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Summary

The Machado—Joseph Disease (MJD), or type 3 spinocerebellar ataxia (SCA3), is an
hereditary autosomal dominant and degenerative disease that was described for the first
time among Portuguese individuals. This disease mainly affects the cerebellum, usually
manifests between 50—70 years of age, and includes dysarthria and march ataxia.

The objective of this thesis was to develop a morphometric, in vivo, and non-invasive
biomarker with high spatial resolution, sensitivity, and replicability for identification of
cases with SCA3. The necessary focus on the effect on the cerebellum additionally
benefits a better understanding of this structure, which is highly relevant, but is less
studied compared to the rest of the brain.

This thesis includes functional magnetic resonance imaging (fMRI) that revealed
reduced cerebellar activations in the initial stage of MJD suggesting that functional
differences may occur even prior to early morphological alterations. We also identified
compensatory phenomena, which were dependent on task difficulty. Particularly, the
cerebellar activation volume decreased in patients with SCA3 after performing a
functional paradigm that required participants to perform synchronous and
asynchronous motor tasks.

A quantitative analysis of the morphometric transformations using magnetic resonance
(MR) is useful for identification of early lesions and, above all, monitoring the
progression of cerebellar diseases. However, the majority of the previous studies were
carried out in advanced stages of the disease with low statistical power and/or
signal/noise relation, which was overcome by a strong collaboration with the University
Hospital and ICNAS technological facilities in Coimbra. Additionally, alterations
identified in other studies were often analyzed as general group differences in the
pathological profile instead of developing a biomarker, which was the primary objective
of this thesis.

This study required the acquisition of high resolution MR images at 3T and the
extraction of morphometric information using voxel-based morphometry (VBM), a
whole brain analysis method to determine, without bias, an atrophy pattern facing a
control group or correlated with genetic and clinical metrics. This analytical process
was complemented by using a statistical classifier-based model to define the predictive
values, sensitivity, and specificity in order to validate a method with clinical

application, especially at the disease progression monitoring level.
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The study was conducted using VBM to identify important areas of neurodegeneration
in patients with SCA3, at the thalamus, cerebellum, parietal lobe (post-central gyrus),
and the insular level.

To define a biomarker, ataxias were the models of choice, as their relationship with
cerebellar pathology is known. The development of this morphometric biomarker is an
important tool for the realization and monitoring of clinical assays whose observations
enable the validation of the objective measures of their result, in order to, for example,
identify pre-clinical alterations that may justify the treatment of mutation carriers
without established disease.

Neuroimaging and neuropathology have consistently demonstrated cerebellar
alterations. Here, we further aimed to discover whole-brain functional biomarkers based
on parametric performance-level-dependent signals. The study was performed in 13
patients with early SCA3 and in 14 healthy participants. We used a combined
parametric  behavioral/functional neuroimaging design to investigate disease
fingerprints, as a function of performance levels, coupled with structural MRI and
VBM. The fMRI was designed to parametrically analyze behavior and neural responses
to audio-paced bilateral thumb movements at temporal frequencies of 1, 3, and 5 Hz.
Our performance-level-based design probing neuronal correlates of motor coordination
found that neural activation and behavior show critical loss of parametric modulation,
specifically in SCA3, associated with frequency-dependent cortico/subcortical
activation/deactivation patterns. Cerebellar/cortical rate-dependent dissociation patterns
could clearly differentiate between groups irrespective of grey matter loss. Our findings
suggest a motor network functional reorganization and indicate a possible role of fMRI
as a tool to monitor disease progression in SCA3. Accordingly, fMRI patterns proved to
be potential biomarkers in early SCA3, as tested by receiver operating characteristic
analysis of both behavior and neural activation at different frequencies. The sensitivity
and specificity of discrimination analysis based on the blood oxygen level dependent
(BOLD) signal in response to the applied parametric finger-tapping task were often
significantly >80% in single regions-of-interest. Functional fingerprints based on
cerebellar and cortical BOLD performance-dependent signal modulation can thus be

combined diagnostic and/or therapeutic targets in hereditary ataxia.
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Sumario

A doenca de Machado-Joseph (MJD), ou ataxia espinocerebelosa do tipo 3 (SCA3), ¢
uma doenga hereditdria autossomica dominante e degenerativa, descrita pela primeira
vez entre Portugueses. Esta doenga afecta principalmente o cerebelo e geralmente

manifesta-se entre a quinta e sétima década de vida e inclui disartria e ataxia da marcha.

Pretendeu-se desenvolver um biomarcador morfométrico, in vivo, ndo invasivo, com
elevada resolucdo espacial, sensibilidade e replicabilidade para a identificacdo de casos
de SCA3. O necessario enfoque no cerebelo para o efeito tem o beneficio adicional de
ajudar a melhor compreensdo desta estrutura, tdo relevante mas menos estudada que o

resto do cérebro.

Esta tese incluiu estudos de ressonincia magnética funcional (fMRI), que revelaram
uma diminuicdo das activagdes cerebelosas numa fase inicial da SCA3, o que sugeriu
que diferencas funcionais podem ocorrer ainda antes de alteragdes morfologicas
precoces. Nos também identificdmos fendmenos compensatorios, que dependiam da
dificuldade da tarefa. Em particular, observou-se a diminui¢cdo do volume de activacio
ao nivel do cerebelo no grupo de doentes portadores de SCA3 apds realizarem um
paradigma funcional que exigia que os participantes realizassem tarefas motoras

sincronas.

Uma andlise quantitativa das alteragdes morfométricas por RM ¢ 1til na identificagdo de
lesdes precoces e, sobretudo, na monitorizagdo da progressdo de doengas do cerebelo.
Contudo, a grande maioria dos estudos anteriores foram realizados em fases ja
relativamente avancadas da doenca e com pouco poder estatistico e/ou baixa relagdo
sinal/ruido, que foi ultrapassada pela forte colaboragdo com o Hospital Universitario e
os meios tecnologicos existentes no ICNAS em Coimbra. Adicionalmente, as alteragdes
identificadas noutros estudos foram frequentemente analisadas como uma diferenga
geral entre grupos, considerando o perfil patoldgico ao invés do desenvolvimento de um

biomarcador, que era o principal objetivo desta tese.

Este estudo requereu a aquisicdo de imagens por RM de alta resolug¢do, a 3T, e a
extraccdo de informacdo morfométrica do cerebelo por VBM, um método de analise
global do cérebro para determinar, sem enviesamentos, um padrdo de atrofia face a um

grupo de controlo ou correlacionado com alguma métrica genética ou clinica. Este
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processo analitico foi complementado através do uso de um modelo baseado em
classificadores estatisticos, para definir valores preditivos, sensibilidade e
especificidade, e assim validar um método com aplicagdo clinica, em particular ao nivel

da monitorizagdo de progressdao da doenga.

O estudo realizado por VBM permitiu identificar importantes d4reas de
neurodegeneragdo nos doentes portadores de SCA3/MJD, nomeadamente ao nivel do

talamo, cerebelo, lobo parietal (giro pos-central) e insula.

Na definicdo de um biomarcador inovador, foram escolhidas as ataxias como modelo,
dado que ¢ conhecida a sua relagdo com a patologia cerebelosa. O desenvolvimento
deste biomarcador morfométrico ¢ uma ferramenta importante na realizagdo e
monitoriza¢do de ensaios clinicos, cujas observacdes permitem a validacdo de medidas
objetivas de resultado dos mesmos, de forma a, por exemplo, identificar altera¢des pré-
clinicas que podem justificar tratamento em portadores de mutacdes sem doenca

estabelecida.

A Neuroimagiologia e neuropatologia tém demonstrado consistentemente alteragdes
cerebelares. Para além disso, pretendemos aqui descobrir biomarcadores funcionais do
cérebro, com base em sinais paramétricos dependentes do nivel de desempenho. O
estudo foi realizado em 13 pacientes com SCA3 em fase inicial da doenca e 14
participantes saudaveis. Utilizamos um desenho combinado de neuroimagiologia
funcional/comportamental paramétrico para investigar as caracteristicas das doengas,
em funcdo dos niveis de desempenho, juntamente com a ressonancia magnética
estrutural e a morfometria baseada em voxel. A ressonancia magnética funcional (fMRI)
foi projectada para analisar de forma paramétrica o comportamento e as respostas
neurais aos movimentos do polegar bilateralmente com ritmo auditivo em frequéncias
temporais de 1, 3 e 5 Hz. O desenho baseado no nivel de desempenho que avaliou as
correlacdes neuronais da coordenagdo motora possibilitou a descoberta que a activagao
neural e o comportamento apresentam uma perda critica da modulagdo paramétrica
especificamente no grupo SCA3, associado a padrdoes de activagdo/desactivacdo,
cortico/subcortical, dependentes da frequéncia. Os padrdes de dissociagdo dependentes
da frequéncia cerebelar/cortical podem diferenciar-se claramente entre os grupos
independentemente da perda de matéria cinzenta. Estes achados sugerem a
reorganizacdo funcional da rede motora e indicam um possivel papel da fMRI como

ferramenta para monitorizar a progressdo da doenca na SCA3. Consequentemente, 0s
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padrdes obtidos por fMRI provaram ser potenciais biomarcadores numa fase inicial da
SCA3, conforme testado pela andlise Receiver Operating Characteristic (ROC) dos
comportamentos e da activacdo neural em diferentes frequéncias. A andlise de
discriminacdo baseada no sinal BOLD em resposta a tarefa motora paramétrica
aplicada, atingiu valores estatisticamente significativos, >80%, de sensibilidade e
especificidade em regides de interesse Unicas. As caracteristicas funcionais baseadas na
modulacdo do sinal dependente da performance BOLD a nivel cerebral e cortical podem

assim ser considerados alvos para o diagnostico ou terapia na ataxia hereditaria.
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Introduction

The use of the word “ataxia” originates from the description of tabes dorsalis, in which,
Guillaume Duchenne described it as being a locomotor ataxia (Vora and Lyons, 2004).
Nowadays, this term is used to describe important changes in muscle coordination due

to lesions present in the cerebellum and changes in the respective neuronal connections.

Ataxias are grouped into the following three groups:

e Hereditary

= Autosomal recessive ataxias

= Autosomal dominant ataxias

= X-linked ataxias

= Ataxias due to mitochondrial mutation
e Non-hereditary or sporadic

e Acquired ataxia

Spinocerebellar ataxias (SCA) are autosomal dominant-inherited ataxias. These
conditions represent a heterogeneous group with late-onset symptoms and progressive
neurodegenerative disorders, mainly characterized by cerebellar dysfunction and central
and peripheral nervous system findings (Soong BW and Paulson HL, 2007; Carlson et
al., 2009; Tsuji et al., 2008). Currently, 30 SCA subtypes have been identified globally
and classified into the following three major categories in function of the observed
mutation: polyglutamine ataxias, non-coding repeat ataxias, and ataxias caused by a
conventional mutation in specific genes (Soong et al., 2007; Bettencourt and Lima,
2011; Bettencourt et al., 2007, 2008, 2010; Bettencourt and Lima, 2011).

The aim of this thesis is to develop and validate new morphometric and functional,
magnetic resonance (MR) cerebellar biomarkers, with validation in spinocerebellar
ataxia type 3 (SCA3), also known as Machado—Joseph disease (MJD). Cerebellar and
brainstem dysfunction constitutes one of the most important neurological alterations,
causing progressive gait imbalance and vestibular and speech difficulties, and have an
important impact on a patient’s early life (young and mid-adulthood). To achieve the
goal of this thesis, different methods are used to identify the cerebellar and brain regions
affected and to analyze which regions relate to functional loss or, alternatively,
compensatory brain dysfunctions. To perform in vivo brain studies, we used MR

imaging. This medical imaging approach has played an important role in neuroscience
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over the last few decades and has significantly improved our analysis of neuro-anatomy
and physiology. Advanced neuroimaging has a major role in understanding and
elucidating the pathophysiological mechanisms and providing fundamental methods
that helped develop an imaging biomarker based on functional and structural data from
patients with SCA3 and healthy participants. The development of this new biomarker is
a potentially relevant feature for other types of ataxia and movement disorders like
Parkinson disease; it is also a helpful tool for future clinical trials.

The first part of this introduction is focused on clinical and main genetic features, as
well as on brain structure and function in SCA3 disease, which is the model used for
validating the imaging biomarker developed and described in this thesis. The second
part is dedicated to the contribution of different neuroimaging modalities applied for
studying SCA3. Brain image processing techniques for analyzing anatomic and
functional magnetic resonance (fMRI) data and their contribution on neuroscience

research are also discussed.

The origin and first description of SCA3/MJD

SCA3 was first described in the early seventies upon studying the following three
families of Portuguese Azorean ancestry: Machado, Thomas, and Joseph. The families
of these Portuguese immigrants in Massachusetts, United States of America were
studied by different researchers and the first conclusion pointed out the possibility of
them being three independent diseases (Nakano et al, 1972; Woods et al, 1972;
Rosenberg et al., 1976). In the following years, a new family of Azorean descent was
described (Romanul et al., 1977), and the disease was described in other regions of the
world, but without Azorean ancestry (Rosenberg, 1992).

Affected families living in both the Azores Islands and mainland Portugal have been
newly identified, and the dissemination of description of clinical manifestation opened a
way for the unification of all the characteristics into a single clinical entity. In fact, since
then, MJD has been understood to be a single genetic disease with different phenotypic
expressions. The genetic variability and clinical heterogeneity cause difficulty in the
clinical classification of the disease (Coutinho and Andrade, 1978). The corollary of
these important characteristic disease observations could define the following two
important features in studies on MJD: inheritance as an autosomal dominant condition
and a marked clinical heterogeneity (Bettencourt et al., 2007, 2008, 2010, 2011). Early

descriptions classified the different phenotypes into three major clinical types. The first
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type, also called “Joseph type,” shows an early onset of the disease and a rapid
progression of symptoms, cerebellar ataxia, external progressive ophthalmoplegia
(EPO), and pyramidal and extrapyramidal signs. In the second type, the “Thomas type,”
the disease is characterized by an intermediate onset, cerebellar ataxia, and EPO;
however, in this type, pyramidal signs may or may not be observed. In the third and last

2

type, the “Machado type,” the disease has EPO and cerebellar ataxia along with
peripheral alterations in some cases with minor pyramidal and extrapyramidal signs
(Coutinho, 1992).

In some cases, a rare presentation of MJD with parkinsonian signs may be observed.
According to some researchers, this points towards a possible fourth type of the
condition (Suite et al., 1986). A fifth type was proposed with spastic paraplegia and no
cerebellar ataxia (Sakai and Kawakami, 1996).

In Europe, throughout the nineties, genetic researchers believed to have discovered a

new form of ataxia, which was denominated as SCA3. Further, the same genetic profile

was discovered in MJD; hence, it was designated MJD/SCA3.

Epidemiology of MJD/SCA3

The SCAs are rare neurodegenerative diseases, with a very low prevalence estimated
between 0.3 to 0.2 per 100,000. At present, 31 SCA types are known; but novel types

are still being discovered by advanced genetic analysis.
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Figure 1: Relative frequency of MJD/SCA3 among SCAs (%). The MJD/SCA3 is
most widely distributed worldwide, but the geographic distribution pattern of
MIJD/SCA3 is highly heterogeneous (Bettencourt et al., 2011).
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The relative frequencies of MJD, among SCAs, have important geographic variation,
with the disease being more common in Brazil, China, Germany, Japan, Netherlands,
Portugal, and Singapore. It is relatively less common in Australia, Canada, India,
Mexico, and the United States (Figure 1). In Italy and South Africa, it is considered to
be relatively rare. In the Portugal mainland, MJD/SCA3 is relatively rare, (1/100000;
with the exception of Tagus river valley); however, the highest prevalence (1/239) is

seen in Flores Island (Azores; Bettencourt et al., 2011).

