issues, multi-compartment models has been proposed, such as the Neurite Orien-

tation Dispersion and Density Imaging (NODDI) (Zhang et al., 2012). In particular,

the neurite density estimation requires an optimised two-shell protocol, nowadays

possible also in clinical settings (e.g. on multiple sclerosis patients (Spanò et al.,

2018) ). To date, NODDI has not been apply to PPA investigation, whereas it has for

other neurodegenarative disease (Huntington, Alzheimer and young Alzheimer

onset) (Zhang, 2019). Additionally to NODDI, other diffusion metrics are possible,

Mito et al. (2018) investigated tract specific analysis evaluating intra-axonal fibre

distribution (density, cross-section area) to assess neurodegenerative WM distri-

bution in AD (n=49), mild cognitive impairment (n=33) and HC (n=95).
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It must be specified that my analyses were performed retrospectively on differ-

ent dataset and for future perspectives, a unified investigation of cortical thickness

and white matter structures should be preferred. Moreover, the analysed DTI data

were acquired with a single-shell protocol (Paragraph 3.3) not suitable for neurite

density estimation.

7.2 LANGUAGE RECOVERY AFTER STROKE: MR BIOMARKERS

Stroke lesion-symptom mapping related to aphasia has been previously inves-

tigated using MRI. Bates et al. (2003) proposed as first the voxel-based lesion-

symptoms mapping (VLSM) approach, demonstrating in a large cohort of patients

(n=101) that the insula and deep parietal white matter most correlated with lan-

guage fluency, whereas the middle temporal gyrus with auditory comprehension.

Fridriksson et al. (2016) using the VLSM approach for left-hemisphere stroke pa-

tients (n=165) discriminated a dorso-parietal stream related to motor-phonological

dysfunctions, and a ventral temporal-frontal stream, which is correlated to lexical-

semantic speech functions. Findings were also confirmed by a developed connec-

tome lesion symptom mapping in the left hemisphere (Fridriksson et al., 2018).

The study of patient with stroke "Offer a unique window into understanding human

brain function" (Forkel & Catani, 2018), in particular language.

Moreover, Forkel et al. (2014) by a bilateral reconstruction of the arcuate fasciculus

in left-hemisphere stroke patients (n=16), designed a hierarchical model identify-

ing in the right hemisphere the arcuate volume and age as predictors of aphasia

recovery, whereas lesion size only as predictor in the left hemisphere.

In my study, CBF of stroke patients was bilaterally investigated (Chapter 4). In



125

particular, I quantified perfusion in the different vascular cerebral artery territo-

ries (anterior, middle and posterior) and in Broca’s areas (Broadman area 44 and

45). First, CBF was studied in a group of healthy controls, measuring a signifi-

cant correlation between CBF ROI quantification with participant age (Table 4.6).

On the contrary, this correlation was not present using CBF laterality index (LI)

(Equation 4.1), which evaluates perfusion asymmetry in homologous ROIs. This

suggested the LI as a normalised measure within subjects, taking into account CBF

variability factors.

Stroke patients’ age was not considered in this analysis, since there was not a clear

dependence with CBF values. In fact, other factors could influence perfusion vari-

ability in the evaluated patient group: the different ethnicity, medical treatments

(e.g. tissue-type plasminogen activator) (Table 4.1), and stroke lesion size.

In the evaluation of possible correlations between CBF measures and aphasia sever-

ity significant correlations were found only for the LI of the middle cerebral artery.

This result confirms the LI as a useful metric and also highlights the main role of

the middle cerebral artery territory in aphasia symptoms.

In particular, the significant correlations suggested that the LI, evaluated at 6-

months follow-up, correlates with language recovery, where an increased perfu-

sion asymmetry towards the right hemisphere corresponds to an higher recovery

quantified with the WAB-R AQ (Table 4.7 and Figure 4.11). In addiction, MCA LI

at follow-up significantly correlated with AQ at baseline, showing an agreement

between aphasia severity in acute and MCA perfusion reorganisation, shifting to-

wards the right hemisphere.

Moreover, this MCA perfusion reorganisation was also described by the a signif-

icant correlation, at the baseline, between MCA LI and MRI timing post stroke
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onset (Figure 4.10). Additionally, at the follow-up the MCA LI significantly cor-

relate with patient education, indicating a possible cognitive reserve mechanism

involving the right hemisphere for language.

As underlined in the recent review by Kiran & Thompson (2019), during clinical

assessment the impact of neuroplasticity of language network can be addressed

with vascular physiology analysis to monitor perfusion changes, detectable also in

chronic phase. In fact, using ASL Thompson et al. (2017) measured an increased

CBF on the right hemisphere with respect to controls in chronic stroke patients

(n=35), but in the absence of correlations with language scores. In this study

only the hypoperfusion of perilesional tissue correlated to language impairment

(Thompson et al., 2017).

In agreement, Robson et al. (2017) evaluating CBF in the Wernicke’s area, in pa-

tients with chronic Wernicke’s aphasia (n=12), showed that the hypoperfusion sur-

rounding stroke structural lesion, correlated with language scores, suggesting that

post-stroke impairments are related to a wider neuronal disruption with respect to

the observable T1w lesion.

Recruitment of right language areas for stroke recovery was also measured by Saur

et al. (2006) using task-based fMRI. Administrating an auditory comprehension

task, they longitudinally studied stroke patients (n=14) and matched healthy con-

trols (n=14). In the acute phase (1.8 days after stroke on average) only a limited

early activation of non-infarcted left language areas was measured, whereas in the

sub-acute phase (12.1 days) a large activation of right language homologous areas,

right Broca and supplementary motor area, was observed, showing a strong cor-

relation with language improvement. Afterwards, in the chronic phase (321 days,

almost 10 months) they measured a re-shift of activation on the left in correlation



127

with language improvement.

Thus, it seems that chronic perfusion changes play a key role in neuronal plasticity

and ASL can open new perspective in stroke lesion analysis.

However, this observation has to be confirmed by lesion definition and comparison

with DTI measures, as future study investigation. Future outlines of the proposed

stroke study will be the automatic segmentation of stroke lesion.

In particular, I am currently exploring the approach proposed by Seghier et al.

(2008), which by an iterative clustering procedure defines an atypical tissue class,

in grey and white matter, to segment brain lesions with different size, locations,

and textures. In fact, in particular in chronic phase, stoke lesions may have differ-

ent characteristics and it is challenging to apply an automatic and unified lesion

detection strategy.

7.3 ALONG-TRACT ANALYSIS AND TRACTOGRAPHY DRIVEN CORTI-

CAL MAPPING IN HEALTHY CONTROLS

At the Functional MR unit of the Department of Biomedical and Neuromotor Sci-

ences, Bologna, we evaluated first along-tract analysis in the cortical spinal tract

(Testa et al., 2017). Afterwards, evaluating the arcuate fasciculus several issues oc-

curred, in fact, considering that the AF is a curving bundle and tract modelling

along anatomical axes was not optimal (Huang et al., 2012). Thus, the necessity

of developing a new along-tract algorithm. Revising the literature, several meth-

ods were proposed (O’Donnell et al., 2009; Colby et al., 2012; Yeatman et al., 2012),

but all for them required as input streamlines file (e.g. .trk). However, at first

I was interested in analysing probabilistic tractography (Probtrackx2, Paragraph
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5.1) (Talozzi, 2016; Talozzi et al., 2016a), whose output is connectivity probability

maps. Thus, I tried to develop an algorithm suitable for volume rendering, and

suitable for all types of tractography methods (Talozzi et al., 2018c).

