


ii 

 





iv 

 

Informações para Biblioteca Digital 
 

Título em outro idioma: Brain connectome : aplications of nuclear magnetic resonance 

imaging in neurosciences   

Palavras-chave em inglês:   
Neurosciences 

Magnetic resonance imaging  

Brain function mapping  

Brain connectivity  

Connectome 

Titulação: Doutor em Ciências 

Banca examinadora:   
Gabriela Castellano [Orientador] 

Florindo Stella   

Renato Cabral Rezende   

Paulo Cesar Centoducatte   

Mauro Antonio Pires Dias da Silva   

Data de defesa: 22-07-2013 

 Programa de Pós-Graduação: Fisiopatologia Médica 

 

Ficha catalográfica

Universidade Estadual de Campinas

Biblioteca da Faculdade de Ciências Médicas

Maristella Soares dos Santos - CRB 8/8402

    

  Pereira, Fabricio Ramos Silvestre, 1975-  

 P414c PerConectoma cerebral : aplicações de imageamento por ressonância magnética

nuclear em neurociências / Fabricio Ramos Silvestre Pereira. – Campinas, SP :

[s.n.], 2013.

 

   

  PerOrientador: Gabriela Castellano.

  PerTese (doutorado) – Universidade Estadual de Campinas, Faculdade de

Ciências Médicas.

 

    

  Per1. Neurociências. 2. Imageamento por ressonância magnetica nuclear. 3.

Mapeamento de funções cerebrais. 4. Conectividade cerebral. 5. Conectoma. I.

Castellano, Gabriela,1970-. II. Universidade Estadual de Campinas. Faculdade de

Ciências Médicas. III. Título.

 

Powered by TCPDF (www.tcpdf.org)



v 

 

 

 



vi 

 



vii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dedico esta tese aos trabalhadores do MST e da Via 

Campesina. Pela coragem com que enfrentam a legislação 

em busca de justiça social. 

 

 

 

 

Quem me dera, ao menos uma vez, 

 Que o mais simples fosse visto como o mais importante 

Renato Russo 



viii 

 



ix 

Agradecimentos 

Quem me dera, ao menos uma vez,  

Ter de volta todo o ouro que entreguei  

A quem conseguiu me convencer  

Que era prova de amizade  

Se alguém levasse embora até o que eu não tinha. 

 

Neste trabalho desejo agradecer ao leitor que tomou essa brochura para se entreter. 

Seja pela curiosidade ou por interesse acadêmico, o fato é que agora tem acesso a um pouco 

de minha vida discente. Mas me parece insuficiente apresentá-la sem dar os devidos créditos 

aos muitos que permitiram que ela se materializasse.  

Diferente da maioria dos trabalhos, meus agradecimentos (ainda que menores) 

também são direcionados a alguns adversário pois me permitiram, não sem sofrimento, 

entender que colegas podem se tornar inimigos quando interesses além da academia ficam 

expostos. Contudo, como relatei na dissertação de mestrado, publicado há pouco mais de dois 

anos, os agradecimentos mais fervorosos são dirigidos aos trabalhadores, que entendo ser os 

verdadeiros mantenedores dos aparatos de Estado (como as universidades públicas) apesar da 

hegemonia dos governantes desmerecerem esse crédito.  

Meus agradecimento também são direcionados a meus tios Mário e Roseli, pois 

apesar de eu não os ter mencionado na publicação anterior, ambos figuraram entre os mais 

importantes personagens de minha formação discente e patrocinaram meu interesse pela 

linguagem, função humana que vim a trabalhar de relance nessa tese. Agradeço também a 

Ana Raquel, uma personagem nova em minha vida que mesmo sem fazer qualquer ação 

propositiva, fez-me ponderar sobre as opções em minha vida. Profundo agradecimento teço 

aos professor Geraldo pois foi ele que no momento mais difícil de minha carreira, acreditou 

em minhas potencialidades e em meus valores éticos. A ele se deve o posto que fora ocupado 

na mestrado pelo Professor Pélico, mentor e suporte para minhas ideias e produções.  



x 

Por fim, mas não menos importante, a meus pais que mais se orgulham dessa 

produção do eu próprio; às minhas saudosas avós que em sua humildade e simplicidade 

conseguiram esculpir as lições mais importantes dessa tese – a honestidade, ausente em 

diversos espaços da academia; à Gabriela, minha amiga, que foi convertida em orientadora, e 

ficou incumbida da árdua tarefa em me cobrar a apresentação desse trabalho apesar das 

inúmeras evasivas que eu sempre promovia. A ela devo mais que minha gratidão e desculpas, 

devo-lhe uma menção ilustre por ter-me aceitado como aluno em um momento difícil de 

minha formação e de minha vida pessoal. O fato deste trabalho de doutorado, um calhamaço 

com quase duas centenas de páginas, ter sido concluído em dois anos sem que eu tivesse 

qualquer bolsa institucional mas que contra as expectativas já produziu meia dúzia de artigos 

científicos em revistas indexadas (com elevado Fator de Impacto) e, inclusive, alguns já 

terem sido citados por outros pesquisadores internacionais é prova da competência que 

reconheço em minha orientadora.  

Finalmente, quero agradecer à Fabiana, minha companheira de estrada há quase duas 

décadas. A pessoa solidária que me confortou nos momentos delicados vividos no último 

ano. Quem me trouxe sobriedade nos tempos de incertezas e que me apoia na nova e 

promissora etapa que se abre. 

 

..



xii 

SUMÁRIO 

 

 

RESUMO!...........................................................................................................................!xix!

ABSTRACT!...................................................................................................................!xxiii!

INTRODUÇÃO!.................................................................................................................!27!

Conectividade!Anatômica!(acMRI)!.....................................................................................!32!

Conectividade!Funcional!(fcMRI)!........................................................................................!46!

Homogeneidade regional ( ReHo – regional homogeneity )!......................................................!48!

Análise por componente independente ( ICA – independent component analysis )!...........!50!

Análise por clusterização temporal ( TCA – temporal clustering analysis )!........................!52!

Conectividade!Efetiva!(ecMRI)!.............................................................................................!55!

Modelagem de equações estruturais ( SEM – structural equation modelling)!....................!57!

Modelagem causal dinâmica (DCM – Dinamc Causal Modelling)!.........................................!65!

OBJETIVOS!......................................................................................................................!69!

Objetivos!Gerais:!.......................................................................................................................!70!

Objetivos!Específicos:!..............................................................................................................!70!

METODOLOGIA!.............................................................................................................!71!

Experimento!1!–!Conectividade!efetiva:!SEM!aplicado!à!plasticidade!etária!e!

codificação!de!palavras!com!conteúdos!emocionais.!...................................................!72!

Experimento!2!–!Conectividade!efetiva:!SEM!aplicado!a!ELTM!esquerdo!com!

codificação!de!palavras!neutras!e!abstratas!...................................................................!79!

Experimento!3!–!Modulação!de!conectividade!efetiva!por!codificação!de!

palavras!neutras!e!abstratas!.................................................................................................!92!

Experimento!4!–!Análise!de!imageamento!por!tensor!de!difusão!em!pacientes!

idosos!com!e!sem!diagnóstico!de!depressão!...................................................................!96!



xiii 

Experimento!5!–!Anormalidade!em!substância!branca!e!cinzenta!em!pacientes!

com!mutação!do!gene!SPG11.!............................................................................................!103!

Experimento!6!–!Alterações!de!substância!branca!em!pacientes!com!doença!de!

Alzheimer!e!transtorno!cognitivo!leve.!..........................................................................!109!

Experimento!7!–!Alterações!neuropsiquiátricas!associados!com!danos!de!redes!

funcionais!em!pacientes!com!doença!de!Alzheimer!e!transtorno!cognitivo!leve.

!......................................................................................................................................................!120!

Experimento!8!–!Pasticidade!cerebral!em!codificação!de!memória!verbal!e!

visual!de!pacientes!com!epilepsia!medial!temporal.!.................................................!130!

Experimento!9!–!Redes!neurais!de!pacientes!obesos!com!disfunção!

hipotalâmica.!...........................................................................................................................!144!

DISCUSSÃO!...................................................................................................................!151!

SEM!aplicado!à!plasticidade!etária!e!codificação!verbal!..........................................!155!

SEM!aplicado!a!ELTM!esquerdo!com!codificação!verbal!..........................................!156!

DCM!aplicado!a!ELTM!unilateral!com!codificação!verbal!........................................!157!

CONSIDERAÇÕES FINAIS!.......................................................................................!159!

REFERÊNCIA BIBLIOGRÁFICA!...........................................................................!163!