Diagnosis of SCA3

SCA3 is the most prevalent inherited cerebellar ataxia worldwide (Riib et al., 2008). It
is an autosomal dominant neurodegenerative disease caused by an expansion of the
CAG sequence in the ATXN3 gene coding for the protein ataxin-3. Ataxin-3 has de-
ubiquitinating properties and, in normal conditions, acts as a cytoplasmic protein in
neurons. In a diseased brain, this subcellular distribution is altered, and the
concentration of ataxin-3 is essentially localized in the nuclei of the neurons.

SCA3 is usually diagnosed using molecular genetic testing to detect an abnormal CAG

trinucleotide repeat expansion in ATXN3. This molecular genetic test can detect all

individual carriers of SCA3.

Allele sizes — The following allele sizes are observed in SCA3 (Costa and Paulson

2012; Padiath et al., 2005; Kawaguchi et al., 1994):

J Normal: Alleles with 12 to 44 CAG repeats. Overall, 93.5% normal alleles have
fewer than 31 CAG repeats.

o Intermediate-length: Corresponds to the values between the normal and full-
penetrance allele intervals. However, some of these alleles are not associated
with the classic clinical features of SCA3. Until now, it was observed that the
least unstable allele described, in terms of clinical consequences, had 45 CAG
repeats).

e Full-penetrance: Alleles of affected individuals with the classic SCA3 phenotype
have approximately 60—-87 CAG repeats.

Clinical features

SCA3, as described previously, has an important phenotypic heterogeneity. From an
historical point of view and along the previous years of research, patients with SCA3

can be classified into five clinical subtypes (Table 1); however, some researchers do not
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recognize the last two types. Due to the phenotypic heterogeneity (Figure 2), the
classification of some patients into one of the five subtypes (Table 1) may be difficult
and therefore not particularly useful from a practical point of view; however, the clinical
features can be divided into motor and non-motor manifestations.

The subtype I is seen in 13% individuals and has a relationship with long disease-
causing repeat alleles (Lu et al,, 2004), showing earlier onset and characterized by
dystonia and spasticity. The most common subtype, seen in 57% individuals, is the
subtype II that is associated with a large diversity of disease-causing repeat alleles. This
subtype is the most frequent phenotype and is manifested usually in the mid-adult years
(Landau et al., 2000). The subtype III, seen in 30% individuals, is characterized by a
late onset. This subtype is associated with short disease-causing repeat alleles. This
subtype is characterized by the presence of ataxia and peripheral neuropathy (distal
muscle atrophy and areflexia). The subtype IV is not associated with any particular
repeat length or age of onset, and the main feature is the presence of a parkinsonian
phenotype. Finally, some researchers have suggested that subtype V is similar to
hereditary spastic paraplegia, but this classification has not been commonly accepted

(Wang et al., 2009).

Table 1: Clinical subtypes and principal characteristics of Machado—Joseph disease.

Clinical subtype Clinical characteristics
I Prominent spasticity, rigidity, bradykinesia, and low ataxia.
II Ataxia and upper motor neuron signs. Spastic paraplegia.
I Ataxia and polyneuropathy.
v Dopa-responsive parkinsonism.
A% Hereditary spastic paraplegia.

Motor symptoms

The observed progressive ataxia in the different subtypes is due to cerebellar and
brainstem dysfunction. The most common ocular system dysfunctions are diplopia,
nystagmus, abnormal saccades (slow), jerky ocular pursuits, bulging eyes appearance,
impaired vestibular-ocular reflex, and supranuclear vertical gaze palsy and

ophthalmoplegia (Sequeiros and Coutinho, 1993; Coutinho, 1992 Takiyama et al., 1993;
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Cancel et al., 1995; Sasaki et al., 1995; Durr et al., 1996; Igarashi, 1996; Matsumura et
al., 1996; Schols et al., 1996; Soong et al., 1997; Zhou et al., 1997; Watanabe et al.,
1998; Friedman, 2002; Lin and Soong, 2002; Riib et al., 2002a, b, 2003, 2004a, b, 2006;
Friedman et al., 2003; Gordon et al., 2003; Biirk et al., 1996; De Oliveira et al., 2010;
Vale et al., 2010; Horimoto et al., 2011).

Another important clinical feature in SCA3 is pyramidal dysfunction in patients with
early onset and increased expansion of CAG repeats. When associated with the age of
onset, this is responsible for the variability of symptom onset in patients as young as 5
years or as old as 70 years (Subramony and Currier, 1996). When the disease onset is
early the ataxia symptoms are minimal, and the principal characteristics are
bradykinesia, rigidity, and spasticity, corresponding to the clinical “Subtype I.” The
most frequent representation of disease occurs in the transition of young to mid-
adulthood (“Subtype II’), showing progressive ataxia and upper motor signs. The late
onset (“Subtype III”) is represented by significant peripheral nerve involvement, which
causes amyotrophy. In some studies, a “Subtype IV” has been described with
parkinsonian characteristics; however, some researchers consider that there is “no
obvious clinical utility in making these distinctions, the fact that different subtypes exist
highlights the remarkable heterogeneity of MJD” (Paulson, 2012). However, if dystonia
is the most specific movement disorder observed in MJD/SCA3, the parkinsonism
represented in MJD/SCA3 favorably responds to L-dopa therapy (Rosenberg et al.,
1992; Jardim et al., 2001; Munchau et al., 1999; Wilder-Smith et al., 2003; Gwinn-
Hardy et al., 2003; Klockgether et al., 1999).
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Figure 2: Schematic representation of neuronal loss patterns in SCA. Distribution of
different types of spinocerebellar ataxias in the brain. The green box indicates the brain atrophy

region in Machado—Joseph disease or SCA3. Adapted from: Seidel et al., 2012.

In MJD/SCA3, peripheral neuropathy is referred as being predominantly determined by
duration of disease and present in old patients. The sensory fibers are most frequently
affected with extensive areas of tactile and proprioceptive hypoesthesia. Patients can
sometimes suffer from neuropathic pain. The handicaps are acquired and worsened by
the presence of motor fiber damage, muscle atrophy, and fasciculations. In MJD/SCA3,
autonomic manifestations like genitourinary and sudomotor systems disturbances are

common (Schmitz-Hubsch et al., 2008; Yeh et al., 2005).
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Non-motor symptoms

SCA3/MID patients can suffer from non-motor symptoms; they can also show daytime
sleepiness due to impaired nocturnal sleeping. These complaints can be divided into two
sleep related disorders:

e Restless legs syndrome;

e Rapid eye movement (REM) sleep behavior disorders.

The restless legs syndrome is observed in 50% patients with SCA3/MJD. In REM sleep
behavior disorders, when no muscle atonia is observed, patients suffer disturbed night
sleep and insomnia (Friedman et al., 2003; Schoéls et al., 1998; D"Abreu et al., 2009;
Kawai et al., 2004; Zawacki et al., 2002; Cecchin et al., 2007; Franca et al., 2007, 2008;
Friedman and Ammick, 2008). In patients with long disease duration fatigue maybe
observed partly due to the above described symptomatology. In SCA3, it is also
common to observe depressive symptoms, and psychotic symptoms have also been
reported in few cases (Cecchin et al., 2007). Patients with SCA3 suffer from cramps and
disabling symptoms (Franca et al., 2008), and chronic pain is a relevant clinical
condition observed commonly in the lumbar region in 50% patients with SCA3 (Franca
et al., 2007). Non-motor symptoms in SCA3 have important implications in patient life
quality and may be under-recognized manifestations of the SCA3 disease (Zawacki et

al., 2002).

Genetics of SCA3/MJD

Since the first study, the disease has been described as being a dominantly inherited
genetic disorder (Nakano et al, 1972) and, years later, the gene was mapped to
chromosome 14q32.1 (Figure 3; Takiyama et al., 1996). In 1994, the MJD1 gene was
cloned and identified to be an unstable CAG repeat expansion in the coding region of
the MJD1 gene, now identified as ATXN3. This trinucleotide repeat expansion (CAG)
is localized in the 10™ exon and is responsible for an abnormally long polyglutamine
(polyQ) tract in the encoded protein (near carboxyl terminus, 42 kDa protein), ataxin-3.
Due to these genetic characteristics, MJD/SCA3 integrates to polyQ disorders like
Huntington disease, spinobulbar muscular atrophy (SBMA), and SCA1 (Bettencourt, et
al., 2010).
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Figure 3: Diagram of the ATXN3 gene. SCA3 is caused by a mutation in the dynamic
segment (CAQG), of the ATXN3 gene (Cr14q32.1).
Adapted from: http://www.genecards.org/cgi-bin/carddisp.pl?gene=ATXN3

In polyQ disorders, when the CAG repeat size exceeds a threshold length, the disease is
expressed. In case of MJD/SCA3, the characteristic alleles have more than 51 repeats,
and the normal alleles range vary between 12 and 47 repeats. In fact, these alleles are
associated with a high risk of clinical manifestations of the disease. The phenotype is
more severe in homozygote individuals than in heterozygous individuals, suggesting a
possible dosage effect (Kawaguchi et al,, 1994; Carvalho et al., 2008). In polyQ
disorders, the mutation is unstable, and the repeat length increases at each parental
transmission. This fact is responsible for an early disease onset with a severe phenotype
in subsequent generations (Maruyama et al., 1995). The sporadic case of MJD/SCA3

(“de novo”) is not evident in most cases.

Protein function

The 42 kDa Ataxin-3 protein (Figure 4) is expressed in the nucleus and cytoplasm of
cells. It is a part of the protein quality control pathways in the cell, and this control is
possible through interaction with the ubiquitin protein. Ataxin-3 is an enzyme that
cleaves ubiquitin from ubiquitinated substrates and is also known as a deubiquitinating
enzyme (DUB). Transcriptional regulation activities have also been proposed as a
possible function of ataxin-3; however, the relationship between this mechanism and

DUB activity is still unclear (Bettencourt et al., 2010; Costa and Paulson, 2012).
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Figure 4: ATXN3 protein. Structure obtained from the Protein Data Bank (PDB) of the
Research Collaboratory for Structural Bioinformatics (RCSB) and the article by Satoh et al.,
2014, about the Mode of substrate recognition by the Josephin domain of ataxin-3, which has an
endo-type deubiquitinase activity:
http://www.rcsb.org/pdb/explore/jmol.do?structureld=2DOS &bionumber=1

Phenotype in SCA3

The phenotype variations of SCAs are an important subject of research, which have
been intensively studied in the past few decades. However, despite substantial effort to
understand the mechanisms underlying early manifestations of the disease, many
questions remain unanswered. Research focusing on the preclinical stage of
neurodegenerative diseases like SCAs is increasing, thus improving the knowledge
about the natural history of the disease. This is also relevant for designing new
therapeutic strategies that can act before severe neurodegeneration occurs. In SCAs,
CAG repeat mutation has a relatively high level of penetrance, and the studies
performed in subjects without manifested disease can be an important window to
analyze and characterize the range of subtle signs before clinical onset (Schmitz-Hubsch
et al., 2008; Globas et al., 2008; Klockgether et al., 2011).

To identify morphological and functional brain modifications in the preclinical stage of

different phenotypes before the onset of SCA (SCA1, SCA2, SCA3, and SCA6), a large
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longitudinal observational study, also called the RISCA study, was performed to
observe the biological and clinical characteristics of individuals at risk for
spinocerebellar ataxia (Jacobi et al.,, 2013). For this purpose, 276 participants were
enrolled at 14 European centers. To collect genetic information, anonymous genetic
testing was performed to identify mutation carriers. Furthermore, clinical scales,
questionnaires, performance-based coordination tests, and 1.5 T MRI scan acquisition
were performed (in eight of 14 centers). In this study, carriers of SCA3 revealed a high
rate of horizontal gaze-evoked nystagmus, but the frequency of double vision,
dysphagia, urinary dysfunction, cognitive impairment, speech disturbances, handwriting
difficulties, and vertigo did not differ between carriers and non-carriers of any mutation.
When the cerebellar functional score was analyzed, the results showed a decreased
score in participants closer to the age of onset in SCA2; but this relation was not
significant in SCA3. Volumetric analysis was performed, and the results showed a small
but non-significant loss of brainstem volume in SCA3 mutation carriers; the difference
in cerebellar volumes compared with non-carriers was not significant. The MRI study
suggested that brain structural modifications are present in preclinical mutation carriers,
and the atrophy present in SCA1, SCA2, and SCA3 is more widespread and involves
the brainstem. These data have important implications as they suggest that SCA
mutation carriers have disease manifestations that might indeed be detected before the
clinical onset of ataxia (Jacobi et al., 2013), paving the way for new avenues of clinical

research.

Contribution of brain MR techniques

MRI has been considered an important imaging modality in the clinical assessment and
research on SCA3. The principal findings in MRI are mainly atrophy of the pons,
middle and superior cerebellar peduncles, frontal and temporal lobes, and the globus
pallidus. Morphological changes can be observed in the midbrain and medulla
oblongata. In these findings, r the interacting effects of age on atrophy of the pons and
midbrain should be considered. The atrophy of the globus pallidus, and the temporal or
occipital lobe was correlated with the disease duration (D’Abreu et al., 2010). The
volumes of the cerebellum and cerebellar nuclei are also reduced (Stefanescu et al.,
2015). Enlargement of the fourth ventricles is commonly described (Onodera et al.,

1998). Yamada and colleagues described an abnormal linear high intensity of the globus
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pallidus interna, using T2 weighted and fluid attenuation inversion recovery (FLAIR)
sequences (Yamada et al., 2005).

In single-voxel proton MR spectroscopy (MRS) performed on the deep white matter in
the superior-posterior region of the left hemisphere, which is localized at the level of the
corpus callosum, a decrease in signal intensity of N-acetylaspartate relative to creatine-
phosphocreatine signal (NAA/Cr) was seen in patients with SCA3 when compared to
healthy controls. These observations suggest the presence of metabolic abnormalities in
the deep white matter and possibly the manifestation of extensive neuronal and axonal

damage in patients with SCA3 (D’ Abreu et al., 2008).

Contribution of brain functional imaging

Stafanescu and colleagues performed 7 T fMRI studies to compare functional MR data
of the cerebral cortex, cerebellar cortex, and dentate nuclei of SCA3, SCA6, and
Friedreich’s ataxia (Stefanescu et al., 2015). The behavior task was simply to perform
an opening and closing movement using the right fist. The fist action was paced at 1.66
Hz by opening the fist to one tone and closing it to the next, using auditory and visual
signals (projection screen of a background composed by two different colors). A 2 KHz
tone was used. All subjects realized one fMRI run with alternating rest and active
blocks. In this study, a relatively decreased fMRI signal (as compared to a control
group) was observed in the cerebellar cortex, which was explained by the possibility of
existence of spinocerebellar tracts degeneration, which is also observed in Friedreich's
ataxia (Koeppen et al., 2013) and the decrease of synaptic Purkinje cell dendritic targets.
In the patients with SCA3, the ventral areas of the dentate nuclei and posterolateral
areas of the cerebellar hemisphere were more activated compared to those of the
patients with Friedreich's ataxia and SCA6. Nonetheless, the fMRI activation of ventral
dentate nucleus was statistically significant when the SCA3 group and the control group
were compared. Another observation in these studies was that patients with SCA3
seemed to compensate the spinocerebellar dysfunction with pontocerebellar area
activation. Although it is not statistically significant after correction for multiple
comparisons when compared with the healthy controls, the neighboring BA44 and
premotor cortex were activated. These fMRI studies reveal that pathology in SCA3 is
not restricted to the cerebellar nuclei and includes a functional involvement of the
cerebellar cortex, most importantly of the Crus I (Stefanescu et al., 2015). This is an

important observation because this cerebellar cortical activation has an impact on
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functional connections with the premotor cortex, as observed in macaques (Hashimoto

et al., 2010).