The Laplacian operator, Ψ, is commonly used in graph theory to evaluate cluster-

ing properties (Andreotti et al., 2018), but also spectral mesh processing (Zhang

et al., 2010) and imaging applications (Chung et al., 2011; Kim et al., 2014). In my

PhD project, it was successfully applied for along-tract analysis with different trac-

tography algorithms (probtrackx2, CSTdet and CSTprob) and bilaterally for the AF

and UF (Paragraph 5.3).

One of the still open question in tractography is "Which algorithm should I use?

Which is the best?" (Maier-Hein et al., 2017), no answer yet, but it has been shown

that different tractography methods lead to different results (Bain et al., 2019): de-

terministic methods can lead to false negative fibre reconstruction, whereas prob-

abilistic to false positive.

Focusing on the right AF, tractography really depend on the chosen tractogra-

phy method, probably due to crossing fibres (Chen et al., 2015b). Thus, I applied

high order tractography models for bilater AF reconstruction: the ball and sticks

(Behrens et al., 2007) and constrained spherical deconvolution (Tournier et al.,

2010).

In a sizeable sample of healthy subjects (n=29) I was able to tract the AF in both

hemispheres, with the exception of one case, on the right using the deterministic

method (CSTdet). These results are in agreement with post mortem AF dissection

findings (Martino et al., 2013), and previous in vivo tractography studies using

Probtrackx (Chen et al., 2015b) or CSTprob (Mormina et al., 2015).

Moreover, analysing hemispheric asymmetries, a greater superior temporal gyrus
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connectivity was found on the left (Figures 5.2 and 5.3). This result was previously

observed in the study of Glasser & Rilling (2008), proposing a two-segment model

of the AF with respect to projections towards the middle and superior temporal

gyri. In this model, the superior temporal gyrus is thought to be involved in the

auditory interface for language, whereas the middle temporal gyrus, in particular

its posterior portion, is connected to visual input and is a sound-meaning interface

for lexical-semantic functions (Hickok & Poeppel, 2004). Our results were con-

sistent with the proposed two-segment model (Glasser & Rilling, 2008), and with

Geschwind & Levitsky (1968), who analysing 100 post mortem human brains found

that there was a larger superior temporal gyrus area on the left.

Moreover, with respect to the frontal lobe AF connectivity, the precentral opercu-

lum has found to have a primary importance during early language acquisition

and integration of auditory-motor stimuli (Friederici, 2011; Bernal & Ardila, 2009),

while the inferior frontal gyrus connections arise much later in human brain devel-

opment and are functionally related to semantic and syntactic language processing

(Hickok & Poeppel, 2004). Evaluating the AF connectivity asymmetries, I found a

greater precentral operculum connectivity on the left (Figure 5.2 and 5.3), consis-

tent with leftwards language dominance.

Moreover, the hemispheric along-AF asymmetries has been discussed in article

(Talozzi et al., 2018c), recently published during my PhD course and reported in

Appendix B. In particular, the AF curvature mapping supported the different bi-

later AF cortical projection asymmetries. A greater AF volume on the left was

measured only with the Probtrackx2 tractography method, and a greater FA on

the right with the CSTprob (Table 5.3). Thus, these findings did not show a clear

left lateralisation in volume and DTI metrics (Catani et al., 2007). Moreover, as sug-
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gested by Bain et al. (2019) and discussed in my study’s limitation (Talozzi et al.,

2018c), these findings need to be confirmed by future applications in a larger group

and improving DTI acquisition parameters.

With respect to the UF connectivity, as concluded in the review by Von Der Heide

et al. (2013) possible UF hemispheric differences remained an open question. Thus,

it is interesting to investigate asymmetries which could be related to functional

specialisation.

In my PhD project, I was able to bilaterally reconstruct the UF using an auto-

matic procedure and a probabilistic tractography method, CSTprob (Tournier et al.,

2010). Moreover, using the developed Laplacian along-tract algorithm (Paragraph

5.3) it was possible to investigate along-UF DTI metrics, segment volumes and

tract curvature. In particular, volume UF asymmetries were found only along-

tract, with a right volume greater with respect to left in medial segments, whereas

a left lateralisation in temporal segments (Figure 5.8).

Bilaterally the FA profile was higher in UF frontal segments, since in the region

under the sub-insular structures, the UF fibres are highly packed (Rodrigo et al.,

2007; Yeatman et al., 2012). In addiction, we measured an FA value greater on the

left at whole tract level (p-value=0.04) (Table 5.4 ), also confirmed along-tract (Fig-

ure 5.11). In literature, there is not a consensus about UF FA asymmetries (Rodrigo

et al., 2007; Highley et al., 2002), our findings support the hypothesis of a stronger

route in the left hemisphere, often dominant in language processing.

The UF curvature was significantly different between the hemispheres (Figure

5.12), and this asymmetry reflects different cortical projections (Figure 5.5 ): the

UF terminations were more dorsal in the frontal left hemisphere, whereas the right

UF curved more sharply towards a more superior and anterior portion of the an-
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terior temporal lobe.

A two-component model for the left UF has been previously described both in-vivo

(Catani et al., 2002) and ex-vivo (Kier et al., 2004), identifying a ventral and a dorsal

component. In our bilateral UF evaluation we found that the dorsal component

towards the frontal lobe was most present on the left, in agreement with Hau et al.

(2017).

One limitation of the proposed along-tract analysis of the AF and UF are the DTI

acquisition parameters (Paragraph 5.2): the intensity of the static magnetic field

(1.5 T), the non-isotropic DTI voxel and the relatively low b-value. Spherical de-

convolution has been shown to have optimal results at high b-values (e.g. 3000

s/mm2), even if there is the signal to noise attenuation (Tournier et al., 2004).

However, the adopted non-negativity constrained super-resolved spherical decon-

volution (Paragraph 5.1) can be apply to relatively low b-values (∼ 1000s/mm2)

(Tournier et al., 2007). In particular, in our study negative regions in the FOD were

not considered, since physically impossible and due to the noise presence, and the

FOD angular resolution was super-resolved by the estimation of more FOD pa-

rameters than the actually measured (Tournier et al., 2007).

WM routes are likely related to cortical projections, and as discussed for PPA (Para-

graph 7.1), both cortical and WM structures underlying language functions. To

better investigate the interaction between grey and white matter organisation, I

performed a study in a group of HC, focusing on the left hemisphere, dominant

for language processing.

For this purpose, DTI data from the HCP dataset of young healthy right-handed

males (n=50) were evaluated. HCP acquisitions were performed using the Con-

nectome scanner, which can achieve imaging resolution and data quality higher
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than conventional clinical scanner (Table 6.1).

Moreover, I analysed tractography data using a new group approach, MegaTrack

(Dell’Acqua et al., 2015), which allows to merge white matter fibres reconstructed

from different subjects.

These methodologies and a mathematical, bio-informatics approach, using PCA

for tractography clustering, allowed the identification of brain areas shown to be

involved in language processing (Parker et al., 2005): pars opercularis, middle and

superior temporal gyri and supramarginal gyrus (PCA 1, Figure 6.2). The same

regions has been previously identified using other atlasing techniques: histology-

based cytoarchitecture evaluation or MRI-based myelin content measures (Eick-

hoff et al., 2018).

Thus, the proposed PCA analysis offers a valid approach to discriminate left hemi-

sphere cortical areas sharing a similar connectivity pattern and suggests that clus-

ters within the same PCA are mutually interlinked by well known association

pathways.

These findings are in agreement with Fan et al. (2016), who proposed a cortical

atlas based on probabilistic tractography clustering.

Interestingly, Thiebaut de Schotten et al. (2014) compared PCA tractography-based

parcellation with resting state functional networks for the occipital lobe, showing a

poor overlap between the two clusterization approaches. Moreover, they showed

that fMRI results neither respect the myelo and cytoarchitectonic boundaries of

post-mortem studies. Thus, there is a not clear agreement between different multi-

modal clustering approach.