 

 

 





xiv 

LISTA DE ABREVIATURAS 

 

AAL Atlas anatômico automatizado / Automated Anatomical Labeling 

AD Difusividade Axial / Axial Diffusivity 

BDI Inventário de Depressão de Beck / Beck Depression Inventory 

BOLD Nível de oxigenação dependente / Blood Oxygenation Level Dependence 

CBF Fluxo sanguíneo cerebral / Cerebral Blood Flow  

CBV Volume sanguíneo cerebral / Cerebral Blood Bolume 

CMRO2 Taxa de metabolismo cerebral de oxigênio / Cerebral Metabolic Rate of Oxygen 

COUHES Comitê sobre uso de humanos como sujeitos experimentais / Committe on the Use of 
Humans as Experimental Subjects 

CT Tomografia Computadorizada / Computer Tomography  

DCM Modelagem Causal Dinâmica / Dinamic Causal Modelling 

dOHb Deoxi-hemoglobina / Deoxyhemoglobin 

Doppler Efeito Doppler 

DTI Imageamento por Tensor de Difusão / Diffusion Tensor Image  

DWI Imageamento ponderado por difusão /  Diffusion-weithted image 

EEG Eletroencefalografia  

efMRI Conectividade Efetiva / Effective Connectivity 

ELT Epilepsia de Lobo Temporal  

ELTM Epilepsia de Lobo Temporal Mesial 

EPI Imagem Echo-Planar / Echo Planar Image  

F2 Giro Frontal Médio 

F3-OPER Giro Frontal Inferior – porção opercular 



xv 

F3-TRIANG Giro Frontal Inferior – porção triangular 

FA Anisotropia Fracional / Fractional Anisotropy 

fcMRI Conectividade Funcional / Functional Connectivity  

fMRI Ressonância Magnética Funcional / Functional Magnetic Resonance Image 

FOV Campo de visão / Field of view 

HIP Hipocampo / Hippocampus  

ICA Análise por Componente Independente / Independent Component Analysis  

ICA Análise por Componente Independente / Independent Component Analysis 

MD Difusividade Média / Mean Diffusivity 

MEG Magnetoencefalografia 

MIT Instituto de Tecnologia de Massachusetts / Massachusetts Institute of Technology 

ML Máximo Verossímil / Maximun Likelihood   

MLE Estimativa de Máximo Verossímil / Maximun Likelihood Estimation 

MLF Função de Máximo Verossímil / Maximun Likelihood Function 

MNI Instituto Neurológico de Montreal / Montreal Neurologic Institute 

MRI Imageamento por Ressonância Magnétcia / Magnetic Resonance Image 

OHb Oxi-hemoglobina / Oxyhemoglobin 

PCA Análise por Componente Principal / Principal Component Analysis 

PDF Função de distribuição de probabilidade / Probabilistic distribution function 

PET Tomografia por emissão de pósitron / Positron Emition Tomography  

PHIP Parahipocampo / Parahippocampus  

PLS Quadrado Mínimo Parcial / Partial Least Squere 



xvi 

PPI Iteração Psico-fisiológica / Psico-Physiologic Interaction 

rCBF Taxa do fluxo sanguíneo cerebral / rate of Cerebral Blood Flow 

RD Difusividade Radial / Radial Diffusivity 

ReHo Homogeneidade Regional / Regional Homogeneity 

RM Ressonância Magnética 

SEM Modelagem por Equação Estrutural / Structural Equation Modelling  

SPECT Tomografia por emissão de fóton único / Single Photon Emition Computer Tomography   

SVD Decomposição em valore singular / Singular Value Decomposition 

TMS Estimulação Magnética Transcranial / Transcranial Magnetic Stimulation 

VBM Volumetria baseada em voxel / Voxel Based Morphometry 

 

 



xvii 

LISTA DE TABELAS 

 

Tabela 1: Lista das estruturas seguimentadas automaticamente no FreeSurfer 

Tabela 2: Lista de palavras e não-palavra utilizada na emulação de memória verbal 

Tabela 3: Lista de figuras e “não-figura” utilizada na emulação de memória visual 

Tabela 4: Parâmetros de conectividade funcional entre regiões frontais e temporais 

 



xviii 

LISTA DE FIGURAS 

 

Figura 1: Ilustração de imagens ponderadas por difusão em 6 direções. 

Figura 2: Representação da difusão da molécula de água 

Figura 3: Representação dos tensores de difusão  

Figura 4: Espectro de índices de difusão (FA, MD e RD)  

Figura 5: Exemplo de valores de índices de difusividade em regiões cerebrais 

Figura 6: Visualização dos tratos cerebrais 

Figura 7: Representação da definição de voxeis “vizinhos” 

Figura 8: Redes funcionais identificas pelas técnicas de separação de componentes 

Figura 9: Etapas de processamento da técnica de TCA 

Figura 10: Grupos de codificação de palavras com conteúdo emocional 

Figura 11: Ilustração de estruturas seguimentadas pelo Freesurfer. 

Figura 12: Modelo anatômico: Hipocampos – Amídalas (estático). 

Figura 13: Parâmetros de conectividade: Modelo Hipocampos – Amídalas. 

Figura 14: Paradigma de codificação e evocação imediata: memória verbal 

Figura 15: Paradigma de resting state 

Figura 16: Paradigma de evocação tardia e reconhecimento: memória verbal 

Figura 17: Paradigma de codificação e evocação imediata: memória visual 

Figura 18: Paradigma de evocação tardia e reconhecimento: memória visual. 

Figura 19: Modelo estrutural de ecMRI de regiões frontais e temporais (estático) . 

Figura 20: Parâmetros de conectividade efetiva: controles vs pacientes ELTM esquerda 

Figura 21: Modelo anatômico com modulação de conectividade efetiva (dinâmico) 

Figura 22: Parâmetros de conectividade efetiva modulados pela codificação verbal 

 



xix 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

RESUMO 
 



xx 

 
 



xxi 

 

O conectoma cerebral refere-se ao mapeamento dos circuitos neurais com os objetivos 

de 1) identificar regiões que dão suporte às atividades mentais e comportamentais, e 2) 

detectar alterações nesses circuitos que levam a distúrbios de ordem psiquiátrica e 

neurológica. Na prática, os estudos de conectoma cerebral consistem na integração de 

técnicas multimodais de imageamento como ressonância magnética (RM), 

eletroencefalograma (EEG) e magnetoencefalograma (MEG) com o intuito de estimar os 

tipos e os níveis de conexão entre regiões cerebrais remotas. Essa “conectividade” entre 

regiões cerebrais  é geralmente classificada em três tipos: anatômica, funcional e efetiva. 

No presente trabalho, as técnicas de conectividade, usando dados de MR, foram 

aplicadas na comparação de grupos saudáveis e patológicos.  

Pela técnica de conectividade anatômica observou-se anomalias na substância branca 

de pacientes com mutação no gene SPG11. Essa anomalias foram detectadas através da 

redução da anisotropia fracional (FA) e aumento da difusividade média (MD), difusividade 

radial (RD) e difusividade axial (AD) em regiões subcorticais dos lobos temporal e frontal, 

bem como no giro do cíngulo, cuneus striatum, corpo caloso e tronco cerebral. Tais achados 

indicam que o dano neuronal é mais difuso do que indicava a literatura. Um segundo estudo 

de conectividade anatômica demonstrou que esses índices de difusividade não foram robustos 

para diferenciar idosos com e sem diagnóstico de depressão indicando a necessidade de 

avanços na formulação de novos índices com maior sensibilidade.  

A técnica de conectividade funcional foi empregada em três estudos. No primeiro, 

observou-se que pacientes com epilepsia de lobo temporal medial unilateral apresentam 

redução da conectividade funcional durante a execução de tarefas de memória verbal e visual. 

Essa redução foi predominantemente ipslateral à lesão e associada ao material-específico 

utilizado no teste de memória. No segundo estudo, verificou-se uma redução dos padrões de 

conectividade funcional hipotalâmica em sujeitos obesos e a sua parcial elevação após a 
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cirurgia bariátrica concomitantemente à redução de indicadores bioquímicos de inflamação. 

No terceiro estudo, observou-se que pacientes com doença de Alzheimer apresentaram 

elevação dos níveis de conectividade funcional na rede saliente (Salience Network) e redução 

na rede de modo padrão (Default-mode network). Adicionalmente, verificou-se nos pacientes 

a correlação positiva da síndrome hiperativa com os níveis de conectividade funcional no 

cíngulo anterior e em áreas da ínsula direita. O conjunto desses resultados ilustra um possível 

significado clínico para futuro diagnóstico e tratamento da doença de Alzheimer. 

Pela técnica de conectividade efetiva observou-se que em função do envelhecimento 

sadio há uma mudança dos parâmetros de conectividade durante a codificação de palavras 

com conteúdo emocional. A influência do hipocampo sobre a amígdala ipslateral é reduzida 

nos sujeitos mais velhos enquanto a influência da amígdala direita sobre o hipocampo direito 

é elevada. Tais achados reforçam a tese da ininterrupta plasticidade etária e da dinâmica 

cerebral normal. Essa mesma técnica foi também empregada para demonstrar os diferentes 

padrões de influência entre os lobos frontal e temporal de pacientes com ELTM esquerda e 

sujeitos controle. Encontrou-se alteração nos padrões de conectividade efetiva dos pacientes, 

indicando que estes podem ser potenciais biomarcadores para a epilepsia. 
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Connectome refers to the neural circuitry mapping aiming to identify brain 

regions that support mental and behavioral functions as well as to detect circuit 

changes that are linked to psychiatric or neurologic disorders. In practice, connectome 

studies link several neuroimaging approaches such as MRI, EEG and MEG by means 

of the estimation of connections among remote brain regions. This “connectivity” 

among brain regions is usually classified as anatomic, functional or effective.  

In this work, the technique of connectivity, using MR data, was applied to 

compare healthy and pathological groups.  

By means of the anatomical connectivity abnormalities in the white matter of 

patients with SPG11 mutation were observed. These abnormalities were expressed as 

the reduction of the levels of fractional anisotropy (FA) and the increase in mean 

(MD) and radial diffusivities (RD) in sub-cortical regions of temporal and frontal lobe 

as well as in cingulated gyrus, cuneus, striatum, corpus callosum and brainstem. 

These findings suggest that neuronal damage/dysfunction is more widespread than 

previously recognized in this condition. Another anatomical connectivity study 

showed that such indices of diffusivity were not robust to statistically differentiate 

between old subjects with and without depression. This lacking on finding differences 

between both groups indicates that new indices of diffusivity have to emerge in order 

to provide complementary information about brain subtle microstructures.  