Contribution of nuclear neuroimaging

Brain SPECT (single photon emission computed tomography) with *™Tc-
hexylmethylpropylene amineoxine) showed perfusion changes in the parietal lobes,
inferior portion of the frontal lobes, mesial and lateral portions of the temporal lobes,
basal ganglia, and cerebellar hemispheres and vermis (Etchebehere et al., 2001).
Positron Emission Tomography (PET) is one of the most important imaging methods
used to understand brain activity at the molecular level. Many studies have been
performed in the past with important results about the physiopathology of different
movement disorders. In this particular case, our attention is focused on MJD and how
the first PET imaging acquisition performed with fluorine-18-fluoro-2-desoxy-D-
glucose ([18F]-FDG) shows an important decrease in brain glucose metabolism in
different brain regions, such as cerebral occipital cortex, brainstem, cerebellar vermis,
and cerebellar hemispheres. In a PET study using [18F]-FDG, the lentiform nucleus and
medulla showed diminished metabolism in patients with MJD. Fluorodopa and
raclopride PET studies have also been performed in patients with MJD, and the results
suggest that striatal D2 receptors seem to be preserved (Soong et al., 1997; Shinotoh et
al., 1997).

Patient management and pharmacological therapies

Currently, there is no specific treatment for MID/SCA3. The aim of the
pharmacological approach used in the clinical routine is to minimize clinical symptoms
like parkinsonism, spasticity, dystonia, and other motor (signal) complications. In a
small number of patients with MJD/SCA3, clinical trials were performed to evaluate the
efficiency of sulfamethoxazole and trimethoprim. The initial results were promising to
treat spasticity, gait and coordination, but in contrast, a second study with a large
number of patients with MJD/SCA3 revealed no significant effect, and the use of
fluoxetine to recover the disability in these patients failed (Bezprozvanny and
Klockgether, 2009; Bettencourt et al., 2011).

In a different clinical trial to study the lamotrigine (LTG) effect, a positive effect of gait
disorder relief in patients with MJD/SCA3 was reported. To explain the significant
benefits of LTG, researchers presented a hypothesis that LTG can suppress the mutant
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ataxin-3 expression, which is also observed in MJD lymphoblastoid cells
(Bezprozvanny, 2009; Bettencourt et al., 2011).

The use of tandospirone has showed a decrease in leg pain, mitigation of insomnia,
ataxia, and depression levels in patients with MJD/SCA3; these results suggest that
tandospirone may have significant benefits in treating these symptoms (Bezprozvanny
et al., 2009; Bettencourt et al., 2011).

Recently, a new approach has been tested in transgenic MJD mice. In this experiment,
MJD mice were submitted to caloric restriction that improved motor incoordination,
imbalance, and associated neuropathology. Another effect of caloric restriction was the
regulation of sirtuin-1 (SIRT1) levels in transgenic MJD mice, decreasing
neuroinflammation and promoting autophagy. In this study, transgenic MJD mice were
also treated with resveratrol to promote SIRT1 pharmacological activation, and the
results showed an important reduction of motor incoordination. This therapeutic
strategy can be useful, in the future, to stop and/or retard the progression of disease in
patients with MJD/SCA3 (Cunha-Santos et al., 2016).

In the field of genetic therapy, promising results to treat autosomal dominant disorders
have been obtained using small interfering RNA (siRNA). However, studies in ataxin-3
knockout models like mouse and the nematode Caenorhabditis elegans show no overt
phenotypes, suggesting that ataxin-3 function maybe compensatorily replaced during
development.

In the management of patients with MJD/SCA3, non-pharmacological healthcare
measures like physiotherapy, speech therapy, occupational therapy, and physical aids

(walkers and wheelchairs) may improve the quality of life.
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CHAPTER 2

Fundamentals of magnetic resonance
for the study of brain structure and
function in Machado—Joseph disease
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Introduction

Magnetic resonance is an important modality in medical imaging that has strongly
transformed medical diagnosis in the last decades. This is essentially a non-invasive
method that provides a unique contrast (often intrinsic) between biological tissues with
a relatively high spatial resolution. These features make magnetic resonance imaging
(MRI) the method of choice for in vivo studies focusing on brain anatomy and function.

This chapter is intended as an introduction to the methods of magnetic resonance used
in this project, in order to assess anatomical and functional data of the brain in

Machado—Joseph disease.

MR physical principles

The acquisition of MRI images is based on the selective excitation, by radiofrequency
pulses, of susceptible nuclei exposed to a constant magnetic field. This interaction
results in the emission of radiant energy by protons after returning to the initial energy
state.

The nucleus of atoms comprises protons and neutrons that present energy
quantification, which is described by specific quantum numbers. These abstract
quantities tend to be interpreted resorting to classical examples such as the spin
quantum number, which parametrizes the angular momentum of a rotating particle
around an axis passing through its center. The spin of the nucleus depends on its

specific composition. The resulting angular momentum of spin is parametrized by a
quantum number varying at % values and can be represented by the letter /. The / value

depends on the number of nucleons and can be integral, half-integral (1/2, 3/2, etc.), and
zero. For a nucleus 4X (Geraldes and Gil, 2002):
e [=0,ifZ and A are even numbers, such as 12C, 150.
e [=integral values, if Z is odd and A is even, for example, 14N, 3H.
e | = half-integral values, if A is odd, for example /= % for: 1H, 3¢, 15N, 13F, 31p
and 123Pt.
In the absence of a magnetic field, the orientation of the individual nuclear magnetic
moments can take any direction in space isotropically. However, the precession is a

phenomenon that occurs whenever an object in rotation is influenced by an external

magnetic field, By and generates a momentum leading to the spin of the protons.
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Figure 5: Nuclear spin. The spin precession movement in the presence of the external
magnetic field S,. This movement depends on a specific Larmor frequency ().

rotating around By. However, the magnetic dipoles of protons may show longitudinal
and transverse components in relation to By. This styling movement is called precession
of Larmor. Precession of the nuclei happens for a specific speed, proportional to the
applied magnetic field strength. The frequency of rotation is constant and depends only
on the species of the nucleus and the magnetic field. The following equation shows that
Larmor frequency is directly proportional to the strength (Bg) of the magnetic field
(Faustino, 2009; Buxton, 2013):
wo =¥YBy, [equation 1]

or, Uy = (%)BO [equation 2]

where By is the strength of the external magnetic field (measured in Tesla), g and vg are
the angular velocity and frequency (the latter in megahertz, MHz) of the precession,
respectively, and v is the gyromagnetic ratio (a constant specific to a particular nucleus)
depending only on the given nucleus at B,.

The gyromagnetic ratio for protons corresponds to y = 42.58 MHz/T, which results in a
Larmor frequency of 63.9 and 128 MHz at 1.5 and 3 T, respectively (common static
magnetic fields used in MRI scanners).

From the exposition at By field, nuclei can be grouped in two (sub-) proton nucleus
populations (Zeeman interaction). The orientations that a nuclear magnetic moment can

take when under an external magnetic field By are lined either parallel or anti-parallel to
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By (Figure 6). These possible orientations present two energy levels, low and high
energy (for parallel and anti-parallel orientations, respectively), and consequently
determines the nuclear magnetization. In a situation of equilibrium, the nuclear
magnetization has a parallel orientation to By, and its value, M, is proportional to the
number of nuclei N and By.

In the presence of By spin have different behavior, parallel orientation corresponds to
the lower energy (spin up), and the antiparallel orientation corresponds to the higher
energy (spin down) The proportion (number) of oriented spin is proportional to the
strength of the magnetic field By according to Boltzmann statistics. When the number of
transitions from the low to the high energy state is equal to the number of transitions

from the high to the low energy states, thermal equilibrium is said to be reached.
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Antiparallel: high energy

AN A

Parallel: low energy

Figure 6: The two possible spin orientations, antiparallel and parallel. In the
presence of an external magnetic field, spins have different behaviors according to the
energy level (the difference of energy is proportional to By. The parallel orientation
corresponds to the lower energy (spin up), and the antiparallel orientation corresponds
to the higher energy (spin down).

The resonance phenomenon is described as the interaction between a radiofrequency
(RF) wave and the spin precession. This phenomenon can be divided into two distinct
phases: a first phase, called the excitation and a second relaxation phase. The signal
used to create the MR images results from this interaction.

A powerful radio transmitter is able to generate an electromagnetic wave (with equal
frequency as the Larmor frequency), which can be applied in a stable spin system
through antenna coil positioning; this phenomenon is known as resonance condition.
Excitation of the spin system (or energy absorption) leads to transversal magnetization
where the Z component of M, is tipped by a 90° pulse. After the pulse, transversal
relaxation occurs, and the system starts to return to the equilibrium state.

Longitudinal magnetization is tipped into transverse plane (after RF pulse application),
where spins rotate in the M,y plane rather than in the M, piane.

In the presence of longitudinal magnetization, the spins rotate or precess about the Z-
axis, which induces an alternating signal with the same frequency as the Larmor

frequency in the receiver coil: the MR signal. Spin excitation is portrayed in Figure 7.
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No external magneticfield

a)

b)

Figure 7(a—d): Spin excitation.. (a) No external magnetic field present, where spins
rotate randomly about their axes. (b) Magnetic field application, where more spins are
seen to align parallel to By and producing longitudinal magnetization, M,. (c) An RF
pulse tips the magnetization vector by exactly 90° and (d) longitudinal magnetization
flips over and rotates into transverse magnetization, M.

Free Induction Decay (FID) refers to the signal received by the coil, and regarding

hydrogen magnetic resonance, it possesses the following characteristics:

. Oscillation with the Larmor frequency and the applied magnetic field strength.

. FDI presents an initial magnitude proportional to the proton density (hydrogen
nuclei).

. Time constant T, leads to a exponential decrease in amplitude because of

of spin-spin relaxation.
Relaxation refers to proton energy release after the RF pulse has been absorbed by
recovery of the original longitudinal magnetization (T1) and decay of transverse
magnetization (T2). This is a fundamental MR feature as well as energy absorption,
providing the primary mechanism for image contrast. Resonance absorption (by the

proton) requires RF signal broadcast at the correct frequency. The equilibrium
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arrangement of spin parallel and antiparallel to By is disturbed by the additional energy.
After excitation, protons release this added energy (relaxation phenomena) and return to
their original state. This process is time-dependent and presents a rate constant
(relaxation time).

Relaxation times, known as T; and T, are measured for the onset of spins, despite the
fact that individual protons are responsible for energy absorption. Both relaxation times
measure the transferred energy by an excited proton, but they diverge regarding the final
energy disposition. In MRI principles, T, also known as spin lattice relaxation time and
reflects the characteristic tissue-specific exponential time constant related with
longitudinal magnetization (M) towards the equilibrium state, M. In detail, T; reflects
the time M, needs to regain 63% (1 —1/e) of its equilibrium value (Figure 8),
immediately after the use of a 90° excitation pulse. This pulse is responsible to tip the
longitudinal magnetization in the transverse plane and is represented by the following

equation (Tavitian, 2007; Rinck, 2003):

M, = M, (1—e"7) [oquation 3]
Where t corresponds to the time after the excitation pulse. T, occurs due to thermal
energy transmission between the excited nuclei and the neighboring atomic elements.
Efficiency of the mechanism involving energy transfer in molecules will determine a

shorter (efficient means of energy transfer) or longer T, relaxation time.

M:

Mo

63%

T1 Time

Figure 8: T; recovery curve. After a 90° excitation pulse, the time needed for
longitudinal magnetization to regain 63% of its equilibrium value is expressed by the T;
relaxation constant.
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RF pulse application tips the longitudinal magnetization into the transverse plane,
creating a transverse magnetization. Once the RF pulse is stopped, the transverse
magnetization decays back to zero, and this situation is described by the time constant

T, (Figure 9) and is detailed in the following equation (Tavitian, 2007):

t

Myyty = Myyo)- €72 [equation 4]
Where t indicates the time right after the excitation pulse, and M,y represents the time

required for dissipating 63% of the initial transverse magnetization.

Mxy

T2 Time

Figure 9: Graphical illustration of the T, decay curve. The necessary time for 37%
of transverse magnetization decay to its original value is expressed by the T, relaxation
constant, which is shorter than T;.

Transverse coherence to M decreases due to many causes, and one of them is related to
molecular motions of the adjacent spins.

When the protons are under a magnetic field, we can observe that transverse phase
coherence is lost. By nonuniformity arises from three sources:

1. Main field inhomogeneity. By reveals a nonuniformity (constant during the
measurement time) caused by imperfections in magnet production and interactions with
metal sources or building walls nearby.

2. Sample-induced inhomogeneity. Tissues in close contact with different magnetic
susceptibility or degrees of magnetic polarization are able to change the local magnetic
field, mainly in their interface. With a static sample, this phenomenon possesses

constant magnitude, as long as it remains inside the magnet.
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3. Imaging gradient. Allows spatial localization and creates a transient inhomogeneity
during the measurement, which actually leads to proton dephasing.

Afterwards, there is a faster than normal decrease in the MR signal, due to the
contribution of T, with a decay constant T,*.

In order to produce an image, it is necessary to combine RF pulses with magnetic field
gradients (for slice selection and spatial encoding). Adjustment of these two important
factors, as well as delay time, allows the transverse and longitudinal magnetization
manipulation and consequently, the possibility to obtain specific image contrast by
taking advantage of different T1 and T2 constants for different type of tissues (arrested
below). In general, for data acquisition that will form an image, it is required to repeat a
certain number of pulse sequence. The time for one cycle of a pulse sequence is called

the repetition time (TR).

Spatial localization

Emitted signal encoding allows the contribution of nuclei spatial position in signal
localization through the image reconstruction process. During image acquisition, the use
of sets of magnetic field gradients spatially encodes the signal. The use of gradient coils
(weaker than the static magnetic field) permits to superimpose a magnetic field gradient,
and consequently allows for magnetic field variation. There are three types of gradient
coils, each one with the capacity to form a linear variation in the static field along one of
the axes x, y, and z. Consequently, the gradient that is produced corresponds to Gy, Gy,
and G,, respectively. It is possible to generate a linear gradient in any direction by
combining gradients along multiple axes at the same time, allowing to acquire an image
in any orientation. Larmor frequency allows the spin position determination along the
direction of an applied gradient. The image acquisition process involves four main
steps:

1. Slice selection

2. Spatial encoding

3. Signal read-out

4. Image reconstruction

Slice Selection — the localization of slice selection or region of interest is possible due to
the application of the linear magnetic field gradients along the three axes (X, y, and z).

Two factors control the slice thickness: the amplitude of the magnetic fields affecting
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the spatial distribution of the hydrogen nucleus resonant frequencies and the bandwidth
of the RF pulse or the range of frequencies present in the pulse.

Spatial encoding — the second step involved in image formation is the identification of
coordinated (position) of the hydrogen nucleus within the slice. For this purpose, two
different gradients, G, and Gy, must be applied as follows: the first in the phase-
encoding direction (y-direction) and the second in the frequency-encoding direction (x-
direction). When both gradients are applied to the frequencies in the x and y directions,
they change spatially and the use of these gradients is the basis to calculate the inverse
two-dimensional Fourier transformation needed to reconstruct the image.