In our study, PCA 1 identified eloquent areas within the left hemisphere. However,

this should be proved both using resting state fMRI connectivity or task-based
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paradigms (Black et al., 2017).

These results need to be confirmed after anatomical vetting of the produced trac-

tograms before the approach can be reliably applied to larger dataset to reveal

characteristic patterns of left-right organisation, or to study differences between

sexes and changes across the lifespan.
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APPENDIX A

Language assessment and DTI metrics across PPA variants

Language assessment differences across PPA clinical variants

The Kruskal-Wallis test ( SPSS v25) was used to evaluate differences in language

assessment scores (Paragraph 3.1), across PPA variants at baseline, at follow-up

and evaluating the ∆ of variation (Paragraph 3.3 and Equation 3.1).

Significant group differences were found for all the language tests, at baseline and

at follow-up, with the exception of the WAB-AQ score (Table A.1). Only for the

PPVT and PPT tests, the longitudinal variation rate was significantly different

across PPA variants.

Significant post-hoc comparisons, correcting for Bonferroni across groups, were

found between: sPPA vs aPPA and sPPA vs lPPA (Table A.1).

Corresponding boxplots are reported: in Figure A.1 for the WAB-Rep and BNT

tests, and in Figure A.2 for the PPVT and PPT tests.

https://www-01.ibm.com/support/docview.wss?uid=swg24043678
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Figure A.1: Boxplots of significantly different WAB Rep and BNT
scores across PPA variants at baseline (t0) and at follow-up (t0+2y).
Corresponding p-value are signed with asterisks: * < 0.05, ** < 0.01,
*** < 0.001. The vertical line indicates that HC significantly different
with indicated p-value to all PPA groups.

HC=Healthy Controls, PPA=Primary Progressive Aphasia, sPPA= semantic
PPA, aPPA= agrammatic PPA, lPPA= logopenic PPA, WAB=Western Apha-
sia Battery, BNT=Boston Naming Test.
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Figure A.2: Boxplots of PPVT and PVT scores for HC and PPA vari-
ants at baseline (t0) and at follow-up (t0+2y). Corresponding p-value
are signed with asterisks: * < 0.05, ** < 0.01, *** < 0.001. The vertical
line, when reported, indicates that HC significantly different to all
PPA groups.

HC=Healthy Controls, PPA=Primary Progressive Aphasia, sPPA= semantic
PPA, aPPA= agrammatic PPA, lPPA= logopenic PPA, WAB=Western Apha-
sia Battery, PPVT=Peabody Picture Vocabulary Test, PPT=Pyramids and
Palm Trees.
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Table A.1: Kruskal-Wallis test significant differences for language
assessment across PPA clinical variants.

Difference across PPA variants sPPA vs aPPA sPPA vs lPPA
WAB-Rep t0 * *
WAB-Rep t0+2y * *
PPVT t0 *** *** **
PPVT t0+2y *** *** **
∆ PPVT ***
BNT t0 *** ** **
BNT t0+2y **
PPT t0 ** ** **
PPT t0+2y *** *** *
∆ PPT **

Only significant results are shown: at the baseline t0, at 2-years
follow-up t0 + 2y and evaluating the longitudinal variation rate ∆
(Equation 3.1). The reported asterisks correspond to p-values: * <
0.05, ** < 0.01, *** < 0.001.

PPA=Primary Progressive Aphasia, sPPA= semantic PPA, aPPA= agram-
matic PPA, lPPA= logopenic PPA, WAB=Western Aphasia Battery,
PPVT=Peabody Picture Vocabulary Test, BNT=Boston Naming Test.

DTI metric differences across PPA clinical variants

The Kruskal-Wallis test ( SPSS v25) was used to evaluate DTI measure differences

in language tracts (Paragraph 3.2), across PPA variants, at baseline, at follow-up

and evaluating the ∆ of variation (Paragraph 3.3 and Equation 3.2).

Significant group differences are reported in Table A.2. At the follow up and evalu-

ating the longitudinal variation rate, only the UF was significantly different across

clinical variants.

Significant post-hoc comparisons, correcting for Bonferroni across groups, were

found between: sPPA vs aPPA and sPPA vs lPPA (Table A.2). Boxplots, corre-

sponding to significant differences, are reported at baseline for the AF anterior,

FAT and ILF (Figure A.3), and at the UF follow-up and longitudinal variation (Fig-

https://www-01.ibm.com/support/docview.wss?uid=swg24043678
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ure A.4).

Table A.2: Kruskal-Wallis test significant differences for language
tract DTI measures (FA, MD, RD) across PPA clinical.

Difference across PPA variants sPPA vs aPPA sPPA vs lPPA
AF MD t0 (mm2/s) * *
FAT FA t0 * *
ILF MD t0 (mm2/s) * *
UF FA t0 *
UF MD t0 (mm2/s) *
UF RD t0 (mm2/s) *
UF FA t0+2y ** ** *
UF MD t0+2y (mm2/s) * * *
UF RD t0+2y (mm2/s) ** * *
∆ UF FA * * *
∆ UF RD *

Only significant results are shown: at baseline t0, at 2-years follow-
up t0+2y and evaluating the longitudinal variation rate ∆ (Equation
3.2). The reported asterisks correspond to p-values: * < 0.05, ** <
0.01, *** < 0.001.

FA=Fractional anisotropy, MD=Mean Diffusivity, RD=Radial Diffusivity,
PPA=Primary Progressive Aphasia, sPPA=semantic PPA, aPPA= agram-
matic PPA, lPPA=logopenic PPA, AF=Arucate Fasciculus, FAT=Frontal
Aslant Tract, ILF=Inferior Longitudinal Fasciculus, UF=Uncinate Fascicu-
lus.
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Figure A.3: Boxplots of significantly different DTI metrics across PPA
variants at baseline, t0. Corresponding p-values are signed with as-
terisks: * < 0.05, ** < 0.01, *** < 0.001.

FA=Fractional anisotropy, MD=Mean Diffusivity, HC=Healthy Controls,
PPA=Primary Progressive Aphasia, sPPA= semantic PPA, aPPA= agram-
matic PPA, lPPA= logopenic PPA,AF ant=Arucate Fasciculus Anterior seg-
ment, FAT=Frontal Aslant Tract, ILF=Inferior Longitudinal Fasciculus.
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Figure A.4: Boxplots of significantly different DTI metrics across PPA
variants at baseline, follow-up t0+2y and longitudinal variation rate
∆, are reported. Corresponding p-value are signed with asterisks:*
< 0.05, ** < 0.01. The vertical line indicates that HC significantly
different with p-value < 0.001 with all the PPA variants

FA=Fractional anisotropy, MD=Mean Diffusivity, RD=Radial Diffusivity,
HC=Healthy Controls, PPA=Primary Progressive Aphasia, sPPA= semantic
PPA, aPPA= agrammatic PPA, lPPA= logopenic PPA, UF=Uncinate Fascicu-
lus.
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Along-tract analysis of the arcuate fasciculus using the Laplacian operator to

evaluate different tractography methods
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A B S T R A C T

Purpose: We propose a new along-tract algorithm to compare different tractography algorithms in tract curva-
ture mapping and along-tract analysis of the arcuate fasciculus (AF). In particular, we quantified along-tract
diffusion parameters and AF spatial distribution evaluating hemispheric asymmetries in a group of healthy
subjects.
Methods: The AF was bilaterally reconstructed in a group of 29 healthy subjects using the probabilistic ball-and-
sticks model, and both deterministic and probabilistic constrained spherical deconvolution. We chose cortical
ROIs as tractography targets and the developed along-tract algorithm used the Laplacian operator to para-
meterize the volume of the tract, allowing along-tract analysis and tract curvature mapping independent of the
tractography algorithm used.
Results: The Laplacian parameterization successfully described the tract geometry underlying hemispheric
asymmetries in the AF curvature. Using the probabilistic tractography methods, we found more tracts branching
towards cortical terminations in the left hemisphere. This influenced the left AF curvature and its diffusion
parameters, which were significantly different with respect to the right. In particular, we detected projections
towards the middle temporal and inferior frontal gyri bilaterally, and towards the superior temporal and pre-
central gyri in the left hemisphere, with a significantly increased volume and connectivity.
Conclusions: The approach we propose is useful to evaluate brain asymmetries, assessing the volume, the dif-
fusion properties and the quantitative spatial localization of the AF.