Functional connectivity was applied to three studies. In the first study, it was 

observed that patients with unilateral medial temporal lobe epilepsy presented lower 

levels of functional connectivity during visual or verbal memory tasks. Such 

reduction was ipsilateral to the side of the lesion and associated to the specific-

material used in the memory task. In the second work, the levels of functional 

connectivity were reduced in hypothalamic regions of obese patients but a partial 



xxvi 

reversibility of hypothalamic dysfunction was observed after bariatric surgery. In the 

third, patients with Alzheimer disease presented higher values of functional 

connectivity in the salience network and a reduction of connectivity values in the 

default-mode network. Also in these patients, significant correlations between the 

levels of hyperactivity syndrome and the salience network were observed in the 

anterior cingulate cortex and right insula areas. These results indicate the potential 

clinical significance of resting state alterations in future diagnosis and therapy of 

Alzheimer disease.  

The effective connectivity approaches demonstrated that old and young 

subjects have significant differences when encoding words with emotional contents. 

The influence of the hippocampus on the ipsilateral amygdale was lower for older 

subjects whereas the influence of the right amygdale on the right hippocampus was 

increased for these subjects. These findings suggest that brain plasticity also happens 

as function of age. The same approach was used to estimate the influence from frontal 

to temporal lobes in patients with left MTLE compared to healthy subjects. The 

patterns of effective connectivity were changed in patients and may be potentially 

considered as biomarkers for epilepsy. 
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O estudo da dinâmica cerebral normal e patológica tem despertado interesse 

da humanidade há milhares de anos (Feldman and Goodrich, 1999, Minagar et al., 

2003), contudo, foi no final do século passado que esses estudos ganharam impulso 

vigoroso graças ao advento de técnicas mais apuradas de imageamento cerebral. As 

técnicas como MEG, EEG, MRI, CT, SPECT, Doppler, PET entre outras, são 

algumas das modalidades capazes de apresentar sinais fisiológicos em forma de 

gráficos ou imagens. Cada técnica tem limitações, apesar de também possuir 

vantagens. O imageamento por ressonância magnética (MRI), em particular, 

congrega duas importantes vantagens: a possibilidade de imageamento estrutural com 

elevada resolução anatômica e a capacidade de detecção indireta da atividade 

cerebral.  

Regiões cerebrais em atividade elevam o consumo metabólico e requisitam 

maior aporte de oxigênio no local (Paulson et al., 2010). Para isso, um complexo 

arranjo neuronal e vascular deve ser acionado para abastecer essas regiões. 

Mecanismos como o aumento de fluxo sanguíneio (Chaigneau et al., 2007), a 

dilatação de vasos (Glielmi et al., 2009), a elevação da extração de oxigênio pelos 

tecidos (Herman et al., 2009), entre outras respostas fisiológicas, representam apenas 

uma pequena parcela da intricada, porém harmônica, dinâmica cerebral.  

Durante a atividade neural e o excessivo aporte de oxigênio, a concentração 

venosa de oxi-hemoglobina (OHb) eleva-se. No entanto, em decorrência das 

propriedades diamagnéticas dessa molécula (Savicki et al., 1984, Pauling, 1977), a 

conformação magnética resultante no local não é alterada. Por outro lado, 

simultaneamente, a molécula de desoxi-hemoglobina (dOHb) tende a ficar mais 

diluída no interior do vaso, apesar de sua quantidade absoluta sofrer um pequeno 

aumento. neste caso, as propriedades paramagnéticas da dOHb (Pauling and Coryell, 
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1936, Zborowski et al., 2003) aumentam proporcionalmente sua participação na 

determinação da componente magnética resultante. Essa variação nas concentrações 

de ambos os estados moleculares da hemoglobina pode ser observada 

qualitativamente na RM (Ogawa et al., 1990), de forma que uma diminuição na 

concentração de dOHb resulta num aumento do sinal de RM. 

Finda a atividade neuronal, a relação oxi/desoxi hemoglobina retorna aos 

padrões basais, restaurando a componente magnética associada com o este estado. 

Esse comportamento em conjunto é conhecido como fenômeno BOLD (Blood 

Oxygenation Level Dependent). Ele fornece indícios da dinâmica cerebral e tem sido 

largamente empregado para se inferir funções cerebrais (Engel et al., 1994, Greene et 

al., 2001, Abbott et al., 2010), uma vez que a atividade elétrica neuronal relaciona-se 

com o sinal BOLD (Logothetis et al., 2001).  

O sinal hemodinâmico também pode ser utilizado para detectar regiões 

cerebrais funcionalmente conectadas. Determinadas áreas remotas apresentam 

sincronia nas flutuações do fluxo sanguíneo local. Estas flutuações hemodinâmicas, 

de baixas frequências e sincronizadas, foram observadas sem que o indivíduo realize 

alguma tarefa a ele sugerido. As informações oriundas do imageamento ao longo do 

tempo (fMRI), bem como sua análise espectral, carregam significados fisiológicos 

capazes de serem traduzidos em mapas estatísticos. No estudo de conectividade, esses 

mapas dizem respeito a possíveis interações funcionais entre regiões remotas (Cordes 

et al., 2001, Goelman, 2004, Kruger and Glover, 2001). Entretanto, as séries 

temporais que constituem as aquisições de fMRI são coletadas juntamente com ruídos 

de fundo. Os ruídos de baixas frequências sobrepostos ao sinal BOLD provocam 

distorções na observação do suposto fenômeno neural. Tais perturbações magnéticas 

juntamente com o sinais genuinamente biológicos expõem a polêmica sobre o tema. 
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Alguns estudos chegam a considerá-lo apenas um fenômeno elusivo (Fingelkurts and 

Kahkonen, 2005, Horwitz, 2003), destacando: a enorme variabilidade existente entre 

as distintas atividades cerebrais (Waldvogel et al., 2000), entre indivíduos (Della-

Justina et al., 2008), e entre algoritmos de pós processamento da imagem (Friston et 

al., 1993b, Zhao et al., 2004), bem como a elevada capacidade plástica do cérebro 

para realizar conexões (Das and Gilbert, 1995, Hyde and Knudsen, 2002, Roder et al., 

2002, Webster et al., 1995) e as diferentes escalas de tempos em que ocorre o 

fenômeno neural e a aquisição do dado é feita. 

Assim como as propriedades funcionais do cérebro são inferidas in vivo pelo 

acoplamento da atividade neuronal com a flutuação magnética local, propriedades 

micro-estruturais dos tratos cerebrais são estimadas pela difusividade da molécula de 

água no tecido (Le Bihan et al., 1986). Os tratos cerebrais, constituídos pelos 

axônios dos neurônios, possuem características particulares devido à forma alongada. 

Graças a essa forma, as moléculas de água tendem a deslocar-se prioritariamente ao 

longo do eixo principal (difusividade axial) dos axônios, enquanto há uma maior 

limitação para deslocamento dessas moléculas nas direções perpendiculares a esses 

eixos (difusividade radial). A propriedade de difusão da água em uma direção 

prioritária é conhecida como anisotropia e pode ser estimada com imagens tensoriais 

revelando possíveis danos neuronais na micro-estrutura da substância branca.  
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Conectividade Anatômica (acMRI) 

Depreende-se por conectividade anatômica a detecção das vias físicas que 

interligam áreas cerebrais remotas. O conceito pressupõe a combinação inseparável 

com a conectividade funcional, dado que, o surgimento de novas conexões neurais, 

bem como a deleção de outras existentes, é mediado em grande parte pela própria 

atividade neural. As novas conexões anatômicas são estabelecidas levando-se em 

consideração: 1) os axônios e as sinapses que tomam parte na competição (deleção ou 

criação) da via; 2) definindo em qual tipo de competição (excitação ou inibição) as 

estruturas estarão envolvidas; e 3) regulamentando as normas (especialização ou 

generalização, convergente ou divergente, etc) seguida pela atividade eletrofisiológica 

(van Ooyen, 2001). Estudos pregressos (Ridge and Betz, 1984) em ratos 

demonstraram que neurônio de unidade neuro-motoras, após séries de estimulações 

crônicas, possuem maior vantagem competitiva que os neurônios não estimulados, 

reforçando a tese da indissociabilidade entre conectividade anatômica e funcional, 

entretanto não se tem estudos conclusivos em humanos.  

As formas de imageamento utilizada para se estudar a conectividade 

anatômica são a técnica de imageamento por tensores de difusão (DTI – Diffusion 

Tensor Image) e a técnica conhecida como Molecular Imaging. Esta última utiliza 

traçadores biofármacos que interagem com as fibras neurais e as expõem sobre forma 

de imagem (Frost, 2003) e sua natureza pode ser radioativa, magnética ou metabólica, 

a primeira baseia-se em princípios de difusividade.  

A DTI envolve a aquisição de imagens ponderadas por difusão (DWI – 

Diffusion-Weithted Image) que são sensibilizadas em vários gradientes, de diferentes 

direções, no mínimo de 6 para imagens em 3 dimensões (Chen and Hsu, 2005). 

Calcula-se a diagonalização do tensor de difusão em cada voxel, elegendo o autovetor 
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para representar a orientação local (Basser et al., 1994). Dado que a molécula de água 

no interior das fibras neurais tem uma orientação prioritária, que segue ao longo da 

fibra, a tratografia utiliza o princípio da anisotropia para estabelecer a conectividade 

anatômica.  