Signal read-out — after the phase-encode, a signal is read out (spins with different
coordinates will send out signals with different values of Larmor frequencies), and a
frequency-encoding gradient is applied. Consequently, the position of spin can be
calculated from the frequency of the signal when the read-out gradient is switched on.
Image reconstruction — to generate the MR images, two-dimensional k-space (2D k-
space) fulfilled is needed; therefore, this operation must be repeated successively
several times with different phase encoding gradient (GP) values. The k-space contains
the data space that corresponds to the frequency representation of the MR image. The
use of two-dimensional Fourier transform imaging (2D-FT) is the most common;
however, three-dimensional Fourier transform (3D-FT) imaging can also be used.

To acquire resonance magnetic images with an optimal contrast, we need to control and
optimize the timing parameters such as TE (echo time) and TR. The latter is the time
between two excitation pulses of RF but can also be understood as the length of the
relaxation period between RF pulses. This is why TR is so important to the T; contrast
of images (Figure 10). In a long TR, the hydrogen nucleus (spin) rotate back in the z-
plane, these phenomena are the explanation for the regrowth of longitudinal
magnetization. In the presence of a short TR, the image contrast changes dramatically in
T, and the tissues relax rapidly, contributing to a large signal after the subsequent RF
pulse. The manipulations of TR allow controlling the level of T; weighting of the MR
image.

Brain MR image contrast depends on the difference in physical properties among
different types of tissues, and hence different T; and T, time constants. By carefully
selecting the key acquisition parameters, TR and TE, it is not only possible to ensure
that the acquired signal/FID is more influenced by T; or T, decay, but also to enhance

the difference in signal between different tissues. For instance, since the T; time
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constant for gray matter (GM) is higher (i.e. slower recovery) than that for white matter
(WM), it is possible to choose TR to maximize this signal difference, yielding a T;-
weighted image, in which the GM signal is lower than the WM signal; similarly, as
Cerebrospinal fluid (CSF) has a comparatively higher T; than both GM and WM, its
signal upon acquisition is low, hence CSF is shown as black in T; images (Figure 10).
However, T>-weighted images are the opposite of T;-weighted images (Figure 11): in
the former, TE can also be chosen to optimally differentiate between different tissues,
with the high T, constant for CSF meaning a low relaxation time and, therefore, a high

signal.

\ Signal Intensity

Tissue A
Tissue B

M\oree

- Time
RF Pulse (90°) Short TR Long TR

Figure 10: Schematic representation of TR and T; contrast correlation. When (A) a
short TR is applied on a tissue with short T}, a high longitudinal magnetization occurs,
and a large MR signal is generated. However, with a long T}, the result is the opposite
(small MR signal difference). (B) If the applied TR is long, there are no differences in
the signal, basically because the interval is long enough for regrowth of longitudinal
magnetization in both tissues. (Adapted from Currie, 2012).
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Figure 11: Graphical representation of the TE and T, contrast relationship. In the
case of a short TE, the produced signal has no difference between two tissues with
different T, times. On the other hand, for long TE, in a tissue with short T, the signal
becomes dark (fast signal loss) although a long T, reveals a bright difference signal.
(Adapted from Currie, 2012).

In MRI, the spin echo (SE) is one of the most used RF pulse sequences. The SE pulse
sequence can be described as a 90° excitation pulse that is followed by a 180° rephrasing
pulse, further followed by an echo. These mechanisms are on the basis of T, T, and
proton density-weighted images. An SE is obtained when at time t and a 90° RF pulse, a
certain number of hydrogen nucleus (spin) dephasing happens due to By inhomogeneity,
and when a 180° RF pulse is applied, the spins precess in the opposite direction. The By
field inhomogeneity is still present; however, due to the reversal of the precessional
direction, it rephases rather than dephasing the spins. Therefore, transverse
magnetization refocuses, with full recovery occurring at time 2t. Evidently, the SE
sequence does not compensate for T, effects (spin-spin interactions), and the amplitude
of the echo still exponentially decays with a T, time constant. In the SE sequence, the
time taken for total refocusing (21) is the echo time (TE), and the time between 90°
pulses is the TR. If more than one 180° pulse is used, more than one echo can be read
out.

In a proton density (PD) weighted image, the contrast is principally due to differences in
the number of hydrogen protons in the tissue (proton density), and T; and T, effects can
be diminished if a long TR is selected for T; and a short TE for T, (Figure 12). In the

presence of a small number of protons, the tissues are dark because low PD results in a
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diminished component of transverse magnetization, resulting in a hypointense signal.
The reverse is observed in the presence of high PD in tissues. In this case, the signal is
hyper-intense because the high PD results in a large component of transverse
magnetization. The features of a PD image with a high signal can be observed for CSF,
synovial fluid, slow-flowing blood, infection, edema, cysts, and fat. Images with low or
no PD signal are observed in air, fast-flowing blood, tendons, cortical bone, scar tissue,
and calcifications. Therefore, to obtain PD weighted images, one should use a long TR
in order of 4000 ms and a short TE in order of 20 ms to minimize the T; and T, image
contrast, resulting in a PD contrast image (Tavitian et al., 2007; Rinck, 2003; Geraldes

and Gil, 2002; Schild, 1990).

Sagittal

Coronal

Figure 12: Brain MRI images. In this figure, the three different basic contrasts of
brain MR images can be observed: T1-, T2-, and proton density-weighted images. The
images are organized to show the difference in contrast between the three anatomical
planes: axial, sagittal, and coronal.
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Echo-planar imaging (EPI)

BOLD functional studies require the use of fast acquisition sequences to optimize
temporal resolution and signal-to-noise ratio. Commonly, a special acquisition called
EPI is used to obtain functional data. In other words, echo-planar images are usually
produced when it is possible to fill all K-space lines during a single TR (Figure 13).
Besides this feature, EPI possess a high T»* sensitivity, and despite the fact that studies
are time-consuming (increasing the possibility of certain movements from the subject
under analysis), EPI sequences ally another advantage by possessing a low sensitivity to
movement and flow artefacts. EPI sequences are optimal to obtain a good temporal
resolution, but some disadvantages need to be highlighted as geometric distortion
caused by the presence of differences in magnetic susceptibility between cerebral tissue
interface and air. It is possible to fill the lines corresponding to K-space in a single TR.
Consequently, spatial resolution decreases and a high number of data points are

necessary to obtain sufficient statistical power concerning functional data related to

BOLD effect (Faro, 2010).
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Figure 13: EPI pulse sequence diagram and k-space. In the beginning, a pair of
gradients is applied in the phase- and frequency-encoding directions to reach the first
sample point of the first k-space line. At that moment, an oscillatory gradient is applied
along the frequency-encoding direction so that echoes are produced. (Adapted from
Faro, 2010).
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fMRI imaging

fMRI represents an important imaging modality to study brain function, based on the
neuronal activity expressed by several brain regions. The fMRI physiological principle
is related to neuronal population activity and its indirect relation with the hemodynamic
response from surrounding blood vessels. This relevant and non-invasive imaging
modality indirectly allows the study of cerebral brain activity taking into account its
sensitivity to detect variations in blood oxygenation levels. Neuronal cells need a high
glucose and O, uptake in order to perform their functions, and the main functional

neuroimaging techniques (fMRI and PET) are based on these properties.

Astrocytes and blood-brain barrier

In most tissues, solutes can diffuse naturally between plasma (existent in the capillaries)
and interstitial space; nevertheless, a restricted exchange is observed in the brain,
allowing regulation of solutes that arrive to neuronal tissue through endothelial cells.
This control is possible due to the blood—brain barrier, which can be described to be a
structural relation formed by impermeable junctions of the endothelium, basal lamina,
and axon terminal in astrocytes. Through this endothelial barrier, glucose and some
amino acids are transported and biomolecules such as proteins and macromolecules are
excluded (Magistretti, 2011 and Magistretti, 2016).

Astrocytes present a close physiological relation with neurons, feeding them and
controlling the ionic equilibrium by removing the excess extracellular K as well as
synaptic neurotransmitters. Besides, they produce neurotrophic factors, such as the NGF
(nerve growth factor).

From a bioenergetic point of view, and with special interest in neuronal activity
measurement (imaging acquisition principle used in fMRI), neurons highly depend on
aerobic respiration for ATP (and other energetic molecules) production. The resultant
products from this glycolytic process, lactate and pyruvate, present in astrocytes are
used during the Krebs Cycle (Tricarboxylic Acid Cycle) by the mitochondria. Once
astrocytes surround blood capillaries and establish contact with neurons, glucose
molecules are transported inside astrocytes and neurons. There, glucose is metabolized
(or converted) in glycogen or degraded into lactate as consequence of neuronal activity.
Glial cells are also responsible for interneuron signaling modulation, by releasing
glutamate and ATP (Haines, 2006; Mackay, 2011), which are crucial in the glutamate—

glutamine cycle.
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BOLD effect and hemodynamic response

As previously described, the increase of neuronal activity in some regions is closely
related with local blood flow increase in that area, defined by a hemodynamic response
function. Due to its inherent bioenergetic necessity, the brain metabolizes a huge
amount of glucose and wuses oxygen carried by oxygenated hemoglobin or
oxyhemoglobin present in the capillaries.

The presence of oxygen gives diamagnetic properties to hemoglobin molecule, but in
the opposite scenario, when hemoglobin molecule does not carry oxygen—
deoxyhemoglobin—it acquires paramagnetic properties. This property is responsible for
the differences in magnetic susceptibility. Oxyhemoglobin has a negative magnetic
susceptibility, whereas deoxyhemoglobin has a positive magnetic susceptibility. It turns
out that when a substance presents a positive magnetic susceptibility, the magnetization
vector has the same direction as the magnetic field strength. However, when a certain
substance has negative susceptibility the magnetization intensity will present an
opposite direction to the magnetic field strength (Ogowa et al, 1990 a, b and Ogowa et
al., 1998).

Thus, an increase in oxygenated hemoglobin is observed when neuronal activity grows,
which supports magnetic field homogeneity in the surrounding tissue (with minimal or
inexistent magnetic field distortion) and is responsible for the increase in the T,* signal
(less transversal dephasing). Contrarily, an increase in deoxyhemoglobin leads to local
field inhomogeneities due to the concentration of magnetic field lines. Consequently,
the magnetic field By is distorted, causing a decrease in the T>* signal (large transversal
dephasing). Based on this biophysical process, the BOLD functional measures can be
obtained (Ogawa et al., 1990 a,b), representing the most used methods for functional

neuroimaging studies with MRI.

BOLD effect in MRI is dependent on hemodynamic response

During fMRI acquisition, the hemodynamic response function (HRF) presents the
differences in the temporal scale when compared with physiological process present in
its genesis, which in this case is related to neuronal activity. This temporal limitation is,
therefore, related to the fact that neurophysiological activity is being indirectly
measured. In order to better understand this phenomenon, a graphical representation of
the HRF process is presented and formed by three phases: 1) initial dip, 2) positive
BOLD response, and 3) post-stimulus undershoot (Figure 14).
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Figure 14: The hemodynamic BOLD response.

After the beginning of electric activity triggered by neurons, a small depression is
observed in the BOLD signal intensity caused by high metabolic needs, which increases
due to oxygen extraction. This necessity is responsible for the subsequent increase in
blood flow, promoting a decrease in blood oxygen levels. In response to rCBF (regional
cerebral blood flow), there is a regional increase in cerebral blood flow leading to re-
oxygenation (hyper-oxygenation) and triggering a positive BOLD response (Goebel,
2007; Goense and Logothetis, 2008).

After cessation of the stimulus and before the BOLD signal returns to the pre-stimulus
baseline level, an undershoot occurs, most probably due to an accumulation of
deoxyhemoglobin in the vessels.

The detection of regional variation in blood oxygenation (BOLD effect principle) can be
observed with fast MRI acquisition using EPI sequences. Performing a motor task leads
to an increase in brain blood flow by 50% after brain activation; however, cell
metabolic needs involved in this response are small, about 5% (Fox et al, 1998;
Kuwabara et al.,, 1992; Fujita et al., 1999; Mintun et al., 2001) The increase in synaptic
activity necessary to accomplish a motor task implies an increased energy uptake, in

particular involving glucose and oxygen from the arteriole bed. The response to these
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necessities activates a regional rise in blood flow and volume, which is called
neurovascular coupling (whose mechanisms are still not completely enlightened).
Hemodynamic response corresponds to this variation of blood flow, which is not
immediate and reaches its maximum value about four to six seconds after beginning the
task. At the same time, one observes a decrease in the oxygen extraction fraction (OEF).
For a precise description of oxyhemoglobin and deoxyhemoglobin change over time, it
is important to describe the initial moment in which a relative excess of
deoxyhemoglobin (called initial dip) precedes the increased blood flow (Hu and
Yacoub, 2012). Deoxyhemoglobin concentration reaches a maximum value two seconds
after and then decreases, while oxyhemoglobin concentration continues to rise until its
maximum (six seconds after the beginning the task). A very high increase in oxygen
supply is observed in venules of the activated area. The decrease in deoxyhemoglobin
concentration leads to a more local homogenous magnetic field (responsible for high
phase coherence) and increased T,*-weighted signal from about 2 to 5%. The
hemodynamic response curve after reaching its maximum remains flat (plateau) for
about eight to ten seconds and then the deoxyhemoglobin and oxyhemoglobin return to
their baseline levels. This slow return is graphically represented by a decrease in their
values due to slow cerebral blood flow and is also visualized by a decrease in values
below baseline, right before progressively returning to metabolic equilibrium levels
(Buxton, 2013; Logothetis, 2002; Logothetis and Wandall, 2004; Thomas et al., 2014;
Figure 15).

In practice, the decrease in deoxyhemoglobin relative concentration relative to
oxyhemoglobin, leads to a decrease in blood magnetic susceptibility involving the
functional area and related with the motor task when compared to rest periods. It is
possible to observe an increased MR signal in that area during a motor task, in this case,

due to the pressure executed by both thumbs on a dedicated command.
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Figure 15: Schematic illustration of biophysical principles involving functional
magnetic resonance imaging. Figure adapted from the book '"Principles of
Neuroscience" (Kandel et al., 2000) and reproduced from http://www.med.kobe-u.ac.jp.

65



fMRI data and block-design experiment

In order to study the activity of certain brain areas, stimulus presentation paradigms are
developed for the subject submitted for an fMRI acquisition. Thus, this process is
represented by alternating activation and rest period blocks. During the activation
period, subjects perform a specific predetermined task integrated in the experimental
design. Generally, this activation paradigm is defined in at least two blocks, in the
simplest framework, which correspond to an activation and rest phase alternately
executed and repeated through a certain number of times. Simultaneously, brain
volumetric data are acquired by EPI-BOLD sequences periodically in function of the
TR. Similar to this imaging, data are collected where each voxel is characterized by the
temporal variation in the MR signal received as a function of the applied paradigm
(Barker and Amaro, 2006; Linquist, 2008).

After performing a statistical analysis to study the significant differences between data
collected during both different activation and rest period blocks, activation maps are
generated and can be projected in morphological images acquired in 3D MP-RAGE
(Magnetization Prepared - RApid Gradient Echo). This three-dimensional T;-weighted
MRI also allows morphometric analysis by using VBM.