1. Introduction

The arcuate fasciculus (AF) is an associative white matter (WM)
tract involved in language functions. The AF was classically considered
to connect two areas: the Broca expressive language area (inferior part
of the precentral gyrus and posterior part of the middle and inferior
frontal gyri), and the Wernicke language receptive area (posterior part
of the superior and middle temporal gyri). Based on seminal post-
mortem studies in healthy subjects and in patients with language dis-
orders such as conduction aphasia [1,2], language processing was as-
signed mainly to the left hemisphere. Nowadays, the language network
can be studied by in vivo noninvasive methods, such as tractography

[2–5] and fMRI [6]. Left hemispheric dominance for language func-
tions, especially those supporting syntactic processes, has been con-
firmed in fMRI studies, but semantic and phonemic processes are now
known to be less left-lateralized, while prosodic information is pro-
cessed in the right hemisphere [6–9].

Tractography uses Diffusion Weighted (DW) MR images to re-
construct the pathways of WM fibres [10,11]. Catani et al. [3] studied
the AF connectivity by deterministic tensor tractography [12] and
found that in most subjects the right AF could not be tracked [4].
Subsequent studies have demonstrated a significant variability in the
detection of AF [13,14] or other WM tracts [15] depending on the
tractography algorithm employed.

https://doi.org/10.1016/j.mri.2018.08.013
Received 22 January 2018; Received in revised form 8 July 2018; Accepted 24 August 2018

⁎ Corresponding author at: Department of Biomedical and Neuromotor Sciences, Functional MR Unit, University of Bologna; Istituto delle Scienze Neurologiche di
Bologna, Diagnostica Funzionale Neuroradiologica, Bologna, Italia.

1 Contributed equally.
E-mail address: caterina.tonon@unibo.it (C. Tonon).

Magnetic Resonance Imaging 54 (2018) 183–193

0730-725X/ © 2018 Elsevier Inc. All rights reserved.

T



Chen et al. [14] were able to detect the AF in both the hemispheres
with the probabilistic ball-and-sticks tractography [13], but not with
deterministic tensor based tractography. This could be related to the
proportionally greater presence of crossing fibres in the right hemi-
sphere [16,17]. Additional information on WM tracts may be gleaned
from tractography by performing an along-tract analysis for quantita-
tive investigation of local diffusion parameters. Tract variation may be
studied along a preferential anatomical axis [18], but this approach is
inadequate in the case of AF curving fibres trajectories that arch around
the Sylvian fissure and project laterally towards grey matter (GM) ter-
minations. Several methods for AF along-tract parameterization have
been proposed, commonly based on streamline parameterization
[16,19,20], and hence inapplicable to connectivity maps. However, the
AF can be studied by dividing it in two segments, a more anterior
horizontal and a more posterior vertical one, while also evaluating their
curvature in this sub-segmental division [21–23].

The question of which GM areas are connected by the AF remains
open [24], given limitations in fibre tracking and great inter-subject
variability. The study of the distribution of GM terminations of the AF is
of considerable interest in the monitoring of language development in
the human brain [25,26] or in comparative studies on primates [27].

The aim of this study was to compare different tractography
methods using an along-tract parameterization to quantitatively eval-
uate arcuate fasciculus asymmetries across hemispheres, to assess pos-
sible volumetric, geometric and diffusion metrics asymmetries. We es-
timated AF connectivity in the right and left hemispheres of a group of
29 healthy subjects using three different methods, all achieving a good
crossing-fibre resolution. We performed AF tractography by the prob-
abilistic ball-and-sticks, deterministic and probabilistic spherical de-
convolution tractography methods, allowing the AF to reach the GM
terminations using a cortical ROI approach which can be extended to
analyze larger study data. Furthermore, we have developed an along-
tract parameterization algorithm to quantitatively compare diffusion
measures, tract localization and curvature in each hemisphere, for each
tractography method considered. To our knowledge, this is the first
study which quantitatively compares the localization of right and left
AF and which introduces an along-tract parameterization method for
AF volumetric tractography data.

2. Material and methods

2.1. Subjects and MRI acquisition

Twenty-nine healthy adult subjects (15 males and 14 females), with
a mean age of 38 years, standard deviation 18 years (range:
23–69 years), were recruited by the Functional MR Unit, Department of
Biomedical and Neuromotor Sciences of the University of Bologna,
among Hospital and University workers and their relatives. Twenty-
four were right-handed while five were atypically-handed [28]. A
current or past history of neurological or psychiatric disorders and
major brain injuries was excluded in all participants by a neurologist
(CaT) and signal and/or morphology alterations on brain images were
excluded by a neuroradiologist (RL).

Participants underwent a standardized brain MRI protocol including
T1-weighted and DW imaging. MRI scans were acquired on a 1.5 T
General Electric scanner with a birdcage head coil. The T1-weighted
images were obtained by using the FSPGR (Fast Spoiled Gradient echo)
sequence (TI= 600ms, TE= 5.1ms, TR=12.5 ms;
FOV=25.6×25.6 cm; 1mm isotropic voxels). DW-imaging was based
on single-shot SE-EPI sequence (TE= 87ms, TR=10 s,
FOV=32×32 cm, slice thickness= 3.0mm, in-plane resolu-
tion=1.25×1.25mm2). Diffusion gradients were applied in 64 di-
rections with b-value 900 s/mm2 and 7 volumes with null b-value were
acquired. The DWI acquisition time was 11min and 40 s.

For the control of DWI data quality, we performed a detailed visual
inspection slice by slice, automatic slice intensity dropout evaluation

and interpolation correction.
The protocol was approved by the local Ethics Committee and

written informed consent was obtained from all participants.

2.2. Preprocessing

Eddy-current correction and local fitting of the diffusion tensor
parameters was performed using the FDT (FMRIB's Diffusion Toolbox)
software library tools (http://www.fmrib.ox.ac.uk/fsl/fdt/index.html).
For both T1-weighted and DW data the Brain Extraction Tool was used
to exclude all the non-brain tissue [29]. For each subject, T1-weighted
and DW images were non-linearly registered by the 3dwarper tool from
the Automatic Registration Tool library [30,31].

2.3. Region of interest definition

ROIs were defined in a common standard space (MNI 152 standard
template, voxel size 2.0×2.0×2.0mm3), to which participants' T1-
weighted images, previously registered on DW images, were aligned
using linear and non-linear registration [32]. We defined:

▪ The seed mask located in the WM of the AF just anterior to the point
where the tract begins to arc towards temporal GM [33] (in green in
Fig. 1A).

▪ Target masks located in the GM of the frontal and temporal lobes,
according to the Harvard-Oxford probabilistic atlas which was
thresholded at 25% of subjects (in blue in Fig. 1A), adapting the
procedure of Galantucci et al. [34].