Todo fluído possui a propriedade intrínseca de difusão D, que reflete a 

mobilidade das moléculas em um ambiente microscópico. As moléculas de água 

podem ser sensibilizadas pela técnica de MRI em intervalos de tempo que variam 

desde milissegundos até poucos segundos, e em deslocamentos que estendem-se de 

10-8 a 10-4 metros. Essa distância é da mesma ordem que a dimensão da célula e, deste 

modo, a quantificação da constante D nos diferentes tecidos oferece informações 

sobre os mesmos.  

A difusão da água in vivo é afetada pela dinâmica do transporte celular através 

de sub-compartimentos celulares ou por membranas impermeáveis, o que torna 

possível caracterizar os tecidos a partir do tempo de difusão, pois há, por exemplo, 

diferentes padrões de difusão entre as substâncias cinzenta e branca.  

Cada molécula em uma amostra comporta-se independentemente. Colisões 

entre moléculas provocam deslocamentos randômicos, sem direções prioritárias, 

através do trecho conhecido como “caminho livre”. Dado um intervalo de tempo, é 

possível estimar a distância difundida, contudo, não é possível determinar as direções 

que a molécula percorreu. Apesar desse processo ser de caráter randômico, há 

mecanismos físicos que o dirigem. Em fluídos com diferentes concentrações, esta 

grandeza geralmente é utilizada para descrever tais processos, entretanto, em tecidos 

biológicos, a principal grandeza a ser considerada é a agitação térmica, geralmente 

expressa como a probabilidade (P) de se encontrar uma partícula em determinada 

posição (R) em um dado intervalo de tempo (t).  
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Em analogia à segunda lei da difusão de Fick, o mecanismo pode ser descrito 

por: 

Equação 1 

∂P

∂t
= D∇

2
P  

D ≡ coeficiente de difusão  

 

Para as situações em que o ambiente não oferece uma direção prioritária de 

deslocamento da molécula de água (isotropia), a solução da Equação 1 assume a 

distribuição gaussiana em três dimensões equivalente a: 

Equação 2 

P
X,t( )

=
1

D4π  t
exp

−R2

4D t

"

#
$

%

&
'  

R ≡ Deslocamento espacial  

 

 

O caminho médio livre pode ser calculado em termos da constante de difusão: 

Equação 3 

R
2 = R

2
P

R ,t( )
dR = 6D t∫  

R ≡ Vetor distância percorrida pela molécula de água no tempo t  

 

O processo de difusão também pode ser modelado assumindo que as partículas 

escolhem caminhos randômicos feitos por n sucessivos deslocamentos de tamanhos ξ  

e em intervalos de tempo constates τ  sobre o tempo total de: 
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Equação 4 

t = nτ  

τ  ≡ intervalo de tempo constante  

 

Após cada deslocamento, há uma nova colisão e uma nova orientação 

randômica. Deste modo pode-se escrever o caminho médio livre por: 

Equação 5 

R
2
= nξ2 =

tξ2

τ
 

ξ  ≡ tamanho do deslocamento  

 

Combinando as Equação 3 e Equação 5, tem-se o coeficiente de difusão 

obtido pelo comportamento do caminho médio livre. Esta equação, conhecida como 

equação de Einstein, é expressa por: 

Equação 6 

D =
ξ2

6τ
 

D ≡ coeficiente de difusão 

 

Quando o ambiente oferecer diferentes propriedades de difusão, a depender da 

escolha de uma direção específica,  o coeficiente de difusão deverá ser expresso em 

sua forma tensorial. Considerando que a probabilidade de deslocamento da molécula 

ainda possa ser estimada a partir da distribuição gaussiana, o tensor de difusão será 

caracterizado por:  
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Equação 7 

D =

D
XX

D
XY

D
XZ

D
YX

D
YY

D
YZ

D
ZX

D
ZY

D
ZZ

" 

# 
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$ 
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'  

D ≡ coeficiente de difusão 

 

Considerando constante cada elemento da matriz da Equação 7, pode-se 

aplicar a segunda lei de Fick para o caso anisotrópico. 

Equação 8 

∂ C

∂ t
= Dij

∂ 2
C

∂i ∂j
∑  

D ≡ coeficiente de difusão 

 

No caso particular, em que as moléculas não possuam carga elétrica resultante, 

como as moléculas de água, a matriz do tensor de difusão é simetrico (Dij = Dji), 

portanto, D pode ser completamente descrito por Dxx, Dyy, Dzz, Dxy, Dxz e Dyz que 

representam a difusividade em 6 direções, referenciadas no equipamento de 

ressonância magnética. A Figura 1 ilustra o tensor de difusão D em um estudo de 

imageamento por tensor de difusão (DTI). 
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Figura 1: Tensor de difusão D estimado por imagens ponderadas por difusão que foram 

obtida por RM com gradiente em 32 direções. 

 

Conhecida essas 6 diferentes componentes do tensor de difusão, é possível 

transformá-lo em outro tensor com elementos nulos excetuando-se a diagonal, pois 

esta representaria as propriedades intrínsecas da amostra, independentemente do 

sistema de coordenadas em que ela foi medida. A operação consiste em escolher um 

sistema de eixo que anula os elementos do tensor que não fazem parte da diagonal 

principal. Como resultado, um conjunto de autovalores (λ1, λ2 e λ3) e autovetores (ε1, 
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ε2 e ε3) do tensor D é produzido. A representação geometricamente tradicional desse 

autovalores e autovetores é sob a forma de uma elipsóide em cujos eixos possuem 

tamanho identificados por (λ1, λ2 e λ3). A Figura 2 ilustra o caminho médio livre 

percorrido pela molécula de água no espaço anisotrópico (Figura 2A), a comparação 

qualitativa desse deslocamento nos meios isotrópico e anisotrópico (Figuras 2B) e a 

representação geométrica da elipsóide que quantifica os índices de anisotropia 

(Figura 2C). 

 

 

Figura 2: Representação da difusão da molécula de água. A) caminho médio livre 

(vermelho) e sucessivos trechos de choque (azul). B) Ilustração da difusão nos meios 
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isotrópico (primeiro) e anisotrópico (segundo). C) Representação geométrica e 

quantificação do índice de anisotropia. 

 

A parametrização de uma elipsóide (como aquela descrita na Figura 2C) pode 

ser feira em relação aos autovalores encontrados na diagonalização da matriz D de 

acordo com a Equação 9 abaixo. 

Equação 9 

Pθ ,ϕ( ) =

λ
3
cos θ( )sen ϕ( )

λ
2
sen θ( )sen ϕ( )
λ
1
sen ϕ( )

% 

& 

' 
' 
' 

( 

) 

* 
* 
*  

λ1, λ2 e λ3 ≡ Autovalores 

θ  e φ  ≡ ângulos sobre as superfície da elipsóide 

 

Deste modo, diferentes tensores de difusão produzem, em cada voxel da 

imagem, representações elipsoidais distintas. A Figura 3 abaixo exemplifica a 

dependência geométrica para alguns valores de tensor de difusão.  
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Figura 3: Representação de tensores de difusão. A) geometria isotrópica. B) geometria 

anisotrópica com grau de isotropia no plano horizontal. C) geometria anisotrópica.  

Obs.: Os eixos ortogonais não são os eixos do ressonador, e estão orientados nas 

direções póstero-anterior (x), látero-lateral (y) e ínfero-superior (z). 

 

O grau de anisotropia é computado por índices relacionados aos autovalores. 

Diversos índices podem ser utilizados entretanto, os mais comuns são a anisotropia 

fracional (FA) definida na Equação 10, a difusividade média (MD) definida na 

Equação 11 e a difusividade radial (RD) definida na Equação 12. 

Equação 10 

FA =
1

2

λ
1
− λ

2( )
2

+ λ
1
− λ

3( )
2

+ λ
2
− λ

3( )
2

λ
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2 + λ
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3
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) 
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FA ≡ índice de anisotropia fracional 

λ1, λ2 e λ3 ≡ Autovalores 
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Equação 11 

MD =
λ
1
+λ

2
+λ

3

3
 

MD ≡ índice de difusividade média 

λ1, λ2 e λ3 ≡ Autovalores 

 

Equação 12 

RD =
λ
2
+λ

3

2
 

RD ≡ índice de difusividade radial 

 λ2 e λ3 ≡ Autovalores 

 

O índice FA possui valores adimensionais variando entre 0 e 1. O valor 0 

(zero) é característico de geometrias completamente isotrópicas enquanto o valor 1 

(um) representa geometrias completamente anisotrópicas. Os índices MD e RD têm 

valores adimensionais variando de 0 ao infinito e representam respectivamente a 

difusividade média em uma dada região e a difusividade perpendicular ao eixo de 

maior difusão. A Figura 4 apresenta o espectro dos valores de FA e a respectiva 

representação geométrica. 
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Figura 5: Representação elipsoidal e respectivos valores de FA, MD e RD estimados pelo 

com Tensor de Difusão “D” na (A) Radiação Talâmica Anterior, no (B) Pólo Frontal, no 

(C) Fórceps Maior, no (D) Liquido Cefalorraquidiano e no (E) Corpo Caloso. 

Coordenadas registradas no espaço padrão do Instituto Neurológico de Montreal (MNI). 

Obs.: Os eixos ortogonais não são os eixos do ressonador, e estão orientados nas 

direções póstero-anterior (x), látero-lateral (y) e ínfero-superior (z). 
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Os índices de difusividade refletem as características de anisotropia local e, no 

cérebro, essas características dizem respeito às informações micro-estruturais do 

tecido. Regiões com alto índice de anisotropia, como os tratos, podem ser 

concatenados para permitir o rastreamento das vias que ligam duas regiões remotas. A 

Figura 6 ilustra a fisiologia do trato, com elevado alto índice de anisotropia. 