Block-design

In this design, different kind of experimental conditions are divided in extended time
intervals (or blocks). One block may repeat the process of interest (in this thesis, finger-
tapping) during the experimental block (A) or have the subject in rest along a control
block (B). Contrast analysis between both blocks can be used to evaluate the differences
in signal exhibited by the two conditions. The increase in each block length leads to an
increased response during the task, and, consequently, allows high statistical power.
Nevertheless, it is also relevant to include several transitions and temporal gaps between
conditions, since signal differences, because of low frequency, can be mistaken with
different conditions related with the task. In fact, it is essential that the same mental
process is evoked during each block. Thus, block lengths should not be too long,
otherwise this assumption can be broken due to tiredness. The block-design use includes
high statistical power related to activation and this kind of design is robust to
uncertainties in the shape of HRF. This last feature is related to the fact that a

predictable response depends on global activation caused by numerous individual
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stimuli, which make it less sensitive to variations caused by individual stimulus
responses (Figure 16). Contrarily, block designs give inaccurate information about
specific events responsible for brain region activation and cannot be used to directly
estimate significant HRF characteristics, such as the onset or width (Barker, 2006;

Linquist, 2008; Logothetis and Wandall, 2004 and Logothetis, 2008).

Event-related designs

In this type of event, the stimulus consists of short discrete events (for example, short
light flashes) with generally irregular timing (Figure 16 illustrates two conditions.)
Event-related designs are interesting because of their flexibility, allowing the evaluation
of key HRF characteristics (for example onset and width) which can be used as empiric
assumptions about the time of activation in different conditions.

Event-related designs allow the analysis of different conditions effects, when there is an
association of different events and there are important variations of several inter-
stimulus interval between experiments. Another benefit is the possibility to avoid
effects resulting from tiredness, tedium, and systematic patterns of thought not related
with the task during long inter-trial intervals. An inherent disadvantage is the low power
to detect activation comparative to block designs, however the ability to obtain images

of more experiments per unit time can circumvent this power loss (Linquist, 2008).
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Figure 16: Main experimental design types. Schematic representation of the two
experimental design classes most frequently used in fMRI studies, namely block
designs and event-related design. In block designs, experimental conditions are
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separated by long, equal time intervals or blocks. In an event-related design, stimuli are
composed of short and discrete events, where timing and order can be random
(reproduced from Linquist, 2008).

Preprocessing of brain fMRI data

The head movement correction is an important component to guarantee the quality of
fMRI brain image analysis. Although, all patients with SCA3 and the healthy
participants are instructed to remain still, sometimes, it is inevitable to observe changes
induced by the magnetic field inhomogeneity caused by tissues (signal intensity loss
and shape distortion) and the presence of motion artifacts and, in more severe cases,
ring activation around the edges of the head can be observed due to the high variation of
voxel intensity at the tissue borders. If each voxel represents one unique location in the
brain, the motion becomes an important problem for the statistical analysis of the data.

In an fMRI, experiment functional information is acquired during the task paradigm,
which is also known as a run. During a run, several acquisition of functional volume
(3D) of the brain is realized at each TR and it is composed of spatial and temporal
information, which gives it a 4D dimension. To perform the brain motion correction,
one volume was identified to serve as a reference to align all volumes by rigid body
transformation. This process can be described by translation along the x, y, and z-axes
and rotation around these axes and is composed of six parameters, three translation and
three rotation parameters, both in the x, y, and z directions. Iterative calculus was
performed to estimate the behavior of these six parameters along a specific time-course,
which defines how a specific volume should be translated and rotated to realize the best
alignment with the reference volume. Usually, the options available to realize the
preprocessing of 3D motion correction are: mean intensity adjustment, slice scan time

correction, 3D motion correction, spatial smoothing, and temporal filtering.

fMRI statistical analysis

For extraction of reliable information from data obtained after a particular task
associated to a long fMRI study, statistical analysis is fundamentally used to provide an
understanding about which cerebral areas were activated by a specific stimulus. From
several statistical methods used in fMRI data analysis, the generalized linear model
(GLM) is the most used method currently. Identifying differences in response to a

stimulus during an fMRI study between two groups is possible by using the GLM
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(Figure 17). This method allows the calculation of parametric maps with statistically
significant differences. This model is represented by:
y=Xf+¢ [equation 5]

where y is the variable response representing the signal measured, X is the predictor
matrix parameter, 3 is the matrix of predictor weights, and € is the error. In other words,
GLM determines a prediction of variation associated to a dependent variable of several
reference functions (linear combination). The dependent variable corresponds to the
time voxel course in fMRI, and predictor variables correspond to the time course
associated with modelled functional responses intended to be observed under several
paradigm conditions in an fMRI study.

In terms of structure, specific predictors are defined as being the model or experimental
plan matrix. From the convolution about a specific time course in blocks, it is possible
to obtain the time course of a predictor. This convolution about block time course is
related to a specific stimulation protocol and associated to a model hemodynamic
response. GLM suits to study information independently for each voxel. Having a look
at the mathematical expression, GLM joins to each predictor X and one specific
coefficient B, allowing to determine the contribution of each one in the prediction about
the time course associated to variable y. The existence of noise fluctuations led to error

addition € to correct the linear model in question (Goebel, 2007).

Functional data Model Error
fMRI Signal Experimental design matrix c

B values (S x, B1X, B> x)estimated

Figure 17: Schematic representation of the generalized linear model. On the left
side, one observes the time course of the voxel and its experimental matrix or model,
where the three predictors allow to estimate predicted values for fMRI associated with
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(Y

y” values. The linear model also considers the noise values, represented on the right
side of this image (Goebel, 2007).

The comparison of B values is performed using t statistic that assigns a value to each
voxel. Obtaining an activation and deactivation map is done by imposing a set of
continuous voxels (also known as clusters) that constitutes the obtained three-
dimensional statistical map. It is common in fMRI studies to use the association
between a statistical correction for multiple comparisons, such as Bonferroni correction
in order to define threshold (and avoiding inactive voxels inclusion), p<0.05 (corrected)

are accepted for such studies.

Talairach transformation and functional data co-registration

Structural data obtained by cerebral MRI are processed to determine a common
stereotaxic space of coordinates, known as Talairach. This transformation makes it
possible to compare results from functional and morphometric analysis, as well as to
correct small brain structural variations. This coordinated system is based on two
anatomical reference points: anterior and posterior commissures. From these two points,
the transformation process begins, where a coordinate plan is defined and then the
underlying reference lines to the Talairach grid are calculated in function to maximum
brain dimensions. These reference lines are expanded and contracted in the image for
adjustment, and the coordinate system grid is taken into account. This is a vital step for

brain data normalization into a space reference.

Voxel-based morphometry

One of the most usual methods in neuroimaging to identify functional or anatomical
difference in the whole brain is VBM. This method is founded on a statistical approach
to characterize the level of atrophy in brain pathology. The localization and
identification of pattern atrophy was possible because VBM allows a comparison of the
GM between distinct groups of subjects.

This method is more effective because the studies are focused on the entire brain, while
the common analysis performed in the past were based on drawing regions of interest to
calculate the respective anatomical volume on the acquired MRI brain imaging.

The VBM method uses T;-weighted imaging data of MRI scan to perform statistical
analysis across all voxels in the acquired image to localize pattern atrophy of grey

matter that correspond to volume difference between groups. This difference in the
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brain anatomy between controls and patients was calculated applying t-tests to all
voxels in the image.

This neuroimaging method can be applied in different brain pathologies and
neurodegenerative disorders like Alzheimer disease (Matsuda, 2013), movement
disorders, schizophrenia, epilepsy, and multiple sclerosis. These studies improve our
knowledge about structural and functional brain modification and possible physiological
adaptations. For this purpose, some specific steps are necessary; all MRI data must be
registered because brain anatomy varies across subjects and a spatial normalization
permits that a specific brain coordinate correspond to the same brain region (same type
of tissues) in the MRI scan of the remaining subjects. To improve this situation, a
specific brain template is used to ensure that the same axis of coordinate was used to
minimize potential errors due to the segmentation tissues and partial volume effect.
After spatial normalization, brain images are submitted to a process denominated as
segmentation. A segmented image is the result of the computational separation of
different tissues as GM, WM, and CSF. Usually, VBM studies are focused on GM, and
due to the large number of studies performed until now, they provide important and
plausible biological results. The segmented images are now smoothed and contrasted.
Subsequently, a statistical model is applied (t-test) to identify the brain region with
significant levels of atrophy, projected in a statistical parametric map. (Mechelli, 2005;
Keller, 2008; Whitwell, 2009).

To ensure the best results, it is necessary to take several measures to not only minimize
the sources of potential errors at the maximum, but also understand the basis of VBM
analysis properly. In this chapter, we will present a description of the VBM
fundamentals used in this academic research and identify the specific cares used in the
different steps of these neuroimaging studies from the image acquisitions to the

statistical parametric analysis.

Principles of VBM

During the last decades, an increasing number of neuroimaging methods and techniques
have been developed to characterize differences in vivo as observed by MRI (Good,
2001). One of these methods is VBM.

The purpose of VBM method is to identify possible differences in the structure of brain
tissues as GM, WM, and CSF, which was reached by applying five important steps
(Friston and Ashburner, 2000), as outlined in Figure 18:
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Normalization and modulation: all MRI data are registered to the same standard
space using a specific template.

Segmentation: Brain imaging is segmented into GM, WM, and CSF.

Smoothing: the new data are smoothed with a 3D gaussian kernel.

Statistics: data from each group are averaged together and contrasted; a t-test is
performed.

Glass Brain: the final results are presented as a significance maps thresholded

for multiple comparisons.
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1) Normalization and modulation

Subjects registration to the same
standard space, using specific
template.

2) Segmentation

Brain imaging data are segmented
into grey matter, white matter and CSF

3) Smoothing

Segmented data are smoothed

4) T - Test

Data from each group are averaged
together and contrasted (patient and
control group)

5) Glass brain

Significance maps thresholded for
multiple comparisons are calculated

Figure 18: Summary of the different steps in VBM.
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Spatial normalization

In this first step, all MRI image are registered in the same stereotactic space using a
specific template. The application of this standardization is fundamental to perform an
adequate statistical comparison between groups of MR images based in voxels.

For the implementation of spatial normalization, an estimation of the 12-parameter
affine transformation was required (degrees of freedom), the objective of this step is to
correctly orient all anatomical reference points in MRI images to the template space.
Due to the complexity in identifying the subtlest differences, a second step that involves
a modulation by a linear combination of smooth spatial basis functions is needed. If the
standard normalization is successfully performed, the future results can be presented in
a standard system, i.e., the Talairach coordinate system used in brain imaging studies

(MNI to Talairach).

Modulation

The process of spatial normalization uses a shape transformation denominated
modulation to correct volume change that occurs in this step. During a nonlinear
registration, the information about the absolute volume of brain tissue is not preserved
and difference can be observed in relative concentrations after statistical analysis, so

modulation is necessary to correct these phenomena.

Segmentation

After the spatial normalization and modulation correction, brain images are segmented
into three different tissues, GM, WM, and CSF. During this process non-brain elements
are also obtained. Usually this is achieved with the combination of a priori established
probability maps obtained in accordance with the model used in this study (data of
healthy subjects), also defined to “Bayesian priors”, the foundation of a mixture model
cluster analysis responsible for the voxel intensity distributions for a specific tissue
considered. After this, a binarization process (“0” and “1”’) can be applied to the recent
tissue images obtained. The classification method produces tissue images with a
posteriori probability map.

The process of brain segmentation is very sensitive to intensity variation due to the
magnetic field imperfections, i.e., inhomogeneities in the RF coils. To correct these
inhomogeneities, before the segmentation procedures, a bias correction step was

applied. In this study, neuroimaging data was analyzed using SPMS8
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(http://www.fil.ion.ucl.ac.uk/spm/), where registration and modulation occur

simultaneously, for this reason this process is also known as unified segmentation.

Smoothing

After the last steps described above (registration, modulation and segmentation), all
imaging data are submitted to a smoothing process. The smoothing step is necessary to
obtain a good normal distribution of data applying the central limit theorem, a
fundamental aspect to perform valid parametric statistical tests. This blurring of
anatomical detail differences establishes a better spatial overlap that decreases
morphological error based on registration errors.

Finally, smoothing enhances the difference and turns the statistical analysis more
sensitive due to the gain from higher signal to noise ratio (SNR), but this condition is
observed if the Kernel used has a full width at half maximum (FWHM) similar to the
size of the regional tissue difference being measured.

This smoothing process is possible through convolution with a 3D isotropic Gaussian
Kernel characterized by the spatial resolution defined by its FWHM in mm, with a

direct accordance with the standard deviation (symbol):

FWHM =+/8In2. ¢ [equation 6]

Statistical analysis

The purpose of the statistical analysis of MRI images after the smoothed and segmented
steps is to identify morphological differences in the brain (GM) between the group of
controls (healthy subjects) and the patients, along the time of this experiment. This
analysis uses a parametric statistic based on GLM and the theory of Gaussian random
field, producing a series of results on statistical significance represented by the P-value.
In the VBM studies, the purpose of the statistical analysis is to identify significant
differences (of brain anatomy), represented by t-values corresponding to P-values
between the brain images of patient and control groups. For this purpose, a t-test is

performed, and the values are given by:

T = (Y1—Y2);(H1— U2)

[Equation 7]
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where,

° Yl - Yz is a variable related to the difference in means between the contrasting
groups

o Uy — Uy 1s the null hypothesis Hy(usually zero)

o S'is a variable related to the standard deviation of both populations.

Two situations can happen in this type of statistical analysis of brain images. In the first

case, a false positive or a type I error occurs, where a non-existent anatomical difference

is detected. The second case represents the inverse situation, a false negative or a type I1

error occurs; where a true difference in brain anatomy remains undetected.

A statistical test has one or two tails (unilateral or bilateral), depending on how the null

hypothesis is formulated. Considering that null hypothesis is bilateral, the difference

between means can either be positive or negative, in this case, the hypothesis is defined

as u; — p2 # 0. However, in a unilateral hypothesis the possible values are p;<u, or

Wi<p2, in this situation t-values have one sign when significant.

The first representation of the statistical values is the “glass-brain” (Figure 19A), a

transparent map used to show the significant voxels (clusters); however, a three-

dimensional (3D) surface render of brain (Figure 19B) can be employed to improve the

topological experience transforming the analysis of results to be more intuitive (Good,

2001; Friston, 1995; Friston and Ashburner, 2000), see Figure 19.
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Figure 19: Visualization of statistical values. A) glass brain representation. B)
Projection of the detected pattern of atrophy on a single brain T; template and the scale
bar for 7-values. C) Representation of a 3D rendering with the different region of
neuronal atrophy in red color.
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Brainvoyager QX

One of the most commonly used softwares to analyze anatomical and fMRI data is
Brainvoyager QX (version 2.4, Brainlnnovation, Maastricht, The Netherlands), which
also allows the study of Diffusion Tensor Imaging (DTI), Transcranial magnetic brain
stimulation (TMS), electroencephalography (EEG), and magnetoencephalography
(MEG) data. This software has been programmed in C++ language, providing a useful
interface to improve important advanced features in neuroimaging research practices,
including 2D and 3D analysis. The first task performed with Brainvoyager is based on a
series of pre-processing steps as motion correction, high-pass filtering, and slice scan
time correction. The basic statistical analysis performed in Brainvoyager follows a
transversal tool used in different neuroimaging methods, the GLM. However, other
statistic tests like random effect ANCOV A and multi-voxel pattern analyses can also be
applied. The false discovery rate (FDR) is used to define a dynamic statistical threshold,
which is relevant for correcting multiple comparisons. To study the brain activation
volume, the volume of interest (VOI) can be used to identify the difference in multi-

subject analysis.
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Ethics statement

The research work is part of the project “From molecules to man: novel diagnostic
imaging tools in neurological and psychiatric disorders. An integrated multidisciplinary
project”. The supervisor of this thesis and principal investigator was Professor Miguel
Castelo Branco, MD, PhD. The procedures performed in this study have been reviewed
and approved by the ethics committee of the Faculty of Medicine of the University of
Coimbra. Informed consent was obtained from all patients and volunteers. This study is

in accordance with the principles of the Declaration of Helsinki.