2.4. Fibre tracking

The tractography of the AF was performed using three different
approaches:

▪ probabilistic tractography based on the ball-and-sticks model -
Probtrackx2;

▪ deterministic tractography with constrained spherical deconvolu-
tion - CSTdet;

▪ probabilistic tractography with constrained spherical deconvolution
- CSTprob.

The ball-and-stick method estimates anisotropic tensors (sticks)
with isotropic background (ball), explicitly modeling local fibre or-
ientation and separating it from isotropic partial volumes. It utilizes a
Bayesian estimation of diffusion parameters implemented in FSL
(Bedpostx) [35]. Fibre tracking (Probtrackx2) result is an intensity map
of probabilistic connections evaluated within each voxel.

CSTdet was performed using the software package Mrtrix3 (http://
www.mrtrix.org). It provides an estimate of the FOD (Fibre Orientation
Density) function by deconvolving the diffusion signal using non-ne-
gatively constrained spherical deconvolution [36], from a response
function estimated with the “Tournier” algorithm [37], setting the
maximum harmonic degree at lmax= 8. Mrtrix3 provides several fibre
tracking algorithms, in our study the deterministic SD_Stream algorithm
was used for CSTdet and probabilistic iFOD2 for CSTprob. Deterministic
streamlines were evaluated by stepping along the local fibre orientation
and performing a peak-finding procedure on the FOD once per point
[38]; probabilistic streamlines were obtained by iFOD2, via random
sampling of the FOD, using the 2nd order integration over fibre or-
ientation distribution [39].

The tracts were delineated starting from the WM seed mask, re-
quiring the streamlines to traverse both frontal and temporal GM tar-
gets. Tractography results were thresholded at 10% with respect to the
maximum of connectivity within each voxel.
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2.5. Tractography analysis

Once the AF was defined, volume and diffusion properties of the
tract, estimated as tensor parameters, were evaluated to allow com-
parison with previous findings in the literature. Eigen-values (λ1, λ2,
λ3) of the diagonalized diffusion tensor and the invariant indices as-
sociated with them, such as fractional anisotropy (FA) and mean dif-
fusivity (MD), were calculated.

Along-tract evaluation of the diffusion parameters was performed in
MNI-152 standard template space and restricted to the compact part of
the AF bundle, named AF core [16] before its branching towards GM
terminations. The AF core was defined by restricting the tract volume
within the MNI coordinates using the ROIs defined by Giorgio et al.
[33] to restrict the AF WM core tractography (Fig. 1B).

In addition, GM terminations were evaluated with group-variability
(GV) maps in MNI-152 space. Inter-subject variability of the AF GM
terminations was evaluated using group variability maps thresholded at
10% of subjects. Three-dimensional rendering was performed using the
brainR package of the R statistical software [40]. Moreover, to quan-
titatively evaluate hemispheric asymmetries in AF cortical termina-
tions, we measured tract volume and tractography output in cortical
regions, selected from the Harvard-Oxford atlas (see Supplementary
Materials – Methods).

2.6. Laplacian parameterization

We developed a parameterization method which can be applied to
both deterministic and probabilistic tractography results, to perform
along-tract analysis of the diffusion measures and map tract localization.

For this purpose we used the Laplacian spectral graph properties, in
particular we evaluated the Fielder vector (ψ) that corresponds to the
smallest non-zero eigenvalue. Ψ in graph theory is commonly used to
evaluate clustering properties, but its properties can also be used in
spectral mesh processing [41]. Several applications for Laplacian
spectral properties have also recently been found in neuroimaging [42].

In particular, we used the Laplacian to parameterize the along-
tract evolution of the AF. First, we parameterized the AF by modeling
its surface in 3-dimensional space. We described the tract surface as
triangular meshes and built a connectivity matrix of edges between
vertices. The discrete Laplacian operator was calculated on this
matrix and its spectrum was evaluated. In particular, ψ can be used
to establish an intrinsic coordinate system for elongated tubular
structures, where the ψ gradient follows the shape of the object and
its maximum and minimum are at the two extremes of the elongated
objects [43,44]. We used this property of the ψ gradient to para-
meterize the AF. First, we evaluated ψ values for each mesh node,
and then we sorted ψ values and divided the ψ gradient obtained into
fifteen intervals.

Subsequently, the mesh parameterization was projected back to the
voxels forming the AF tract volume and each voxel was associated with
the nearest mesh vertex of the tract surface. We chose to divide the AF
into fifteen segments since it was the maximum number for which a
unique association between mesh nodes and voxels within the volume
was always preserved for all subjects. This parameterization method
(defined as Laplacian parametrization) was applied to the AF core in
each hemisphere for all participants. The sorting of the fifteen segments
progresses from the frontal to the temporal extremes. We implemented
this procedure in Matlab (R2016a).

Fig. 1. A Sagittal (R, right and L, left), coronal and axial views of the ROIs used for the AF tractography, drawn on the MNI-152 template. The seed ROI (green) is
defined in the WM underlying the angular gyrus; target ROIs (blue) were defined in the frontal and temporal GM according to the Harvard-Oxford probabilistic atlas,
thresholded at 25% of subjects.
B 3-dimensional rendering of the left (blue) and right (red) AF core of the group variability maps obtained by CSTprob and thresholded at 10% of subjects, isolated by
ROIs (green) whose coordinates are given by Giorgio et al. (2010). The central posterior view omits the right and left AF to visualize the localization of ROIs more
clearly. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article)
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2.7. Coordinate system for tract localization

After AF Laplacian parameterization, we evaluated the centroids of
each AF segment, obtaining a map of tract coordinates.

▪ the x-coordinate increases from the midsagittal plane laterally to-
wards either the left and right hemisphere;

▪ the y-coordinate increases along the postero-anterior direction;
▪ the z-coordinate increases along the infero-superior direction.

2.8. Statistical analysis

Statistical analyses were conducted with MATLAB R2016a. The
Kolmogorov-Smirnov test was performed to test whether diffusion
metrics were normally distributed. The median and interquartile values
of tract volume and diffusion parameters (FA, MD, λ1, λ2 and λ3) were
calculated, since distributions were non-Gaussian. The analysis has
been evaluated in the whole AF core and along the tract in both
hemispheres of every subject and for each of the three tractography
methods. Right and left AF results of the 29 subjects were compared,
using the Wilcoxon signed-rank non-parametric paired test, with a
significance level set at p < 0.05 corrected by the FDR (False Discovery
Rate) method for multiple (segments) comparisons.

Tract curvature was mapped calculating centroids of each Laplacian
parametrization segment. Right and left hemisphere tract coordinates
of centroids were compared using the Wilcoxon signed-rank test, with
the significance level set at p < 0.05 corrected by the FDR as above.

3. Results

All DWI volumes images were characterized as being of high
quality. We were able to track the AF in both the right and left

hemispheres in all subjects with all the three tractography methods,
except for one subject for whom the CSTdet was not successful in de-
tecting the right AF (male, right handed).

3.1. Group variability maps and cortical projections

Fig. 2 shows GV maps thresholded at the 10% of subjects. With
CSTdet, GV maximum corresponded to 19 subjects in the right and 22
subjects in the left hemisphere. Otherwise, the GV maxima were 29
subjects in both hemispheres for both Probtrackx2 and CSTprob (Fig. 2).
The GV maps obtained with both the probabilistic methods had greater
volume with respect to GV maps obtained with CSTdet and while
CSTprob produced a greater volume compared to Probtrackx2.

The upper parts of both Fig. 3A and B show the 3D volume ren-
dering of GV maps. The bottom parts of both Fig. 3A and B show sagittal
projections of the GV maps to show frontal and temporal GM termi-
nation of the AF.