Propriedade que permite seu rastreamento (tratografia) através do cerebral. 
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Figura 6: Visualização dos tratos cerebrais. Modelo da fisiologia micro-estrutural dos 

tratos revelando propriedades anisotrópicas ao longo do feixe (A). Ilustração das direções 

dos feixes neuronais sobre um corte coronal (B) com detalhe sobre o corpo caloso (C). 

Reconstrução dos tratos no hemisfério direito e as respectivas projeções para o 

hemisfério direito – tratografia (D). Registro de tratos conectando cérebro e coluna 

espinhal através da ponte. Tons em vermelho representam a direção látero-lateral. Tons 

em verde indicam direção ânterio-posterior. Tons de azul significa direção ínfero-

superior. 
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Conectividade Funcional (fcMRI) 

A definição de conectividade funcional é dada pela correlação entre eventos 

neurofisiológicos remotos (Friston et al., 1993b). O conceito, apesar de oferece 

informações sobre sincronia entre as regiões corticais envolvidas na emulação de 

eventos neurofisiológicos, não lida diretamente com a relação de causa-efeito desses 

eventos.  

Os processos neurais não seguem necessariamente padrões gaussianos 

entretanto, pode-se caracterizá-los em termos da dependência estatística de segunda 

ordem, e assim, utilizar correlações para estimar a conectividade funcional (Friston, 

2007). Ao assumir que as medidas neurofisiológicas dispersam-se conforme a 

distribuição Gaussiana basta estimar os valores da covariância para se obter os 

parâmetros de conectividade funcional. O índice de correlação é representado pela 

covariância normalizada.  

O ponto crítico para evoluir a análise da conectividade funcional está 

associado com o fato de que a simples correlação de um voxel com os demais não é 

de grande interesse no estudo, a menos que a série temporal descritas por único voxel 

seja representativa de uma região de interesse ou de uma estrutura cerebral, ou ainda, 

que nele expresse-se um valor significativo de mapas estatísticos oriundos de análises 

prévias, como mapas estatísticos de fMRI. Apenas absorvendo estas considerações é 

que a série temporal de um único voxel pode ser suficiente para se entender 

fenômenos fisiológicos. 

Tratando-se da estrutura de covariância, o mais importante aspecto é a 

estimativa de padrões de atividade, correlacionados em um grande número de pares 

co-variantes. Diversas estratégias podem ser empregadas para se mensurar tais 

padrões, desde as mais elementares, como a média das séries temporais de uma região 
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de interesse, até as mais elaboradas, como estratégias não-lineares. Um maior 

aprofundamento dessa técnica pode ser obtido na dissertação mestrado publicada pelo 

autor há dois anos (Pereira, 2011).  

Dentre as diversas metodologias disponíveis para se estimar o padrões de 

conectividade funcional, três em especial têm se destacado na literatura por não 

requisitarem informações a priori sobre o sistema. A primeira, denominada, Regional 

Homogeneity (ReHo), aborda aspectos locais na busca por de homogeneidade nas 

flutuações hemodinâmicas enquanto a segunda, Independent Component Analysis 

(ICA) é capaz de separar redes neurais que foram originadas por uma mesma fonte de 

frenquência, como as próprias oscilações hemodinâmicas. Uma terceira metodologia 

denominada Temporal Clustering Analysis (TCA) também tem sido utilizada para 

extrair uma série temporal sem hipótese definida à prior mas que se relaciona com a 

resposta hemodinâmica e consequentemente, passível de modelagem com as imagens 

de fMRI. 
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Homogeneidade regional ( ReHo – regional homogeneity ) 

 
Os parâmetros de homogeneidade regional são estimados pelo coeficiente de 

correlação de kendall (Kendall and Gibbons, 1990) definidos pela Equação13. Esse 

teste avalia a similaridade entre séries temporais encapsuladas pelos voxeis vizinhos. 

Usa-se estatística não paramétrica sob a forma de ordenamento discreto para cada 

ponto no tempo das séries temporais e produzem valores entre 0 e 1. A Figura 7 

ilustras a definição de voxeis vizinhos para uma dada aquisição em EPI.  

 

Equação 13 

KCC =
R

i

2 − nR 
2∑

1

12
K
2

n
3 − n( )  

 R ≡
n +1( )K
2

 

KCC ≡ coeficiente de correlação de Kendall 

Ri ≡ soma do ordenamento em cada i-nésimo ponto temporal 

K ≡número de séries temporais avaliadas (voxels vizinhos). 

n ≡total de pontos no tempo 
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Figura 7: Representação de uma aquisição de série temporal em EPI. Voxels 

apresentados em nivies de cinza (A). Definição de “vizinhos” para um determinado 

voxel (vermelho). Cada voxel tem seis vizinhos nas faces, doze vizinhos nas arestas e 

oito vizinhos nos vértices (B). 
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Análise por componente independente ( ICA – independent component analysis ) 

 
O método de ICA é uma potente ferramenta empregada para separar fontes 

(flutuações hemodinâmicas) independentes que estejam linearmente misturadas. 

Consiste em representar um sistema matricial (e.g. Figura 7A) sem manter 

necessariamente a ortogonalidade entre esses eixos. Mais informação sobre separação 

de componentes podem ser obtidos na dissertação de mestrado do autor, em especial 

uma ferramenta semelhante ao ICA denominada Principal Componente Analysis 

(PCA). 

Diversas redes funcionais foram identificadas nos cérebro de jovens controles. 

As mais utilizadas na literatura com objetivo de investigação em sistemas patológico 

são apresentadas na Figura 8. 
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Figura 8: Principais redes funcionais humanas identificadas pela técnica de 

separação de componentes. Redes de saliência anterior (A) e posterior (B), de modo 

padrão dorsal (C) e ventral (D), de controle executivo direito (E) e esquerdo (F), de 

audição (G), do gânglios da base (H), visual superior (I) e primária (J), de linguagem 

(K), sensoriomotor (L), pré-cuneus (M) e visoespacial (N).  
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Análise por clusterização temporal ( TCA – temporal clustering analysis ) 

 

Por fim, a metodologia de Temporal Clustering Analysis (TCA) computa uma 

série temporal a partir dos dados de fMRI. Essa técnica consiste em três fazes: 

identificar o maior valor de intensidade de sinal para cada série temporal, zerar todos 

os pontos no tempo da respectiva série temporal que não possuem esse valor máximo 

e somar todos os valores remanescentes em um dado ponto no tempo.  

Matematicamente, as operações empregada no TCA são as seguintes: 

Seja as séries temporais descritas pela Equação 14. 

Equação 14 

F
x,y,z,t( )

 

 F ≡ intensidade do sinal em um dado ponto no espaço e tempo 

x,y,z ≡ coordenadas espaciais relacionadas ao voxel 

t ≡coordenada temporal 

 

Aplica-se uma transformada na Equação 14 para converter diretamente o 

espaço de quatro dimensões (x,y,z,t) em duas (s,t) descritas pela Equação 15. Na 

operação ℜ
4 ⇒ℜ2

 
o número de voxel permanece constante calculado pelo 

produto dos números de voxeis nas três dimensões espaciais (x,y,z). 

Equação 15 

⊕F
x,y,z,t( )

=G
s,t( )

 

 ⊕ ≡ operador espacial 
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s ≡ coordenada espacial relacionadas ao voxel 

S ≡X.Y.Z 

 

Desse modo, a matriz de dados transformados G pode ser escrita como 

apresentado na Equação 16. 

Equação 16 
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A primeira etapa do TCA caracteriza-se pela identificação dos valores 

máximos em cada serie temporal. Essa etapa pode ser representada pela Equação 17. 

Equação 17 
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A segunda etapa do TCA anula os valores para cada ponto no tempo da 

respectiva série temporal que não possuem valores máximos. Essa etapa é descrita 

pela Equação 18. 

Equação 18 
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Conectividade Efetiva (ecMRI) 

O conceito de conectividade efetiva foi definido como a influência que um 

sistema neural exerce sobre outro, de forma direta ou indireta (Friston et al., 1993a, 

Aertsen et al., 1991, Friston, 1994). Trata-se da estimativa de parâmetros associados a 

modelos estruturais. Esses parâmetros expressam relações de causa-efeito sejam 

acionadas por estímulos externos que atuam sobre os sistemas neurais, sejam apenas 

operados entre os próprios sistemas onde, tanto a causa como o efeito são elementos 

exclusivos da rede neuronal. Os parâmetros apontam quantidades dinâmicas utilizadas 

para identificar os níveis de influência sobre um sistema físico em respostas às forças, 

ações ou estímulos externos, bem como repercussões secundárias no sistema neural 

causada anteriormente por um outro elemento desse sistema. 

Nas dimensões do neurônio, o conceito traduz-se em como a atividade pré-

sináptica influencia a resposta pós-sináptica, fenômeno também conhecido como 

eficácia sináptica. Na escala temporal operada pela fMRI, o conceito deve ser 

entendido em como a resposta hemodinâmica de uma determinada região é perturbada 

pela ação de outra série temporal, seja esta, de uma estrutura cerebral remota ou de 

um estímulo externo. Ambas as opções exigem, a priori, um modelo estrutural em 

que se busca estimar os parâmetros de conectividade.  