Recruitment and selection of participants

Participants were recruited in neurogenetics consultation of neurology B service in the
Hospitals of the University of Coimbra. The criteria for this study were:

Inclusion criteria

e Age> 18 years

e SCA3 diagnosis according to the genetic test performed at IBMC (Instituto de

Biologia Molecular e Celular), University of Porto.

Exclusion criteria

e Head trauma

e Neurosurgery

e Radiosurgery and radiotherapy

¢ Brain chemotherapy

e Neurooncological disease

e Epilepsy

e Psychiatric disorders

e Visual deficits

e Motor deficit

e Claustrophobia
The control group (families) is totally composed by healthy volunteers with no history
of psychiatric or neurological disorders. The patient group comprised subject with
positive genetic test for SCA3/MJD and patients with familial genetic diagnosis for
SCA3 at early clinical stage. The patients were enrolled in neurogenetics consultation

where they are monitored.
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Research timeline

The aim of this thesis is to develop a biomarker based on advanced neuroimaging
techniques that allows us to define patterns and detect early cerebellar lesions without
ruling out the identification of other lesions at the cerebral level. A longitudinal study
conducted on Machado—Joseph Disease (symptomatic and asymptomatic patients with
positive genetic diagnosis) and control group (individuals without disease) to potentially
generalizes, in the future, other pathologies that affect the cerebellum (Bettencourt,

2011; Table 2).

Acquisition of imaging data

Neuroimaging assessment has a high potential to detect the occurrence of early
morphological and functional changes even before the onset of the initial symptoms
(Globas, 2008). Structural data acquisitions were performed using a 3 T research
scanner (Magnetom TIM Trio, Siemens, Erlangen, Germany) phased array 12 channel
birdcage head coil), using a 3D anatomical MP-RAGE (magnetization prepared rapid
gradient echo) scan using a standard T; gradient echo pulse sequence.

The fMRI motor paradigm involved bilateral, audio-paced thumb movements.
Participants were instructed to use their thumbs simultaneously to press alternately on
one button of two hand-held MRI compatible response boxes. Movements were paced
by audio-tones at temporal frequencies of 1, 3, and 5 Hz, delivered by MRI-compatible
headphones.

All experiments were performed between 2012 and 2016 (Table 2). Patients and control
participants visited our institute at least once to perform structural MRI acquisition and
acquire functional MRI data, which included an audio-cued thumb tapping task at
different frequencies (1, 3, and 5 Hz). Patients and control participants were informed
about the objective of the experiment and they were positioned to train and test the

command and other devices necessary to perform the motor tasks.
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Chronogram and milestones — PhD project
New morphometrics and functional biomarkers of cerebellum by magnetic resonance:

validation in Machado—-Joseph disease

Months

Acquisition of MRI and fMRI data
Characterization and validation of VBM data
Classification of GM atrophy and functional
data using biostatistics

Development of biomarker

Writing thesis

Milestones

M1 - Acquisition data completed
M2 - January 2016. first paper

submission

M3 - June 2016. Start: Writing thesis

12

18

24

30

36

M1

42 48

M2 /M3

Table 2: Research timeline (chronogram and milestones). In this chronogram we
observe that the study was initiated in September 2012 and finished in July 2015. The
grey area of the horizontal bars presented in this figure show the duration of each task
analyzed and presented in this thesis. The first item corresponds to the acquisition of
functional and structural data presented in this thesis. The last MRI and fMRI
acquisitions were performed in July 2015. M1, M2, and M3 are the milestones defined
for this research.

Characterization and validation of data

The VBM method allows the whole brain to be analyzed without the bias of regional
hypotheses, generating a statistical map of structural changes associated with the
pathology under analysis (Goel, 2011). This method allows analysis of the volume of
structures element by element (voxel a voxel), in order to create a statistical map of
significant differences against a group of healthy patients (controls). It consists of the
application of a series of spatial processing steps made through the freely available SPM
software (http://www.fil.ion.ucl.ac.uk/spm/) causing the normalization of images to a
standardized space, segmentation in different tissue classes (GM focus) and Gaussian
smoothing, followed by the calculation, voxel a voxel, using a statistical model that
reveals differences or correlations associated with the volume of each coordinate

(Lukas, 2006: Eichler, 2011; Abreu, 2012; Friston and Ashburner, 2000).
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Classification of GM atrophy and functional data using biostatistics

It should be noted that if it is possible to extract a small number of classifying
characteristics, it will be feasible to perform biostatistical studies to obtain ROC curves
to test the performance of the classification system and define the best threshold value,
which optimizes diagnostic decision-making. The comparison between methods,
namely between the imaging analysis of the structural images of the brain and
cerebellum performed by a neuroradiologist (clinical gold standard) and the
morphometric and functional analysis methods (functional morphometry) performed

were performed to assess specificity and sensitivity of our biomarker.

Rationale of biomarker development

The development of imaging biomarkers (Baldarcara, 2015) for the early detection of
cerebellar lesions may represent an important step in monitoring available treatments, in
addition to disease progression monitoring. The development of novel biomarkers is
important for clinical trial design. The implementation of our biomarker may also help

understand the mechanisms of the disease in this region.

Genetic characterization of participants with SCA3

The participants with SCA3/MJD underwent genetic analysis. The biological samples
(blood) needed for analysis followed the recommendations of the document “instrucdes
para a colheita e envio de amostras” (“Instruction for harvesting and shipment of
samples”) from the Preventive and Predictive Genetic Center of the Molecular and Cell
Biology Institute (IBMC) at the University of Porto.

The SCA3 genetic analysis is based on investigation of the expansion of CAG motif
repetition located within exon 10 of ATXN3 gene using Polymerase Chain Reaction

(PCR) and triplet repeat primed PCR (TP-PCR) methods.

Neurological assessment

Before the visit to ICNAS, all patients were studied by a neurologist by a neurogenetics
examination to evaluate the scale for assessment and rating of ataxia (SARA) and the
scale description neurological examination score for the assessment of spinocerebellar
ataxia (NESSCA) evaluation. SARA is a neurological scale based on a semiquantitative
assessment of cerebellar ataxia on an impairment level. SARA is a structured eight-item
performance-based scale, on which a total score of 0 and 40 represent no ataxia and

severe ataxia, respectively. The score is based on patient performance of stance, speech
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disturbance, gait, sitting, nose—finger test, finger chase, fast alternating hand
movements, and heel-shin slide.

NESSCA is also a semiquantitative scale based on 40-point, covering 18 different
items, with high values indicating poor performance. In NESSCA scale, 14 items

correspond to a neurological examination and four items rely on patient information.

Neuroradiological assessment

The patients and control group were subjected to an anatomical evaluation, performed
by a neuroradiologist, from images acquired on T;-weighted sequence, denominated
MP-RAGE. The fMRI data consisted of a sequence of 148 gradient-echo EPI. Images
were acquired at the National Brain Imaging Network facilities of the Institute for

Nuclear Science Applied to Health (ICNAS) of the University of Coimbra.
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CHAPTER 4

Results: parametric fMRI of paced
motor responses uncovers novel
whole-brain 1maging biomarkers in
spinocerebellar ataxia type 3
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Introduction

Spinocerebellar ataxia type (SCA3, Machado-Joseph Disease, MJD) is an inherited
neurodegenerative disease (Woods et al., 1971; Rosenberg et al., 1976; Coutinho et al.,
1978) caused by an expanded (CAG)n motif repeat mutation in the coding region of the
ATXN3 gene, in chromosome 14q32.1 (Maciel et al, 2001; Martins et al., 2006).
Normal alleles have usually a number of repeats ranging between 12-41, whereas in
disease carriers this range is between 53-86 repeats (Bettencourt et al, 2010;
Kawaguchi et al., 1994; Schols et al.,, 2004). CAG repeat length exhibits an inverse
correlation with age at onset (Klockgether et al., 1996; Abe et al., 1998) and determines
46% of onset variability in addition to non-repeat related factors (Globas et al., 2008;
Swami et al, 2009) such as paternal transmission and intragenic CGG/GGG
polymorphism (Martins et al., 2006; Takiyama et al., 1995).

Recent studies emphasized the importance of early symptom detection (Globas et al.,
2008; Jardim et al, 2001; Garrard et al, 2008). Neuropathology and
immunohistochemistry suggest involvement of a broad array of cortical and subcortical
regions (Coutinho et al., 1982; Riib et al., 2002; Kumada et al., 2000; Riib et al., 2004;
Lukas et al., 2008; Yamada et al., 2001), which is consistent with neuroradiological
studies (Murata et al., 1998; Horimoto et al., 2008).

So far, neuroimaging studies in SCA3 focused on structural or resting state changes
(Hashimoto et al., 2011). Functional MRI (fMRI) is based on the blood oxygenation
level dependent (BOLD) signal changes (Ogawa et al., 1990), and still infrequently used
in clinical practice (Pillai et al., 2010). It has focused only on the cerebellum as the
region of interest in hereditary ataxias (Stefanescu et al., 2015). One way to overcome
the limitations of fMRI in clinical research is to use level-dependent parametric designs
coupled with whole-brain analysis. For example a quantitative change in motor
performance patterns, such as frequency of movement alternation, can potentially be
related with neuroactivation in clinically impaired groups. Parametric manipulation of
the task demands maybe critical in identifying regions specifically performing the
physiologically relevant computations (Miiller et al., 2003).

Here we searched for the neural correlates of deficits in rhythmic motor planning of
sequences of increasing frequency associated with SCA3. We set to assess motor
coordination of hand movements (assessing the ability to accurately perform discrete

voluntary movements at increasing temporal frequency levels) and to parametrically
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correlate behaviour with neuroactivation (for the feasibility of this approach see Wurster
et al, 2015; Riecker et al.,, 2003). The aim was to identify fingerprints of altered
functional patterns in relatively early stages of the disease, of potential use to monitor
disease progression. We found evidence for performance level-dependent
neuroactivation in SCA3 suggesting early functional reorganization in a broad array of
cortical areas contrasting with low cerebellar activation. Such fMRI activation patterns

can be used in reliable statistical classification of disease states.

Materials and methods

Participants

Eighteen SCA3 patients (mean age, 40.57+12.44 years; 9 female) and twenty-one
control participants (32.24+9.68; 11 female) were included. All patients, with
genetically proven disease (through investigation of the expansion of CAG motif
repetition located within exon 10 of ATXN3 gene), were recruited from the
Neurogenetics Unit of the University Hospital of Coimbra (CHUC - Coimbra,
Portugal). Control participants had no personal or family history of neurological or
psychiatric diseases. All participants were right handed. The Helsinki Declaration
guidelines were followed throughout the study. The Ethics Committee of the Faculty of
Medicine of the University of Coimbra approved the study.

At the day of the MRI examination neurological examination was performed in all
participants. We defined as the onset of the disease when a permanent neurological
disturbance appeared (mean + SD = 32.94+11.44 years). Disease severity and clinical
ataxia scores were assessed also on the same day based on the Scale for the Assessment
and Rating of Ataxia (SARA. Schmitz-Hiibsch et al., 2006) and the Neurological
Examination Score for the assessment of Spinocerebellar Ataxia type 3 (NESSCA.

Kieling et al., 2008). Clinical and demographic data are summarized in Table 3.
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Table 3. Demographic characteristics and of the study participants

SCA3 Controls P-value®

N 18 21

Age (years) 40.57 (12.44) 32.24 (9.68) n.s.
Gender (M/F) 9/9 10/11 n.s.
Disease onset (at age) 32.94 (11.44)

NESSCA score 12.33 (6.67)

SARA score 13.88 (10.78)

CAG expanded 69.31 (17.02)

CAG normal 21.17 (4.04)

NESSCA = Neurological Examination Score for Spinocerebellar Ataxia. SARA = Scale for the Assessment
and Rating of Ataxia. Data presented as mean (+ standard deviation).
Data presented as mean (+ standard deviation). * Between-group differences were tested using Mann-Whitney

test for age and y’-test for gender distribution.

MRI scanning
Structural and functional MRI acquisitions were performed at the National Brain
Imaging Network facilities, on a 3T research scanner (Magnetom TIM Trio, Siemens,

phased array 12-channel birdcage head coil).

Structural MRI data acquisition

We acquired a 3D anatomical MPRAGE (magnetization-prepared rapid gradient echo)
scan using a standard T, w gradient echo pulse sequence (TR = 2530 ms; TE = 3.42 ms;
TI = 1100 ms; flip angle 7°; 176 slices with voxel size Imm x 1mm x 1mm; FOV 256

mm).

Voxel-Based Morphometry analysis

Data were pre-processed using SPMS8 software (Wellcome Trust Centre for
Neuroimaging, UCL, London, UK, http://www.fil.ion.ucl.ac.uk/spm). TI1-weighted
native images were aligned onto the axis of the anterior and posterior commissures,

automatically corrected for inhomogeneity of the magnetic field and segmented into
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grey matter (GM), white matter (WM), and cerebrospinal fluid (Ashburner and Friston,
2000, 2005). We used the standard MNI template for spatial normalization and
segmentation followed by a non-linear only ‘‘modulation’ step (Ashburner, 2009,
2000; Buckner et al., 2004). We smoothed the modulated normalized GM volume
images with 3-dimensional 8-mm full-width at half-maximum (FWHM) isotropic
Gaussian kernels. We then applied a GLM at each voxel to investigate between-group
differences in regional volumes, including age as a covariate. Volumetric differences
(SCA3 vs. controls) was compared using voxel-wise two-sample t-tests corrected for
multiple comparisons (voxel level P-value < 0.05 corrected employing the family wise

error (FWE) rate) (Hayasaka et al., 2004; Worsley et al., 1999).

Behavioral task and fMRI data acquisition

The fMRI motor paradigm involved bilateral, audio-paced thumb movements.
Participants were instructed to use their thumbs simultaneously to press alternately on
one button of two hand-held MRI compatible response-boxes (Cedrus Lumina LP-400,
LU400 PAIR, Cedrus Corporation, San Pedro, CA - USA). Movements were paced by
audio-tones at temporal frequencies of 1, 3 and 5 Hz, delivered by MRI compatible
headphones (Avotec, Inc., FL - USA). Twelve blocks of stimulation, four per
frequency, were interleaved with thirteen rest periods. Block duration was 28 seconds
(stimulation) and 14 seconds (rest). The total scanning time was 518 seconds.
Stimulation was synchronized to the acquisition using a PC running the Psychophysics
Toolbox (PTB3) (Brainard, 1997, Pelli, 1997), on Matlab R2008a (MathWorks, Natick,
MA-USA).

fMRI series consisted of a sequence of 148 gradient-echo echo-planar imaging (EPI)
scans (TR 3500 ms; TE = 30 ms; flip angle 90°; 36 interleaved slices with voxel size
3mm x 3mm x 3mm; FOV 256 mm) in a parametric block-design stimulation paradigm,
covering the whole brain, including cerebellum, brainstem and motor cortex.

A control cohort of 9 participants (4 patients/5 controls) performed the finger-tapping
task at a temporal frequency of 1, 2 and 3 Hz. Neurobehavioral findings were similar
but we do not present these data to focus on the larger group of 27 participants, (13
SCA3 patients and 14 controls), from which we can generalize the results to the

population, using random effects analysis.