We found GM projections of the AF both in the middle temporal
gyrus (MTG) and in the superior temporal gyrus (STG) for both the
probabilistic methods (Fig. 2, green arrow STG, yellow arrow MTG),
with an increase of the STG connectivity on the left, most evident with
the CSTprob (Fig. 3B lower).

All the tractography methods, and especially the two probabilistic
methods, showed in both hemispheres AF projections towards the in-
ferior frontal gyrus (IFG) (Fig. 2, turquoise arrow IFG), and showed
additional projections in the left precentral gyrus (PrCG) (Fig. 2, red
arrow PrCG); see also the 3-dimensional rendering of GV maps of the
left AF (Fig. 3B upper).

These observations based on GV maps, were also confirmed by
quantitative measures of volume and tractography results evaluated in
atlas-based cortical regions (see Supplementary Materials – Results).

Fig. 2. Sagittal, coronal and axial views of the Group Variability (GV) maps, thresholded at the 10% of subjects, for the different tractography algorithms: CSTdet (A),
Probtrackx2 (B), CSTprob (C). The intensity scales of the maps are associated to the minimum and maximum of the subjects represented by the GV maps. Coordinates
of the shown projections are reported in mm in the MNI space. The arrows indicate with different colors characteristic GM terminations of the AF: STG (green), MTG
(yellow), PrCG (red) and IFG (turquoise). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article)
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3.2. Hemispheric asymmetries in the AF core

Evaluating right and left AF differences in the whole tract we in-
cluded all the subjects for the probabilistic methods whereas for CSTdet

we included 25 subjects because in one case the right AF was absent
and in three cases the AF was discontinuous and with more than one
bundle making the Laplacian parameterization incompatible with that
achieved for other subjects'. The results of the whole core analysis are
shown in Table 1.

The AF volume was higher using the probabilistic tractography
methods than the deterministic one, especially with CSTprob. The tract

volume was significantly bigger in the left AF with Probtrackx2, while
there were no significant differences in tract volume between hemi-
spheres with the CST algorithms.

FA differed between the hemispheres only in the CSTprob, showing a
lower median value of the left FA and correspondingly λ1 was sig-
nificantly higher in the right and λ2 in the left hemisphere. With the
CSTdet we measured higher λ2 on the left and higher λ3 on the right;
with Probtrackx2 we measured an higher λ1 and λ3 on the right, and
higher λ2 on the left. Right and left MD values were not significantly
different for any of the three tractography algorithms.

Fig. 3. For both A and B, upper: 3-dimensional rendering of GV maps volume for the three tractography algorithms, left AF (blue) and right AF (red); lower: GV map
of GM projections of the AF, on the MNI-152 brain.
A upper: right lateral view. A lower: right sagittal section.
B upper: left lateral view. B lower: left sagittal section.
The angle of view of the 3-dimensional rendering is set individually for each algorithm to better visualize GM projections. The coordinates of the GV projections
shown are reported in mm in the MNI space. The colored arrows indicate characteristic GM terminations of the AF: STG (green), MTG (yellow), PrCG (red) and IFG
(turquoise). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article)

Table 1
Hemispheric asymmetries in the AF core.
Wilcoxon signed rank test results comparing the right and left AF tractography results for the three proposed algorithms (CSTdet, Probtrackx2, CSTprob). In the table,

median and interquartile (IR) values of the tract volume and diffusion parameters are shown for the right and left AF. Associated p-values are reported as: n.s. not
significant, ⁎p-value< 0.05, ⁎⁎p-value< 0.01, ⁎⁎⁎p-value<0.001.

CSTdet Probtrackx2 CSTprob

Median (IR)
right AF

Median (IR)
left AF

Median (IR)
right AF

Median (IR)
left AF

Median (IR)
right AF

Median (IR)
left AF

Volume (mm3×103) 1.7 (1.1) 2.0 (1.4) n.s. 2.7 (0.7) 3.5 (0.9) ⁎⁎ 6.3 (1.3) 6.9 (1.5) n.s.
FA 0.41 (0.04) 0.43 (0.06) n.s. 0.43 (0.06) 0.43 (0.04) n.s. 0.41 (0.04) 0.39 (0.04) ⁎⁎⁎

MD (mm2/s× 10−3) 0.73 (0.03) 0.73 (0.03) n.s. 0.73 (0.03) 0.74 (0.03) n.s. 0.74 (0.03) 0.74 (0.02) n.s.
λ1 (mm2/s×10−3) 1.10 (0.09) 1.10 (0.08) n.s 1.11 (0.08) 1.09 (0.03) ⁎ 1.10 (0.05) 1.05 (0.04) ⁎⁎⁎

λ2 (mm2/s×10−3) 0.65 (0.05) 0.68 (0.05) ⁎ 0.66 (0.04) 0.68 (0.06) ⁎⁎⁎ 0.67 (0.04) 0.70 (0.04) ⁎⁎⁎

λ3 (mm2/s×10−3) 0.46 (0.04) 0.42 (0.05) ⁎⁎ 0.45 (0.04) 0.42 (0.04) ⁎ 0.46 (0.04) 0.46 (0.03) n.s.
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3.3. Hemispheric asymmetries in along-tract volume and diffusion measures

Fig. 4 shows the Laplacian parametrization results for the tracto-
graphy methods. The AF appears to present more isolated branches
with the CSTdet method. For simplicity, we can divide AF segments in
three regions: frontal from segments 1 to 7, parietal from 8 to 11 and
temporal regions from 12 to 15. Evaluating along-tract volume asym-
metries, with CSTdet and CSTprob we measured significant volume dif-
ferences only in isolated segments, whereas with Probtrackx2 the tract
volume was bigger on the left in the temporal region of tract (Fig. 5).
Figs. 6–8 show hemispheric asymmetries in the diffusion parameters
values calculated for the AF, calculated from each of the three tracto-
graphy methods.

For CSTdet (Fig. 6), FA was higher on the left in one parietal-tem-
poral segment, MD was higher on the right in parietal-temporal seg-
ments and on the left in two temporal segments. No significant differ-
ences were found for λ1; λ2 was higher on the left in one frontal
segment, λ3 was higher on the right in one frontal and some temporal
segments.

For Probtrackx2 (Fig. 7), FA was higher on the right in some parietal
segments, MD was higher on the left in one frontal and one temporal
segments, and on the right in two temporal segments. λ1 was higher on
the right in some parietal segments and on the left in one frontal and in

one temporal segments, λ2 was higher on the left in frontal and parietal
segments, λ3 was higher on the left in one parietal segment and on the
right in two temporal segments.

CSTprob (Fig. 8), FA was higher on the right in frontal and parietal
segments, MD was higher on the left in one frontal and in one temporal
segments and on the right in some temporal segments. λ1 was higher on
the right in frontal and parietal-temporal segments, and on the left in
one temporal segment, λ2 was higher on the left in some frontal and
parietal segments, λ3 was higher on the right in one frontal segment
and on the left in some parietal segments.

3.4. Hemispheric asymmetries in tract localization and curvature

Right and left centroid coordinates presented analogous differences
in the three tractography algorithms (Fig. 9). The x-coordinate along-
tract variations showed an AF midsagittal-lateral curvature which was
higher on the left in some frontal segments and on the right in temporal
segments. The y-coordinate values decreased from frontal to temporal
segments and most of the left segments were located more anteriorly
with respect to the right. Finally, the z-coordinate describes the axial
tract localization, which was more superior on the right in frontal
segments and on the left in some temporal segments.