A técnica ainda permite tanto identificar mudanças na influência entre as 

componentes cerebrais interconectadas bem como selecionar modelos estruturais mais 

adequados aos fenômenos neurais estudados. Aquele, surje como uma medida indireta 

de plasticidade ou de modulação por uma função cerebral enquanto esta, fazendo-se 

uso de inferências bayesianas, responde pela otimização do modelo estrutural. 

Em resumo, no estudo de conectividade efetiva é possível obter as seguintes 

informações: 1) como uma região de interesse influencia outra – medida estática; 2) 
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como um estímulo modula a interação entre regiões de interesse – medida dinâmica e; 

3) qual o modelo estrutural mais apropriado dentre um conjunto de opções – 

inferência bayesiana. 
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Modelagem por equações estruturais ( SEM – structural equation modelling) 

 

Uma forma de estimar os parâmetros de conectividade é através de regressões 

na estrutura da matriz de variância-covariância (Buchel and Friston, 1997, McIntosh 

and Gonzalez-Lima, 1994). Compara-se a matriz de covariância representada no 

modelo estrutural (matriz predita) com a matriz de covariância oriunda diretamente 

das séries temporais (matriz observada). A obtenção dos coeficientes utilizando 

modelos de equações estruturais (SEM – Structural Equation Modelling) implica em 

assumir que a conectividade efetiva seja constante em toda observação. Este é um 

fator limitante, e é incapaz de propiciar abordagens de experiências cujo cerne esteja 

focado na dinâmica das conectividades neurais (e.g. estudos de aprendizado, de 

plasticidade cerebral, etc) a menos que os dados sejam padronizados, o que leva a 

perda significativa de informações. Para contornar metodologicamente esta limitação, 

alguns trabalhos têm proposto parâmetros de regressão variáveis (Buchel and Friston, 

1997, Buchel and Friston, 1998) outros, a aplicação de filtros aos dados (e.g. Filtros 

de kalman (Garbade, 1977) em seus casos especiais (Kalman, 1960)). Se por um lado 

há a desvantagem na análise por SEM de interpretar o modelo estrutural de forma 

estática, por outro a mesma análise é eficiente para comparar o mesmo modelo 

anatômico em grupos distintos, como pacientes versus controles.  

De forma geral, as equações do modelo estrutural podem ser expressas na 

seguinte forma matricial: 

Equação 20 

 

η  ≡ variáveis latentes endógenas (vetor coluna com m elementos) 

η =  α +  βη +  Γξ +  ζ
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ξ  ≡ variáveis latentes exógenas (vetor coluna com n elementos) 

ζ   ≡ termo residual (vetor coluna com m elementos) 

MÉDIA(ξ)= κ; COVARIÂNCIA(ξ) = Φ  

MÉDIA(ζ)= 0; COVARIÂNCIA(ζ) = Ψ  

 

Os termos ξ  e ζ  são considerados independentes e, portanto, com covariância 

nula; os parâmetros α , Β  e Γ  são respectivamente: o termo constante, que pode ser 

eliminado na simplificação do modelo estrutural; os coeficientes estruturais que 

relacionam as variáveis latentes endógenas e; os coeficientes estruturais que 

relacionam as variáveis latentes exógenas.  

Isolando η  e substituindo (Ι  − Β)-1 por Α  tem-se que:  

Equação 21 

 

Α  ≡ (Ι  − Β)-1
 

 

A média das variáveis latentes endógenas pode ser expressa por:  

Equação 22 

 

κ  ≡ média das variáveis latentes exógenas (ξ)  

 

A matriz predita pode ser expressa pela a covariância das variáveis latentes 

endógenas representada por:  

Equação 23 

η =  A (α +  Γξ +  ζ )

µη =  A (α +  Γκ)
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 Γ  ≡ coeficientes estruturais relacionados às variáveis latentes exógenas 

 Φ  ≡ covariância das variáveis latentes exógenas 

 Ψ  ≡ covariância dos termos residuais 

 

As equações que representam as variáveis observadas podem ser expressas na 

seguinte forma matricial: 

Equação 24 

 

y  ≡ variáveis endógenas observadas (vetor p elementos) 

x  ≡ variáveis exógenas observadas (vetor q elementos) 

E(ε)= 0 ; COV(ε) = Θy 

E(δ)= 0; COV(δ) = Θx 

 

A matriz y representa um vetor com p elementos das variáveis endógenas 

observadas; x representa o vetor com q elementos das variáveis exógenas observadas; 

ε  e δ  são os erros medidos respectivamente em y e x; τy e τx são termos constantes 

associados respectivamente a y e x;  Λy e Λx são os parâmetros das variáveis 

observadas endógena e exógena.  

 

As médias dessas variáveis são expressas por: 

Equação 25 

COV(η) =  A Γ Φ ΓT +  Ψ ( ) AT

y =  τ y  +  Λyη +  ε 

x =  τ x  +  Λxξ +  δ 
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µy ≡ média das variáveis endógenas observadas 

µy ≡ média das variáveis exógenas observadas 

 

A matriz de variâncias e covariâncias é: 

Equação 26 

 

 

Σ  ≡ matriz de covariância predita 

 

Esta matriz (Σ), também chamada de “predita”, contém os parâmetros de 

conectividade a serem comparados com a matriz de covariância (S), calculada a partir 

das séries temporais.  

Raros modelos estruturais podem ser resolvidos analiticamente dado que a 

inclusão de componentes e de parâmetros, que aproximam o modelo anatômico do 

fenômeno neural, incorre na definição de equações de ordem superior. Outra 

consequência bastante comum desta inserção é a não convergência dos parâmetros, 

nas estimativas baseadas em cálculo numérico. Os modelos estruturais não 

convergentes são imprestáveis para solucionar as equações estruturais e, 

consequentemente, incapaz de explicar o fenômeno neural. A solução numérica 

oferecida pelo Máximo Verossímil (ML – Maximun Likelihood) tem sido empregada 

µy  =  τ y  +  ΛyA (α +  Γκ) ; 

µx  =  τ x  +  Λxκ 

∑yy  =  Λy  [A (ΓΦΓT
 +  Ψ) A

T
] Λy

T
 +  Θy  ; 

∑xx  =  ΛxΘΛx

T
 +  Θx  ; 

∑yx  =  ∑xy  =  ΛyAΓΘΛx

T
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largamente, mas há outras propostas de soluções numéricas para as equações 

estruturais, como quadrados mínimos e a livre distribuição assintótica.  

A Função de Máximo Verossímil (MLF – Maximun Likelihood Function) é 

um método estatístico interativo utilizado principalmente para ajustar um modelo 

matemático em um conjunto de dados. O método consiste em estimar o valor que 

maximiza a função de densidade de probabilidade (PDF – Probability Density 

Function) para um valor que faz os dados observados mais parecidos.  

Sejam os dados representados por um vetor Y com m medidas independentes 

entre si. Considere que as medidas seguem distribuição gaussiana com média µ  e 

variância σ2. Matematicamente pode-se escrever: 

Equação 27 

Y =  y1,  y2,  y3,  ... ,  ym( ) ≈  N µ,σ 2( )  

N(µ ,σ2) ≡ Distribuição normal 

µ  ≡ Média; σ2 ≡ variância 

Y ≡ vetor representando as medidas (eventos) 

yi ≡ eventos independentes  

m ≡ número total de eventos 

 

Seja p(Y | µ , σ2) a função densidade de probabilidade que especifica a 

probabilidade de encontrar os dados Y para determinados parâmetros µ e σ2. Pode-se 

escrever a função como: 

Equação 28 



62 

p
y( ) =

1

σ 2π
exp

− y −µ( )
2

2σ 2
 

p ≡ Função densidade de probabilidade normal 

 

Como cada evento (yi) é estatisticamente independente entre si e, de acordo 

com a teoria da probabilidade, a função da densidade de probabilidade do vetor Y, ou 

seja, p(Y), pode ser expressa como a multiplicação das densidades de probabilidades 

de cada evento. Portanto: 

Equação 29 

p
y = y1 , y 2 , y 3 ,  ... , y m( )  |  µ, σ 2( )

 =  p
y1 |  µ, σ 2( )

 p
y 2 |  µ, σ 2( )

 p
y 3 |  µ, σ 2( )

... p
y m  |  µ, σ 2( )

 =  p
y i  |  µ, σ 2( )

i=1

m

∏

 

p ≡ Função densidade de probabilidade normal 

 

Na prática, tem-se um conjunto de eventos, sob os quais se deseja estimar os 

parâmetros µ e σ2 de uma população, em uma função específica, ou seja, tem-se o 

problema inverso ao apresentado nas Equações 27, 28 e 29. A função que descreve 

esse problema inverso é denominada Função de Máximo Verossímil (MLF), 

representada matematicamente por: 

Equação 30 

L
µ, σ 2 |  Y( )

=  p
Y | µ, σ 2( )

 =  p
y i  |  µ, σ 2( )

i=1

m

∏  

L(µ ,σ2 | Y) ≡ Função de máximo verossímil (MLF) 

 

Ambas as funções, PDF e MLF, tratam dos mesmos elementos, entretanto, os 

parâmetros em uma são os eventos da outra. Ademais, as duas funções são definidas 
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em abscissas diferentes, por isso não são diretamente comparáveis. Especificamente, 

por um lado a PDF é uma função que descreve o comportamento dos eventos para um 

dado conjunto de parâmetros. Por outro lado, a MLF é uma função que descreve o 

comportamento dos parâmetros dado um conjunto de elementos. Esta função é 

definida na escala (abscissa) dos parâmetros enquanto aquela na escala dos dados.  