97



Behavioural performance analysis

During fMRI the time of button presses were recorded and stored. Average thumb
movement frequency over block type for each prescribed audio-pacing frequency of 1, 3
and 5 Hz was calculated as number of thumbs, as well as the standard deviation, as a
measure of movement synchronization. Between-group motor performance was

compared using the Mann-Whitney test at P-value (2-tailed) = 0.05.

SMRI data preprocessing and analysis

Preprocessing/statistical analyses of functional imaging data were performed using
BrainVoyager QX 2.4 (Brainlnnovation, Maastricht, The Netherlands). Scans were
preprocessed by applying slice scan time correction, linear trend removal, temporal
high-pass filtering (2 cycles/run) and head-motion correction. We did not apply
temporal smoothing to the data but we did apply spatial smoothing, to ensure normality
of the data and satisfy the requirements of the random field theory. Scans were excluded
when >2 voxel motion was detected. Functional data were co-registered to each
subject’s structural T1 image in stereotaxic Talairach space. For statistical comparisons,
we performed an RFX (random effects) GLM (general linear model) analysis which
allows modelling explicitly both within-subjects and between-subjects variance
components in order to generalize findings to the population level (Penny et al., 2003).
Predictors corresponding to the 3 prescribed stimulation frequencies, were used to
estimate condition effects (beta values) separately for each subject (first-level), allowing
to localize areas exhibiting parametric modulation, i.e. in which BOLD signal changes
differentially with movement frequency. Then the estimated first-level mean effects per
subject enter the second level as the new dependent variable and serve as input to the
group analysis. Analysis at the second-level explicitly models the variability of
estimated effects across subjects, to generalize to the population (Beckmann et al.,
2003). Statistical maps were corrected for multiple comparisons using the false-
discovery rate (FDR) correction at P-value < 0.01 with cluster extent threshold (Fig 21
and 22). We further examined the mean activation values and the average BOLD fMRI
response time courses for each stimulation condition in selected regions of interest (Fig

21-22).

Regions-Of-Interest based analysis of BOLD response
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To perform independent parametric ROI analyses, these were first selected based on the
contrast (1 Hz + 3 Hz + 5 Hz > baseline), in all pooled participants. All subsequent
hypotheses about parametric effects and between-group differences are explicitly
independent from this contrast. Furthermore, we circumscribed the analysis to regions
that were identified in a large voxel-wise, coordinate-based meta-analysis on 685 sets of
activation foci in Talairach space gathered from 38 published studies employing finger-
tapping tasks (Witt et al., 2008). Clusters of concordance in audio paced finger-tapping
tasks were identified within the primary sensorimotor cortices, supplementary motor
area, premotor cortex, basal ganglia, and anterior cerebellum. After investigating BOLD
response individually in each ROI we merged ROIs in three groups, cerebellum, sub-
cortical and cortical regions, as the response profiles were similar across ROIs within
these categories.

For each grouped ROI we performed a ROI-GLM analysis in each group to extract the
mean activation values in response to each frequency and we also investigated the full

BOLD response time course during finger-tapping periods.

Parametric analysis

In each grouped-ROI we performed a mixed ANOVA with one between-subjects factor
(group) and one within-subjects factor (frequency) with repeated measures to compare
the mean difference between groups. In case there was an interaction effect between the
two factors we further tested the simple main effect and pairwise comparison of
frequencies in each group, to quantitatively assess the parametric modulation effect of

the finger-tapping task in brain activation.

ROC analysis

We hypothesized that the parametric effect would be lost in SCA3 group, and the
BOLD response would not follow the parametric variation of frequencies in SCA3
patients as in controls. Thus, we set to investigate the potential role of this parametric
modulation of BOLD response as a biomarker of early SCA3 and computed receiver
operating characteristic (ROC) curves for the discrimination of SCA3 patients and
control participants based on the activation difference between every two prescribed

frequencies: (3 Hz— 1 Hz), (5§ Hz—- 3 Hz) and (5 Hz — 1 Hz).

Cerebellar activation
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The individual activation volume in the cerebellum was obtained from statistical maps
of activation with the previously described contrast, thresholded at P-value < 0.01 using
Bonferroni correction for multiple comparisons.

Results

VBM analysis of whole-brain group differences
VBM results are presented in Fig 20 and Table 4. We found clusters of significant grey
matter reduction in SCA3 patients in multiple brain regions over the thalamus,

cerebellum, parietal lobe (postcentral gyrus) and insula.

VBM analysis of grey matter atrophy in SCA3

ah
J '

O
I
<
O
7]
e
1}
9
9
—

Figure 20: Significant grey matter reduction in SCA3 patients. Results are presented
at a voxel-level P-value < 0.05 corrected for family-wise error rate and non-stationary
smoothness. The spatial extent threshold was set at 10 voxels. Voxels showing
significant grey matter relative volume between-groups reduction are overlaid on
canonical single T1-weighted MRI subject template.
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Table 4. Significant grey matter regions with neurodegenerative atrophy in SCA3 patients

Region Cluster size X Y z P-value® Zinax
Right Brainstem, midbrain 157 1.0 -32.0 1.0 <0.001 5.59
Left Cerebrum, Parietal Lobe, Postcentral Gyrus 43 -33.0 -37.0 61.0 <0.001 5.56
Left Cerebellum, Anterior Lobe, Culmen 259 -2.0 -38.0 -7.0 <0.001 5.43
Left Cerebellum, Anterior Lobe -2.0 -37.0 -25.0 <0.001 5.37
Left Cerebellum, Posterior Lobe, Pyramis 113 -10.0 -72.0 -24.0 <0.001 5.36
Right Cerebrum, Occipital Lobe, Inferior 20 300 -87.0 -14.0 0.003 5.28
Occipital Gyrus

Left Cerebellum, Posterior Lobe, Declive 53 -7.0 -59.0 -12.0 <0.001 5.23
Left Brainstem, Medulla 27 -1.0 -39.0 -37.0 0.002 4.96
Right Cerebellum, Anterior Lobe, Culmen 259 8.0 -32.0 -17.0 <0.001 4.80

Coordinates are presented in Talairach space. * P-value was corrected at threshold 0.05 with family-wise error (FWE) rate and cluster

size was controlled with a cluster extent threshold of 10 voxels.
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Behavioral performance: evidence for increasingly degraded performance as a
function of frequency
All subjects were able to rhythmically perform thumb movements but with different

performance patterns, which are presented in Table 5.

Table 5. Behavioural performance and cerebellar activation volume

SCA3 Controls P-value®
Nr of thumbs at 1 Hz 1.04 (0.04) 1.01 (0.02) 0.029
Nr of thumbs at 3 Hz 2.58 (0.46) 2.98 (0.13) 0.010
Nr of thumbs at 5 Hz 2.90 (0.78) 4.02 (0.59) <0.001
CAV (mm’) 4571.69 (1823.38)  7102.57 (1782.73) 0.120

CAYV = cerebellar activation volume. SD = standard deviation.
Data presented as mean (+ standard deviation). * Between-group differences were tested using t-test or Mann-

Whitney test when data were not normally distributed (both were corrected with Bonferroni method).

Motor performance of patient and control groups were significantly different. They
showed similar of number of thumb movements (NT) at low frequencies (NT iz, scas =
1.04; NTig,, ont = 1.01) but diverged at higher frequencies (NTsu, scaz = 2.58; NTsy,,
ont = 2.98; NTsuz scas = 2.90; NTsp,, ont = 4.02). Between-group differences in motor
performance were significant at all prescribed frequencies (P-value < 0.05, all
comparisons, corrected for multiple comparisons; see Table 5). The increased deviation
of the motor performance from the prescribed frequencies in the SCA3 group
demonstrates diminished movement synchronization. One-sample t-test of frequency
deviation was applied for each frequency in both groups. We found significant
deviations with effect size increasing gradually, being higher for the mean number of
thumbs at 5 Hz than for the mean number of thumbs at 1 Hz and 3 Hz in SCA3 patients
and controls. These results support the notion that this parametric design of the motor
task enabled the identification of 5 Hz as the performance limiting condition for both
groups, ensuring asymptotic neuroactivation, which was correlated with movement

frequency.

Correlation between genetics, behaviour, age and cerebellar activation
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In the SCA3 group age had a positive strong correlation with the number of thumb
alternations at 1 Hz (r = 0.648, P-value < 0.001) and an inverse significant correlation
with the motor response at 3 Hz (r = -0.494, P-value = 0.009) and 5 Hz (r = -0.542, P-
value = 0.003). This pattern was not found in the control group. The overall correlation

analysis is presented in Table 6 and 7.

Table 6. Correlation between genetics, behaviour, age and cerebellar activation

Age Cerebellar activation volume
Rho P-value Rho P-value
NESSCA 0.018 0.969 -0.284 0.536
SARA 0.047 0.879 -0.168 0.583
Disease onset 0.849 <0.001 -0.159 0.603
CAG expanded -0.387 0.304 0.203 0.601
CAG normal -0.263 0.528 0.313 0.450
Nr of thumbs at 1 Hz 0.648 <0.001 -0.203 0.311
Nr of thumbs at 3 Hz -0.494 0.009 0.288 0.145
Nr of thumbs at 5 Hz -0.542 0.003 0.382 0.049

NESSCA = Neurological Examination Score for Spinocerebellar Ataxia. SARA = Scale for the
Assessment and Rating of Ataxia. CAV = cerebellar activation volume.

Correlation was tested using Spearman's rank-order correlation in all participants.

Correlation between clinical ratings and genetics

Strong correlations were found between the two clinical scales: scale for the assessment
and rating of ataxia (SARA) and the neurological examination score (NESSCA) (r =
0.953, P-value < 0.05). However, no significant correlations were found between the
expanded CAG repeats length and neurological examination measures.

The age of disease onset presents a strong inverse correlation with expanded CAG
repeat length (r = -0.88, P-value = 0.02), confirming previous evidence that CAG length
influences disease onset (Abe et al., 1998; Globas et al., 2008). The disease duration
showed a strong correlation with SARA (r = 0.872, P-value = 0.024).
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Sensitivity analysis of behavioral performance

We performed sensitivity and specificity analysis of behavioral performance of patients
versus controls. We computed the ROC (receiver operating characteristic) curve for the
number of button presses at each prescribed frequency. The area under the curve (AUC)
was found to be highly significantly different from the null hypothesis of no between-
group discrimination for 1 Hz (AUC = 0.812, SEM = 0.082, P-value = 0.002), 3 Hz
(AUC = 0.898, SEM = 0.065, P-value < 0.001) and 5 Hz (AUC = 0.910, SEM = 0.067,
P-value < 0.001). Additionally, we investigated for each group the sensitivity of task
performance to discriminate the prescribed frequency. We found the motor task
performance to be significantly discriminative of all the prescribed frequencies in
controls. In SCA3, interestingly, the within group discrimination between 3 Hz and 5

Hz was the only not significant ROC curve, suggesting loss of the parametric effect.

Cerebellar activation volumes

Quantitative analysis of cerebellar activation volume (CAV) is shown in Table 5. The
average CAV in SCA3 patients and controls were (mean + SD) 4571.69 + 1823.38 and
7102.57 + 1782.73 mm’, respectively. In Fig 21A representative examples of CAVs are
shown for a patient and a healthy participant. However the difference in CAV was not
significantly different between-groups (Mann-Whitney test, P-value = 0.120, Table 5).
We did not find significant correlations between CAV and age or clinical variables at P-
value < 0.05 (see Table 7). Concerning correlations between CAV and motor
performance in the SCA3 and control groups a significant correlation was found

specifically for the demanding rate of 5 Hz (see Table 7).
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Table 7. Correlation between genetics, behaviour, age and cerebellar activation

Disease duration Cerebellar activation volume

Rho P-value Rho P-value
NESSCA 0.709 0.074 -0.284 0.536
SARA 0.460 0.114 -0.168 0.583
Disease duration - - -0.314 0.297
CAG expanded -0.076 0.847 0.203 0.601
CAG normal 0.192 0.649 0.313 0.450
CAV -0.314 0.297 --- ---
Nr of presses at 1 Hz 0.313 0.297 -0.203 0.311
Nr of presses at 3 Hz 0.071 0.817 0.288 0.145
Nr of presses at 5 Hz 0.137 0.655 0.382" 0.049

NESSCA = Neurological Examination Score for Spinocerebellar Ataxia; SARA = Scale for the
Assessment and Rating of Ataxia; CAG expanded/normal = repeat length of the respective
alleles; CAV = cerebellar activation volume. Correlation was tested using Spearman's rank-

order correlation in all participants. - Correlation is significant at the 0.05 level (2-tailed).

Whole-brain fMRI analysis and ROI definition

The fMRI statistical map extracted from the whole brain RFX-GLM analysis yielded
significantly activated voxels in expected regions, according to the meta-analysis of
finger-tapping studies (Witt, et al., 2008). We observed significant bilateral activation in
the postcentral gyrus (Brodmann area 3, BA3; TAL coordinates [L: -36 -33 50; R: 37 -
29 54]), primary motor cortex in the precentral gyrus (M1/BA4; TAL [L: -37 -21 50; R:
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38 -22 55]), supplementary motor area (SMA/BA6; TAL [1 -18 59]) and inferior right
parietal cortex in the area of the supramarginal gyrus (BA40; TAL [L: -41 -38 50; R: 39
-38 52]). We also observed significant activation of three sub-cortical regions: Putamen
(TAL [L: -23 -8 9; R: 24 0 9]), Globus Pallidus (TAL [L: -22 -9 5: R: 25 -14 2]) and
Thalamus (TAL [L: -23 -20 8; R: 14 -21 8]), as well as in the cerebellum (TAL [L: -13 -
55-18; R: 13 -56 -18]).

As mean BOLD amplitude and response profiles were similar in regions in the cortex or
in sub-cortical regions, we grouped BA3, BA4, BA6 and BA40 in a ROI called cortical.
The same was observed in Putamen, Globus Pallidus and Thalamus, thus we grouped
them in a ROI called sub-cortical. We investigated the within-group effect of
parametric modulations across the three grouped-ROlIs: cerebellum, sub-cortical and
cortical brain regions. A mixed ANOVA with one between-subjects factor (group) and
one within-subjects factor (frequencies) was conducted to examine the effect of the
disease and prescribed frequency on BOLD response in the cerebellum, sub-cortical
regions and cortical regions. Moreover we tested between-group effect of this
parametric finger-tapping task in brain activation and further assessed the potential role
of a parametric finger-tapping task as a biomarker for the discrimination of early SCA3
patients.

Importantly, we tested the effect of age in the functional MRI results by running an
ANCOVA model including Age as a covariate. This covariate did not show any

significant contribution to the analyzed BOLD responses.

BOLD response in the cerebellum

Parametric analysis

Fig 21B shows the whole brain statistical RFX map, depicting significant activation in
the anterior cerebellum of the whole group of participants, at a low and corrected P-
value. After drawing an ROI for the cerebellum as described earlier, we plotted the
mean BOLD amplitude in each group separately at each prescribed frequency (Fig
21C). We can clearly see that control participants are able to increase the response in the
cerebellum with increasing frequencies, while SCA3 participants are only able to do it
for the intermediate increase in cue frequency (from 1 Hz to 3 Hz) but not for the most
demanding frequency (5 Hz), indeed decreasing BOLD signal amplitude in this
condition. The same effect is observable in the full time course of BOLD response,

plotted in Fig 21D and E for patients and controls, respectively. While SCA3 patients
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show close (and often mixed) profiles across frequencies, control participants exhibit a
clearly separated response profile for each frequency with distinct amplitudes across
time.