Fig. 4. 3-dimensional rendering of the mean Laplacian parameterization across all the subjects, for each tractography method, dividing the AF into 15 segments
(blue=1st frontal segment, red= 15th temporal segment), projected onto the MNI-152 brain. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article)
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4. Discussion

In the present study probabilistic tractography methods
(Probtrackx2 and CSTprob) and deterministic tractography (CSTdet)
were able to tract the AF in both hemispheres (with the exception of
one case) in a sizeable sample of healthy subjects. These results are in
agreement with recent post mortem dissections studies [45] and pre-
vious in vivo tractography studies using Probtrackx [14] or CSTprob

[46], whereas the first deterministic tensor tractography studies failed
to track the right AF [4,8]. The reason for this discrepancy with the
previous deterministic studies could be due to the fact that CSTdet ap-
proach is based on a “higher-order” model that allows the estimation of
crossing-fibres [47], a step that is not possible using tensor-based
tractography, and probably generates false negative results in the
identification of the right AF.

In our study we defined GM target ROIs using the Harvard-Oxford
probabilistic atlas to allow for intrinsic hemispheric variability. Seed
and targets ROIs were suitable for all the three tractography methods.

Moreover, this procedure limits operator dependence and can be em-
ployed in studies with large number of subjects.

Increased STG connectivity on the left was previously observed by
Glasser and Rilling [8], who proposed a two-segment model of the AF
differentiating the MTG and STG temporal terminations. The STG is
thought to be involved in the auditory interface for language, whereas
the MTG, in particular its posterior portion, is connected with visual
input and is a sound-meaning interface for lexical-semantic functions
[48]. We were able to explore whether our data were consistent with
the two-segment model, qualitatively using the GV maps, and quanti-
tatively by evaluating the AF intersection with the STG, MTG, PrCG and
IFG cortical ROIs (Supplementary Materials). We observed a more left-
lateralized STG connectivity, and a balanced bilateral connectivity with
the MTG, which is in agreement with fMRI data showing bilateral ac-
tivation during phonemic tasks [8]. Regarding the IFG and PrCG con-
nections, PrCG has primary importance during early language acquisi-
tion and integrates auditory-motor stimuli while IFG connections arise
much later in human brain development and are functionally related to

Fig. 5. Along-tract volume comparison between the right (dashed line) and left (continuous line) AF tractography results, for the three algorithms employed (CSTdet,
Probtrackx2, CSTprob). In the plot the median volumes are displayed along with the interquartile range (shaded area: red for the right, blue for the left). The red
squares mark significant left-right differences with p value< 0.05 after FDR correction. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article)

Fig. 6. Along-tract comparison between the right (dashed line) and left (continuous line) AF tractography results, evaluated with the CSTdet algorithm. Median
diffusion parameter values are displayed along with the interquartile range (shaded area: red for the right, blue for the left). The red squares mark significant left-
right differences with p value< 0.05 after FDR correction. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article)
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semantic and syntactic language processing [25,26]. Thus, our results
are in keeping with the division of the AF into two main routes: STG-
PrCG, more evident in the left hemisphere, and MTG-IFG present bi-
laterally [6,8]. The STG-PrCG stream was detected more robustly by
probabilistic tractography methods, Probtrackx2 and CSTprob.

The Laplacian parameterization was found to be well-adapted to the
geometry of the AF, giving comparable results for different tracto-
graphic algorithms (Fig. 4); thus it can be used with different tracto-
graphy methods, without limitation on fibre-tracking outputs. In gen-
eral, the Laplacian spectral properties describe invariant geometric

Fig. 7. Along-tract comparison between the right (dashed line) and left (continuous line) AF tractography results, evaluated with the Probtrackx2 algorithm. Median
diffusion parameter values are displayed along with the interquartile range (shaded area: red for the right, blue for the left). The red squares mark significant left-
right differences with p value< 0.05 after FDR correction. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article)

Fig. 8. Along-tract comparison between the right (dashed line) and left (continuous line) AF tractography results, evaluated with the CSTprob algorithm. Median
diffusion parameter values are displayed along with the interquartile range (shaded area: red for the right, blue for the left). The red squares mark significant left-
right differences with p value< 0.05 after FDR correction. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article)
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features of objects [41]. In our study the Laplacian parameterization
facilitated an along-tract analysis of the AF based on intrinsic and in-
variant properties due to the elongated and curving geometry of the AF.

The hemispheric comparisons in the whole AF core showed that the
different tractography algorithms did not always detect the same dif-
ferences (Table 1), although they were mostly in agreement in mea-
suring differences of diffusion parameters: higher λ1 and λ3 values in
the right and higher λ2 in the left hemisphere.

The Laplacian parametrization allowed localized tract hemispheric
asymmetries to be detected. In particular, the left AF core volume was
higher mainly in temporal segments with Probtrackx2 (Fig. 5). With the
CSTdet and Probtrackx2 methods we measured an higher λ3 value on
the right in some parietal-temporal segments (Figs. 6, 7). This higher λ3

measure on the right was also observed in previous along-tract analysis
on the AF, performed with the deterministic tensor tractography
[16,19]. This finding was associated with the presence of more nu-
merous crossing fibres on the right, complicating the identification of
the right AF. With CSTprob tractography this difference in the λ3 dif-
fusivity was not detected, although we measured higher MD values on
the right in the same AF segments (Fig. 8). Especially with probabilistic
methods we measured a higher λ2 diffusivity on the left in the most
frontal segments of the AF core and in the parietal-temporal segments,
where the AF arches through the Sylvian fissure. These differences
should be considered in relation to the fact that the left AF showed
different GM terminations and the fibres that reach these terminations

could have different orientations, causing an increase in the second
axis, λ2, of the diffusion tensor. Moreover, the hemispheric differences
in λ2 might be associated with more than one factor, for example the
presence of crossing fibres, or a lower fibre density in areas of more
divergent AF connectivity to cortical terminations, in the left AF with
respect to the right, as observed in particular in the frontal lobe (see
PrCG volume - Supplementary Materials). Probably for the same reason,
the λ1 measure was higher on the right in some fronto-parietal seg-
ments with Probtrackx2 and CSTprob (Figs. 7–8).

Differences between tractography methods in measured diffusion
metrics and AF volumes are likely related to the different models be-
hind each implementation. There is a fundamental methodological
difference between probtrackx2 and CST methods; in the CST the
number of possible fibre populations is estimated directly from the
data, while in the ball-and-sticks model, used for probtrackx2, the
maximum number of fibres per voxel is predefined. Regarding the two
CST variants analyzed, probabilistic methods have been considered
more informative than the deterministic tensor-based tractography,
particularly in tracking the AF in pathological conditions such as tumor
or edema [17]; however for the evaluation of the CSTdet approach
further investigations are necessary. On the other hand, many prob-
abilistic methods have been proposed, and there is no consensus on
which could be the best approach [49].

However, a definitive comparison between deterministic and
probabilistic methods is only possible when tractography results are

Fig. 9. Centroid coordinates of along-tract segments: the x-coordinate increases symmetrically from the midsagittal plane laterally towards the right and left
hemispheres respectively, the y-coordinate increases along the postero-anterior direction and the z-coordinate increases along the infero-superior direction.
Right (dashed line) and left (continuous line) tractography results are compared, for the three proposed algorithms: CSTdet (A), Probtrackx2 (B), CSTprob (C). Median
coordinate values are displayed along with the interquartile range (shaded area: red for the right, blue for the left). The red squares mark significant left-right
differences with p value< 0.05 corrected with FDR for multiple comparisons. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article)
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compared with a gold standard. Candidates for a gold standard include
post mortem axonal tracing, available for primate studies, and post
mortem studies on humans. Primate post mortem axonal tracing studies
might be used to define an anatomical reference for humans, but studies
have demonstrated important differences between species at the level
of AF connectivity [50]. Similarly, a study employing only AF tracto-
graphy, in chimpanzees and macaques post mortem compared with
humans' in vivo, likewise found that AF had different temporal projec-
tions [27]. Thus, primate AF anatomy is not the best gold standard for
human tractography. Considering post mortem studies on humans,
Martino et al. [45] were able to detect the AF in both left and right
hemispheres, confirming our tractography results, while Geschwind
and Levitsky [51], investigating hemispheric asymmetries in the STG, a
cortical region connected by the AF, in 100 post mortem human brains,
found that there was a larger STG area on the left, a result that seems to
confirm our findings on asymmetries in AF cortical terminations.