Extraindo o logaritmo neperiano na Equação 30, a fim de converter a função 

produtória em somatória, tem-se que: 

Equação 31 

ln L =  ln pi =  ln pi

i=1

m

∑
i=1

m

∏  

L ≡ Função de máximo verossímil (MLF) 

 

As funções ln L (log-likelihood) e L são monotonicamente relacionadas entre 

si, e por isso, a maximização de uma refere-se também à outra. Assumindo que a 

função log-likelihood seja diferenciável, somente se existir um conjunto de 

parâmetros (w) que satisfaçam a seguinte equação diferencial: 

Equação 32 

∂ ln L 
w | Y( )

∂ w j

 =  0  

w ≡ Conjunto de parâmetros 

j ≡ índice de parâmetros 

 

O ponto de inflexão obtido pela Equação 32 pode ser de mínimo ou de 

máximo, assim faz-se necessário impor uma segunda condição para garantir que o 

ponto de inflexão almejado seja de máximo. 
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Equação 33 

∂ 2 ln L 
w | Y( )

∂ w j

2
 <  0  

w ≡ Conjunto de parâmetros 

j ≡ índice de parâmetros 

 

Na prática, nem sempre é possível obter analiticamente a solução das 

Equações 32 e 33, como por exemplo, quando os modelos envolvem muitos 

parâmetros. Nestes casos, a PDF geralmente é ‘muito não-linear’. Para se estimar os 

parâmetros nestas ocasiões, faz-se uso de processos numéricos como sucessivas 

interações. 

Portanto, a comparação entre Σ  e S é feita pela escolha interativa dos 

parâmetros em Σ   que maximizam o valor ML da seguinte equação:   

Equação 34 

 

trace ≡ soma dos elementos da diagonal principal; 

p ≡ número de variáveis medidas 

 

O método da SEM é uma técnica cuja característica principal é confirmatória 

(não exploratória). Sua aplicação em fMRI é comumente empregada com a 

eliminação dos termos latentes da equação geral acima apresentada, preservando 

apenas os termos observados e suas respectivas relações. Esta simplificação é 

conhecida como Path Analysis. 

ML =  ln Σ( ) -  ln S( ) -  trace SΣ-1( ) -  p
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Modelagem causal dinâmica (DCM – Dinamc Causal Modelling)  

 

Outra forma de caracterizar os parâmetros de conectividade é através da 

modelagem causal dinâmica (DCM – Dinamic Causal Modelling) (Friston et al., 

2003). O DCM faz distinção entre os níveis neuronal e hemodinâmico, modelando as 

interações de populações de neurônio, no nível cortical, a partir de séries temporais 

(hemodinâmica – no fMRI, ou eletrofisiológicas – no EEG). Essa tarefa é realizada 

com o auxílio de modelos suplementares que sugerem a forma de como a atividade 

neuronal é transformada na resposta medida, permitindo que os parâmetros do modelo 

neuronal sejam estimados através dos dados observados. Esquematicamente, a 

informação flui partindo dos estímulos de entrada (input) – constituídos por funções 

convencionais codificadas no desenho experimental, passando ao estado neural (state) 

– representado pelas atividades neuronais e outras variáveis neurofisiológicas e 

biofísicas e, finalmente, sendo medidas (output). Os estímulos de entrada induzem 

respostas neurais de duas formas. Primeira, eles podem induzir respostas através de 

influências diretas sobre uma região de interesse no modelo estrutural (estímulo 

intrínseco). Segunda, eles podem modular conexões existentes no modelo estrutural 

(estímulo contextual) (Friston and Buchel, 2000). Ao se observar mudanças de 

conectividade em função de um longo período de tempo, pode-se obter a outra 

vantagem do método: a medida indireta de plasticidade neural. A classe de estímulos 

contextuais emula respostas claramente não lineares cuja modelagem, nas equações 

do DCM, são representadas por aproximações em sistemas bilineares. 

Resumidamente, o DCM é um procedimento de identificação de padrões em sistemas 

não-lineares usando a estimativa Bayesiana em parâmetros de um sistema dinâmico e 

determinista tipo input-state-output. 
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Matematicamente, as equações de estado neuronal são definidas como: 

Equação 35 

 

z ≡ conjunto de estados neuronais 

zi ≡ estado neuronal da região i 

i ≡ número total de regiões (nós no modelo estrutural) 

 

Como o DCM é um método dinâmico, a derivada temporal do conjunto dos 

estados neuronais (z) recai na função neuronal que será aproximada. Portanto: 

Equação 36 

 

F ≡ Função neuronal não linear 

u ≡ inputs 

θ  ≡ Parâmetros 

 

A função F é a função não-linear que descreve a influência neurofisiológica 

sofrida pelo conjunto de regiões (z) e estímulos externos (u). Os parâmetros expressos 

em θ  são utilizados na inferência bayesiana. Como, a função F será aproximada da 

equação bilinear, as componentes z, u e θ  serão novamente parametrizados em 

termos de conectividade efetiva. A aproximação bilinear pode ser expressa por: 

Equação 37 

z =  z
1
,  z

2
,  z

3
,  ... ,  z

i[ ]
T

∂ z

∂ t
 =  z

•

 =  F
z, u, θ( )
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A ≡ Parâmetros de conectividade intrínsecos (na ausência de inputs) 

B ≡ Parâmetros de conectividade modulatória (regulam as conexões) 

C ≡ Parâmetros de conectividade extrínsecas (associadas diretamente aos inputs) 

j ≡ Número de inputs 

 

Os parâmetros A, B e C podem ser obtidos a partir das seguintes derivadas 

parciais: x 

Equação 38 

 

 

A ≡ Parâmetros de conectividade intrínsecos (na ausência de inputs) 

B ≡ Parâmetros de conectividade modulatória (regulam as conexões) 

C ≡ Parâmetros de conectividade extrínsecas (associadas diretamente aos inputs) 

 

A pode ser entendida como o acoplamento intrínseco entre as regiões cerebrais 

na ausência de inputs. Pela Equação 38 pode-se observar que A representa a 

conectividade de primeira ordem. B representa o conjunto dos parâmetros que 

modificam as conectividades intrínsecas. Com a Equação 38 observa-se que a 

z
•

 ≈  Az +  u j B
j z +  Cu ∑ =  A +  u j B

j ∑( ) z +  Cu

A =  
∂ F

∂ z
 =  

∂ z
•

∂ z
 ;

Bj =  
∂ 2 F

∂x ∂u j

 =  
∂

∂u j

∂ z
•

∂ x
 ;

C =  
∂ F

∂ u
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obtenção destes parâmetros pode ser feita pela derivada de segunda ordem. C 

representa o conjunto de parâmetros associados diretamente aos inputs que levam a 

atividade neuronal. O conjunto dos parâmetros A, B e C, ou simplesmente matriz de 

acoplamento θc, define a arquitetura e as interações no nível neuronal a serem 

estimadas. 

Esse três níveis de conectividade cerebral podem ser utilizados para explorar 

diversas condições neuropsiquiátricas e podem constitui-se em um importante 

marcador para esses transtornos. O potencial dessas técnicas eleva-se ainda mais por 

serem metodologias não invasivas e com poucas contra indicações. Esses conceitos 

tomados conjuntamente, motivaram o desenvolvimento dessas técnica no intuito de se 

observar padrões ainda não conhecidos de diversas doenças cerebrais e transtornos 

mentais. 
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Objetivos Gerais: 

• Estudar e estimar conectoma cerebral com imageamento por ressonância 

magnética nuclear  

• Modelar interações cerebrais em distintas condições cerebrais e mentais  

 

Objetivos Específicos: 

• Correlacionar mapas estáticos de ressonância magnética funcional e de 

conectividade anatômica, funcional e efetiva; 

• Estabelecer metodologia inovadora para aquisição, processamento e análise de 

fMRI,  acMRI, fcMRI e ecMRI; 

• Estimar mapas de conectividade e comparar grupos de indivíduos controle e 

pacientes com epilepsia mesial temporal unilateral para as tarefas: 

! Memória verbal (codificação, reconhecimento e evocações imediata e tardia); 

! Memória visual (codificação, reconhecimento e evocações imediata e tardia) e 

! Repouso (resting state)  

• Avaliar a conectividade nas regiões mediais temporais com dependência do 

envelhecimento e codificação de palavras com conteúdo emocional positivas, 

negativas e neutras.  

• Estimar mapas de conectividade anatômica e comparar grupos de controles, 

sujeitos idosos com depressão e pacientes portadores de mutação no gene SPG11. 

• Comparar mapas de conectividade de sujeitos controles, pacientes com doença de 

Alzheimer e déficit cognitivo leve e correlacionar esses mapas com perfis 

neuropsicológicos.  
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Em razão de cada experimento deter métodos e resultados específicos, ambas as 

etapas serão descritas em cada experimento. O trabalhos que se tornaram artigos publicados 

em revistas indexadas são apresentados na sequência.  

 

Experimento 1 – Conectividade efetiva: SEM aplicado à plasticidade etária e 

codificação de palavras com conteúdos emocionais. 

MATERIAIS E MÉTODOS 

Sujeitos 

Participaram deste trabalho 44 indivíduos adultos sadios (22 mulheres) idade média 

de 21,98±3,82 e 23 sujeitos mais velhos sadios (15 mulheres) idade média de 71,91±7,06. 