Quantitatively, the repeated measures ANOVA analysis showed a statistically
significant interaction between the effects of group and tapping frequency on the BOLD
response in the cerebellum, F (2, 50) = 9.029, P-value < 0.001 (Table 8). Computation
of simple main effects revealed that frequency variation in SCA3 patients had a much
smaller effect size (np? = 0.320) and was significant only for the pairwise comparison of
1 Hz vs 3 Hz. In controls a larger effect size was found (mp? = 0.638) and all pairwise
comparisons of frequencies were significant (see Table 8). This results suggest loss of

the parametric effect in SCA3 in the cerebellum.
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Table 8. Regions-Of-Interest analysis of BOLD response with repeated measures ANOVA

ROI-based Repeated measures ANOVA Stats Cerebellum Sub-cortical Cortical
df (error) 2 (50) 2 (158) 2 (212)

F 9.029 3.043 21.148

Interaction Frequency x Group

P-value <0.001 0.050 <0.001

np? 0.265 0.037 0.166

df (error)  1.386 (16.630) 1.570 (59.649) 2 (102)

F 5.635 2.868 31.989

Simple main effect

P-value 0.021 0.077 <0.001

SCA3 np? 0.320 0.070 0.385
1Hz - 3Hz <0.001 0.005 <0.001

Pairwise
3Hz-5Hz  P-values 1.000 1.000 0.086
comparisons
1Hz - 5Hz 0.198 0.586 <0.001
df (error) 2 (26) 1.559 (63.902) 1.634 (89.884)
F 22.892 9.888 52.595
Simple main effect

P-value <0.001 0.012 <0.001

CNT np? 0.638 0.115 0.489
1Hz - 3Hz 0.071 1.000 <0.001

Pairwise
3Hz-5Hz P-values 0.003 0.051 <0.001
comparisons
1Hz - 5Hz <0.001 0.045 <0.001

np? = partial eta squared, a measure of the estimated effect size; df = degrees of freedom.

Pairwise comparisons are post hoc tests corrected with Bonferroni correction for multiple comparisons.

When sphericity was not verified we used a Greenhouse-Geisser correction.

108



A) Control SCAS3 patient B) ) Cerebellum —o— SCA3
"o fMRI response
- 1 CNT
<
&
A 2 08 - |
= |
H
X ; 06 1 \+
Q
Y 3 04 4 |
@
S |
202 4
R - !
0
1Hz 3Hz SHz

D) E)

Reference sessssees (3-1)Hz

ONT — (53 === (5-1)Hz

06 4

Cue onset

03 1

0,3 A

BOLD (% signal change) time course

0,6 06 000 020 040 060 08 100
7 0 7 14 21 28 35 s 7 0 7 14 21 28 35 s 1- Specificity

Figure 21: Functional MRI results in the cerebellum. A) Actual cerebellar activation
volumes in a 33 year-old control participant, on the left, and a 21 year-old SCA3
patient, with mild disease (SARA score = 6 and NESSCA score = 14), on the right. In
these individual cases cerebellar activation volumes were 18869 mm3 and 1766 mm3,
respectively. No visible gross atrophy is visible. B) Hand movement-related RFX
statistical parametric map in sagittal and coronal sections showing significant neuronal
activation in cerebellum. Data are shown at a height threshold of P-value < 0.05
corrected for false discovery rate. C) Mean BOLD activity within cerebellum during
finger-tapping task in SCA3 patients and controls. Data are presented as mean % signal
change + standard error of the mean. D) and E) Averaged time course of the BOLD
response in the cerebellum, respectively in SCA3 patients and controls, during finger-
tapping task at the three prescribed frequencies. F) Sensitivity analysis of BOLD signal
in cerebellum. We computed the ROC curve for the difference in BOLD signal between
every two frequencies of finger-tapping. ROC curve analysis shows up to 85.7% and
specificity 84.6% (AUC = 0.879) to discriminate SCA3 patients from controls.

ROC analysis

The discrimination between early SCA3 patients and healthy controls based on BOLD
response to the parametric finger-tapping task is presented in Fig 21F.

We can observe that the difference in BOLD response at frequencies (5 Hz — 3 Hz) and
(5 Hz — 1 Hz) are highly discriminative between groups, unlike the difference between
(3 Hz — 1 Hz). Both 5 Hz — 3 Hz (AUC = 0.879) and 5 Hz — 1 Hz (AUC = 0.808)

BOLD differences-based discrimination curves are significant, P-value = 0.001 and P-
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value = 0.007 respectively, reaching sensitivity 85.7% and specificity 84.6% in the
former (solid red line in Fig 21D).

BOLD response in cortical and sub-cortical regions

The results of both whole-brain RFX-GLM, parametric analysis and ROC analysis in
sub-cortical and cortical regions are presented in Fig 22. Significant activation in
clusters located in Putamen, Globus Pallidus and Thalamus is observable in Fig 22A,
showing the same whole-brain statistical RFX map described before. These clusters
were used to draw the corresponding ROIs, then transformed in the grouped-ROI sub-
cortical. The same map is shown in an inflated version of a template brain in Talairach
space in Fig 22D, with the four described cortical regions highlighted. These clusters
were used to draw the corresponding ROIs, then transformed in the grouped-ROI

cortical.
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Figure 22: Functional MRI results in sub-cortical and cortical regions. A) Hand
movement-related RFX statistical parametric map in axial section showing significant
neuronal activation in Putamen, Globus Pallidus and Thalamus. Data are shown at a
height threshold of P-value < 0.05 corrected for false discovery rate. B) Mean BOLD
activity in SCA3 patients and controls within sub-cortical regions, during finger-tapping
task. Data are presented as mean % signal change + standard error of the mean. C)
Averaged time course of the BOLD response in SCA3 and controls in sub-cortical
regions, during finger-tapping task at the three prescribed frequencies. D) Hand
movement-related RFX statistical parametric map in inflated template brain showing
significant neuronal activation in BA3, BA4, BA6/SMA and BA40. Data are shown at a
height threshold of P-value < 0.05 corrected for false discovery rate. E) Mean BOLD
activity in SCA3 patients and controls within cortical regions, during finger-tapping
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task. Data are presented as mean % signal change + standard error of the mean. F)
Averaged time course of the BOLD response in SCA3 and controls in cortical regions,
during finger-tapping task at the three prescribed frequencies. G) Sensitivity analysis of
BOLD signal in cortical (red lines) and sub-cortical (yellow lines) regions. We
computed the ROC curve for the difference in BOLD signal between every two
frequencies of finger-tapping. ROC curve analysis shows up to sensitivity 71.4% and
specificity 76.9% (AUC = 0.717) to discriminate SCA3 patients from controls in sub-
cortical regions. In cortical regions ROC analysis reached sensitivity 85.7% and
specificity 76.9% (AUC = 0.846) in group discrimination.

Parametric analysis

Similarly to the cerebellum, the mean activation amplitude was higher in SCA3
patients, except for the most demanding frequency of 5 Hz, both in sub-cortical (Fig
22B) and cortical regions (Fig 22E). Furthermore, the variation of the BOLD response
is also not able to fully trail the variation in the tapping frequency in SCA3 patients,
unlike in control participants. In both the plots of the mean response and full response
time courses (Fig 22C for sub-cortical regions and Fig 22F for cortical regions) we can
observe that SCA3 patients are able to increase the BOLD response from tapping at 1
Hz to tapping at 3 Hz but not when they are asked to tap at 5 Hz. Control participants on
the other hand are able to linearly increase BOLD response values within these two
groups of regions whenever the prescribed frequency increases, they even show a more
pronounced increase from 3 Hz to 5 Hz, particularly in the late part of the tapping
periods (see Fig 22C and F).

In both sub-cortical and cortical regions we observed a significant interaction effect,
between group and frequency of finger-tapping, in the BOLD response. Simple main
effects revealed different effects of frequency variation in SCA3 patients and controls

across sub-cortical and cortical regions.

Sub-cortical regions: Putamen, Globus Pallidus and Thalamus

The repeated-measures ANOVA showed a significant interaction between the effects of
group and tapping frequency on BOLD response in sub-cortical regions, F (2, 158) =
3.043, P-value = 0.050, as presented in Table 8. SCA3 patients had a small main effect
size (np? = 0.070) of frequency that was not significant (P-value = 0.077). In controls
the simple main effect in sub-cortical regions had a larger and significant effect size
(mp? = 0.115, P-value = 0.012) (see Table 8). These results suggest predominant loss of

the parametric effect in SCA3 in sub-cortical regions.
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Cortical regions: BA3, BA4, BA6 (SMA) and BA40

The repeated-measures ANOVA revealed a statistically significant interaction between
the effects of group and tapping frequency on BOLD response in cortical regions, F (2,
212) = 21.148, P-value < 0.001, as presented in the last column of Table 8. In the case
of cortical regions both SCA3 patients and control participants had a significant main
effect (P-value < 0.001), but the effect size was smaller in SCA3 patients (np? = 0.385)
than in controls (np? = 0.489). When looking at the pairwise comparisons we observed
that all were significant in control participants, while in SCA3 patients the increase
from 3 Hz to 5 Hz finger-tapping did not yield a significant increase in BOLD response.

These results suggest loss of the parametric effect in SCA3 in cortical regions as well.

Overall, in all analyzed ROIs the mean BOLD response was higher in SCA3 patients for
finger-tapping at 1 Hz and 3 Hz but lower than in controls when tapping at the most
demanding frequency of 5 Hz. This was due to the loss of parametric modulation of
neuronal BOLD response by increasing tapping frequencies as also supported by the
behavioral results (Table 5).

In sum neuroactivation was larger in SCA3 in a broad array of neocortical regions and
the cerebellum, but SCA3 patients are not able to effectively maintain a parametric

modulation of neuroactivation.

ROC analysis

We performed a sensitivity and specificity analysis of the BOLD response of SCA3
patients versus healthy controls in sub-cortical and cortical grouped-ROls.
Discrimination between early SCA3 patients and controls based on BOLD response to
the parametric finger-tapping task is presented in Fig 22G. Note that, the way we
computed the discrimination variables — BOLD difference between frequencies — allows
the ROC curves to be symmetrically informative both in the upper or lower part of the
graph, depending on whether the BOLD amplitude increases or decreases from one
frequency to the other. As we have seen in the results of the parametric analysis, in the
SCA3 group the BOLD response decreases from the 3 Hz to the 5 Hz frequency, while

in control participants it increases.
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Sub-cortical regions: Putamen, Globus Pallidus and Thalamus

We can observe that the difference in BOLD response at frequencies (5 Hz — 3 Hz) is
highly discriminative between groups (AUC = 0.717, P-value = 0.001, sensitivity 71.4%
and specificity 76.9% - solid yellow line in Fig 22G).

Cortical regions: BA3, BA4, BA6 (SMA) and BA40

We observed that the differences in BOLD responses at frequencies (5 Hz — 3 Hz) and
(5 Hz — 1 Hz) are highly discriminative between groups. Both (5 Hz — 3 Hz, AUC =
0.846) and (5 Hz — 1 Hz, AUC = 0.688) BOLD differences-based discrimination curves
are significant, (P-value < 0.001 and P-value = 0.001 respectively, sensitivity 85.7% and
specificity 76.9% in the former - solid red line in Fig 22G).
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Discussion and conclusion

This study show the evidence of cortico-cerebellar functional dissociation in early
MJD/SCA3 patients during a parametric motor tapping task, where different pacing
rates were imposed to vary performance load. This parametric design allowed to
discriminate with high specificity and sensitivity between patients and controls across
brain regions beyond the cerebellum. The tapping task paced by a series of periodic
auditory signals (1-3-5 Hz) yielded significant BOLD effects within the cerebellum and
several cortical and sub-cortical areas characterized by distinct rate/response functions
in SCA3 patients compared to controls.

We found significant activation in the anterior part of the cerebellum. However volumes
of activation of this structure did not discriminate between SCA3 patients and controls,
unlike rate dependent changes in BOLD response signals. Among others, cerebellar
disorders give rise to slowed and more irregular movements during finger-tapping
(Riecker et al, 2003). In accordance with this, activation volumes (a functional
morphometry measure) in the cerebellum were correlated significantly with measured
motor task performance at the most demanding frequency (see Table 7). This result
supports previous findings of the significant contribution of the cerebellum to repetitive
finger movements to be restricted to faster rates above a level of about 3 Hz (Riecker et
al., 2003). Furthermore, we found motor performance to be significantly diminished in
SCA3 group (Table 5), corroborated by ROC analysis of behavioural data, which
showed significant discrimination power between patients and controls.

In addition to the significant rate dependent difference in cerebellar activation levels
found between groups functional MRI findings in this study show a consistent pattern of
activations in both groups in Brodmann area 40 (BA40). BA40 is involved in
somatosensory processing as well as of repetitive passive movements (Carel et al.,
2000). Moreover, we also found neuronal activations in BA3, BA4 and BA6. BA3
includes the somatosensory cortex and lesions affecting this region produce
astereognosia, which can be related to the task employed in this study (Bernard et al.,
2002). BA4 includes the primary motor cortex, and is connected to anterior BA6. BA6
(premotor cortex and supplementary motor area, SMA) receives input from cerebellum
and is involved in sensory guidance and planning of coordinated movements based on

external cues.
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Finally, the activation paradigm also revealed significant clusters in sub-cortical
regions: putamen, globus pallidus and thalamus. The motor circuitry originates in
several frontal areas and projects mainly to the putamen, and that information is
returned via ventrolateral thalamus back to the neocortex (Riecker et al., 2003). Besides
this “direct” putaminal-pallidal pathway, the striatum targets the basal ganglia output
stage via the external segment of the globus pallidus and the subthalamic nucleus
(“indirect” pathway) (Riecker et al., 2003; Lanciego et al., 2012). Here, we found
significantly different BOLD responses within the indirect motor circuitry of the basal
ganglia between SCA3 patients and controls.

The significant activation of these regions beyond cerebellar activation in SCA3
patients might also represent a mechanism of compensation. This whole brain
mechanism is reminiscent of the early intracerebellar network shifting that is observed
in spinocerebellar ataxia type 6 (Falcon et al., 2015 ).

Importantly, our parametric design enabled group discrimination with high sensitivity
and specificity. The striking pattern of cortico-cerebellar modulation of activity was
characterized by hyperactivation at the least demanding frequencies (1 Hz and 3 Hz),
particularly in cortical regions, and decreased activation at the most demanding
frequency (5 Hz), particularly in the cerebellum, in SCA3 patients as compared to
healthy controls. Interestingly, principally in cortical regions, the mean BOLD response
is much higher in SCA3 patients than in controls for 1 Hz and 3 Hz, revealing a possible
compensatory recruitment of sensorimotor areas to overcome cerebellum dysfunction.
However, when participants were asked to finger tap at 5 Hz BOLD response decreased
in all analyzed regions, suggestion that patients had surpassed the dynamic range of
maintained function. Accordingly, in control participants the frequency variation had a
linear parametric effect on BOLD signal modulation in all regions, while in SCA3
patients the parametric effect was lost and both performance and BOLD responses
collapsed from 3 Hz to 5 Hz. This differential modulation of BOLD signal in response
to variation in the frequency of the finger-tapping task revealed to be a significant
discrimination tool between SCA3 patients and controls, as supported by the sensitivity
ROC analysis of the fMRI signal.

To conclude, the striking early rate dependent cortico—subcortical pattern of activation,
beyond the cerebellum, seen in coupled behavioural and parametric fMRI
measurements suggest a possible role for whole brain fMRI as a potential useful tool for

clinical evaluation of MJD/SCA3 patients before overt disease manifestations, as
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corroborated by ROC analysis of both behavioural and imaging data. Our results
suggest that functional measures (morphometric and non-morphometric) provide added

value and may outperform conventional anatomical voxel based morphometry.
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