The influence of sex and handedness on brain structural organiza-
tion is known. Catani et al. [4] reported preliminary findings that fe-
males are more likely to have symmetrical pattern of AF connections.
Hagmann et al. [52] showed that language processing relies pre-
dominantly on the left hemisphere, more in men than in woman, and in
right- versus left-handers. In contrast, Allendorfer et al. [53] demon-
strated in a group of 240 subjects that there was no association between
handedness or sex and AF hemispheric differences. All these works used
deterministic tensor tractography. Although the use of probabilistic
tractography methods would certainly will give new perspectives in the
assessment of these correlations, we did not explore the relationship
between the AF asymmetries with sex or handedness because for a
robust investigation we need a larger study sample. A larger cohort
would also be necessary to explore age covariance in the AF hemi-
spheric asymmetries. Nevertheless, the study of Allendorfer et al. [53]
demonstrated that in subjects between the ages of 18 and 76 years there
was not a significant correlation of age with possible AF lateralization,
although a significant reduction of FA in the arcuate fasciculus had
previously been found by Voineskos et al. [54].

To our knowledge, this is the first study which quantitatively as-
sesses spatial localization of the AF, based on the centroid coordinates
obtained with the Laplacian parametrization, allowing comparison of
the curvature between hemispheres regardless of the choice of tracto-
graphy algorithm. The left AF showed a lower lateral curvature (x-co-
ordinate), a more dorsal localization (z-coordinate) in the temporal
segments, and a higher curvature around the Sylvian fissure towards
the STG, while on the right more lateral curvature was observed to-
wards the MTG (Fig. 3). Otherwise, in the frontal segments the AF has a
higher lateral curvature (x-coordinate) and a more ventral localization
(z-coordinate) on the left (Fig. 9). In fact, the left AF in addition to the
IFG termination, also projects laterally and inferiorly towards the PrCG
(Fig. 9). For all the tractography methods tried, the y-coordinate
showed a more anterior localization for the left compared to the right
tract.

4.1. Limitations

Some limitations of the present study should be pointed out, in-
cluding the non-isotropic voxel of the DW images, the intensity of the
static magnetic field (1.5 T) and the relatively low b-value used. On the
other hand, the quality of the AF tract reconstructions achieved in our
study was optimal, as previously demonstrated with similar acquisition
parameters at 1.5 T [13,33,36] and the atlas-based cortical ROI ap-
proach allows future applications in larger group including both
healthy controls and pathological conditions.

5. Conclusion

In summary, tractography of the AF was successful in both hemi-
spheres using all three fibre-tracking methods tested (CSTdet,

Probtrackx2 and CSTprob) at 1.5 T. Several properties of the AF were
assessed in detail using an along-tract analysis starting from each of
these methods. In each case, bilateral MTG and IFG connectivity was
detected, STG and PrCG connectivity being stronger in the left hemi-
sphere using the probabilistic methods. These hemispheric asymmetries
in GM terminations caused differences in tract curvature, and the pre-
sence of fibres with different orientations resulted in a lower main di-
rectionality in the diffusion measures of the left AF.

We quantitatively mapped the geometry of the AF tract using along-
tract statistics. To our knowledge this is the first time such a comparison
has been made for different fibre-tracking outputs, including
Probtrackx2 connectivity maps, thanks to the use of the Laplacian
parameterization, suitable for the detection of intrinsic and invariant
geometric properties.

This study provides a methodological basis for tract analysis for pre-
and post- surgical evaluation in brain tumors, vascular lesions [46] and
epilepsy [55] and robust biomarkers for degenerative diseases such as
primary progressive aphasia variants both as diagnostic, prognostic and
surrogate biomarkers of rehabilitative interventions efficacy [56,57].
Moreover, our approach proved to be accurate in the detection of the
hemispheric asymmetries of AF tract geometry and asymmetries that
are crucial for language lateralization processes [58].
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Supplementary Materials – Methods 

We quantitatively investigated GM terminations by evaluating tract intersection with cortical ROIs 

from the Harvard-Oxford atlas. In particular, we considered four cortical regions of the atlas (Fig. 

S1): 

 the superior temporal gyrus posterior division (STG); 

 the middle temporal gyrus posterior division (MTG); 

 the central operculum cortex, under the precentral gyrus (PrCG); 

 the frontal operculum cortex as representative of the inferior frontal gyrus (IFG). 

Within each cortical region, we measured the AF volume and tractography output normalized by 

the maximum of connectivity in the whole tract. We evaluated hemispheric asymmetries using the 

Wilcoxon signed-rank test. 

Supplementary Materials – Results 

In Table S1, we reported the results of the AF volume and normalized connectivity within cortical 

ROIs. In STG and PrCG, we measured a significant increase of AF volume and connectivity on the 

left for all the tractography algorithms. On the contrary, in the MTG terminations we measured an 

increased AF volume on the right using CSTprob, and in the IFG an increased AF volume on the left 

using CSTdet. 

  



2 
 

Fig. S1 

We reported cortical regions according to the Harvard-Oxford atlas onto the MNI atlas: STG 

posterior division (green), MTG posterior division (yellow), central operculum (red) and frontal 

operculum (light blue).  

 

              
 

 

Table S1 

Wilcoxon signed rank test results comparing the right and left AF tractography results for the three 

proposed algorithms (CSTdet, Probtrackx2 and CSTprob). In the table, we show median and 

interquartile (IR) values of the tract volume and normalized connectivity in different cortical 

regions (STG posterior, MTG tempo-occipital, medial and frontal operculum), for the right and left 

AF. Associated p-values are reported as: n.s. not significant, * p-value < 0.05, ** p-value < 0.01, 

*** p-value < 0.001.  

 

 CST
det

 Probtrackx2  CST
prob

 

 

Median (IR)  
right AF 

Median (IR)  
left AF  

Median (IR)  
right AF 

Median (IR) 
 left AF  

Median (IR)  
right AF 

Median (IR)  
left AF  

STG volume (mm3) 0 (24) 336 (336) *** 96 (242) 976 (470) *** 456 (796) 1960 (898) *** 

STG connectivity  (%) 0 (15) 22 (8) *** 14 (4) 22 (3) *** 14 (2) 22 (5) *** 

MTG volume (mm3) 16 (178) 48 (150) n.s. 424 (406) 432 (278) n.s. 552 (430) 280 (212) *** 

MTG connectivity (%) 12 (18) 14 (6) n.s. 15 (3) 15 (3) n.s. 14 (2) 13 (2) n.s. 

PrCG volume (mm3) 24 (96) 504 (546) *** 816 (804) 1744 (1004) *** 1040 (794) 2696 (1126) *** 

PrCG connectivity (%) 12 (26) 20 (7) * 19 (6) 23 (4) * 17 (3) 21 (4) *** 

IFG volume (mm3) 0 (30) 48 (160) ** 272 (622) 448 (582) n.s 144 (266) 168 (536) n.s 

IFG connectivity (%) 0 (15) 14 (19) n.s. 14 (5) 16 (6) n.s. 13 (6) 13 (3) n.s 

R         L                               R                         L     R                      L        
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