Rastreou-se a existência de eventos patológicos de ordens neurológica, cardiovascular ou 

presença de depressão. A média do inventário de depressão de Beck (Beck Depression 

Inventory - BDI)(Beck, 1979) foi estimada em 1,31±1,98 para os indivíduos adultos jovens, 

enquanto a escala de depressão geriátrica (Geriatric Depression Scale – GDS) (Yesavage et 

al., 1983, Sheikh et al., 1991) foi calculada em 2,72±2,32 para os sujeitos mais velhos. A 

média de escolaridade foi de 14,94±1,92 nos jovens e de 17,09±2,22 nos mais velhos. Testes 

de vocabulário foram aplicados aos participantes. Os adultos jovens obtiveram a pontuação 

média de 56,71±5,71 enquanto os adultos mais velhos pontuaram a média de 57,74±4,59. 

Nenhum participante estava sob a administração de medicamentos que comprometesse 

funções cognitivas ou de atenção.  

 

Ética 

Os participantes receberam o termo de consentimento para fazerem parte do estudo e 

foram pagos em $25,00 (vinte e cinco dólares) por hora pelo tempo empregado despendido 

no experimento. O estudo foi revisado e aprovado pelo comitê sobre uso de humanos como 
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sujeitos experimentais (Committe on the Use of Humans as Experimental Subjects – 

COUHES) do Instituto de Tecnologia de Massachusetts (Massachusetts Institute of 

Technology – MIT).  

 

Aquisição de dados 

Imagens em eco planar (EPI) foram coletadas utilizando o sistema Trio 3T da 

Siemens em dimensões isotrópicas de 5mm, FOV 200x200, tempo de repetição 2000ms e 

tempo de eco 30ms.  

 

Codificação 

Foram extraídas 324 palavras das “normas afetivas de palavras inglesas” (The 

affective norms for engish words - ANEW)(Bradley and Lang, 1999) cujo conteúdo 

emocional poderia ser classificado exclusivamente como negativo (102 palavras), neutro (116 

palavras) ou positivo (102 palavras); formando 2 conjuntos, cada um com 52, 58 e 52 

palavras respectivamente aos conteúdos emocionais relacionados. Durante a codificação, 

cada participante viu um dos grupos de 162 palavras (52 negativas, 58 neutras e 52 positivas). 

Adicionalmente, 16 palavras foram utilizadas para intercalar eventos e controlar os efeitos de 

apresentações recentes. Os participantes compuseram um dos 8 grupos para realizarem a 

tarefa de codificação, ilustrados pela Figura 10.  

 

Codificação 1

NEU

POS Conjunto 1

Conjunto 2
Conjunto 2NEG

Codificação 2

NEU
POS Conjunto 1

Conjunto 1
NEG Conjunto 2

Codificação 3

NEU Conjunto 2
POS Conjunto 1

Conjunto 1NEG

Codificação 4

NEU
POS Conjunto 2

Conjunto 2
Conjunto 2NEG

Codificação 5

NEU
POS Conjunto 1

Conjunto 1
Conjunto 1NEG

Codificação 6

NEU
POS Conjunto 2

Conjunto 2
Conjunto 1

NEG

Codificação 7

NEU
POS Conjunto 2

Conjunto 2
NEG Conjunto 1

Codificação 8

NEU
POS Conjunto 2

Conjunto 1
Conjunto 1NEG
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Figura 10 – Oito grupos de codificação de palavras com conteúdo emocional (positiva, neutra ou 

negativa), fracionados em dois conjuntos. 

 

As palavras foram projetadas dentro da bobina do aparelho de ressonância magnética 

e visualizadas através de um espelho colocado sobre a bobina de crânio. O teste foi 

fracionado em duas aquisições com 81 palavras, respeitando o tamanho e a freqência no 

idioma inglês. As palavras foram apresentadas durante dois segundos para os indivíduos 

jovens e de três segundos para os adultos mais velhos. Foi solicitado aos participantes para 

julgarem as palavras em concretas, abstratas ou incertas com o propósito de intensificar a 

codificação. Os participantes manifestaram esse julgamento a partir de um botão colocado em 

sua mão direita. A ordem de apresentação das palavras foi randomizada. Solicitou-se aos 

indivíduos lembrarem das palavras pois estes seriam testados mais tarde em outro 

experimento. 

 

Pré-processamento das imagens funcionais 

Todas as imagens foram pré-processadas com o software FreeSurfer 

(www.surfer.nmr.mgh.harvard.edu) associado ao software FSL (www.fmrib.ox.ac.uk/fsl/) de 

acordo com os seguintes passos: correção de movimento por modelo de corpo rígido (Singh 

et al., 1998); normalização espacial para o padrão do MNI (Carmack et al., 2004) e 

suavização espacial com função gaussiana tridimensional de FWHM de 10mm. O pré-

processamento objetivou a preparação das imagens individuais para que possam alimentar a 

comparação os entre grupos. 

 

Análise dos dados 

Definição dos volumes anatômicos de interesse (AVOI) 

Foram criados mapas probabilísticos estruturais (Fischl et al., 2004, Fischl et al., 
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2008, Fischl et al., 2002, Deskan et al., 2006), de ambos os hemisférios, das estruturas 

apresentadas na Tabela 1 e ilustradas na Figura 11. 

 

Figura 11 – Ilustração de substâncias cinzenta (A) e branca (B) seguimentadas pelo programa 
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Freesurfer. 

 

 

Tabela 1: Lista das estruturas seguimentadas no FreeSurfer 

Regiões parceladas no FreeSurfer 
 
LÓBO TEMPORAL LÓBO PARIETAL  
Superfície medial Giro pós-central 
córtex entorhinal  Giro supramarginal 
giro parahipocampal córtex parietal superior 
pólo temporal córtex parietal inferior 
giro fusiforme córtex percuneus 
Superfície lateral  
giro temporal superior LÓBO OCIPITAL  
giro temporal médio Giro lingual 
giro temporal inferior córtex pericalcanino 
córtex temporal transverso córtex do cúneos  
 córtex ocipital lateral 
LÓBO FRONTAL   
giro frontal superior OUTRAS ESTRUTURAS  
giro frontal médio giro do cíngulo 
parte rostral divisão rostral anterior 
parte caudal divisão caudal anterior 
giro frontal inferior divisão posterior 
parte opercular divisão do ístimo  
parte triangular tálamo 
parte orbital núcleo caudato 
córtex orbitofrontal núcleo putamen 
divisão lateral núcleo pálido 
divisão médial hipocampo 
pólo frontal amídala  
giro pré-central   
lóbulo paracentral  

 

Rotinas desenvolvidas em Matlab (www.mathworks.com) foram desenvolvidas para 

calcular a componente principal (PCA) em cada volume anatômico de interesse (AVOI) 

(Wang et al., 2006). Cada vetor, relacionado univocamente com uma das estruturas descritas 

na tabela 1, foi utilizado para na regressão de quadrados mínimos parcial (parrtial least 

squere – PLS) (Rayens and Andersen, 2006) para cada indivíduo separadamente. As duas 
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estruturas mais significativamente correlacionadas foram os hipocampos e as amídalas. Esses 

quatro vetores foram utilizados como semente na estimativa dos parâmetros de conectividade 

efetiva.  

 

Modelo anatômico de conectividade efetiva 

Guiados pelo resultados obtidos pela aplicação da técnica de PLS, definiu-se o 

modelo anatômico de inter-relação hipocampo-amídala, ipsilateral em ambos os hemisférios 

(Figura 12) . Os parâmetros de conectividade efetiva foram estimados através da técnica de 

modelagem de equação estrutural (Structural Equation Modelling – SEM) (Astolfi et al., 

2004) utilizando o programa Lisrel versão 8.8 (www.ssicentral.com). 

 

Figura 12 – Modelo anatômico utilizado na modelagem de equação estrutural para se estimar os 

parâmetros de conectividade (de par.1 a par.4) entre os hipocampos e amídalas. 

 

RESULTADOS  

Foram encontrados basicamente três importantes resultados. Primeiro; verificou-se 

que os parâmetros de conectividade efetiva, na direção das amídalas para os hipocampos 

ipsilaterais, alcançaram valores superiores àqueles em sentido contrário, sugerindo o 

predomínio da influência das amídalas sobre o hipocampo, em ambos os grupos (jovens e 

D 
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mais velhos sadios), durante a tarefa com conteúdo emocional (Gallagher and Chiba, 1996). 

Segundo; quantitativamente, a influência dos hipocampos sobre as amídalas foi 

significativamente maior no grupo de indivíduos jovens que no grupo de indivíduos mais 

velhos. Terceiro; ao se comparar os parâmetros de conectividade nos hemisférios esquerdo e 

direito, percebeu-se não haver diferença significativa entre ambos os hemisférios para o 

grupo de indivíduos jovens enquanto uma significativa distinção ocorreu nos indivíduos mais 

velhos, cujos parâmetros de conectividade expressaram-se maiores à direita. Esses resultados 

estão ilustrados na Figura 13 abaixo.  

 

 

Figura 13 –Parâmetros de conectividade entre os hipocampos e amídalas (ipsilaterais) nos grupos 

de indivíduos jovens e indivíduos mais velhos. (*p<0.001) 

D 
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Experimento 2 – Conectividade efetiva: SEM aplicado a epilepsia de lobo temporal 

medial esquerdo com codificação de palavras neutras e abstratas 

MATERIAIS E MÉTODOS 

Sujeitos 

Participaram deste trabalho 7 indivíduos com ELTM esquerda (6 mulheres; idade 

média de 38,57±8,75; escolaridade média de 9,57±3,55) e 7 indivíduos controles (5 

mulheres; idade média de 33,00±10,75; escolaridade média de 10,67±4,59). Os pacientes 

foram selecionados com base em evidências clínicas, exames físicos e por investigações por 

MRI e EEG. O diagnóstico de epilepsia foi baseado no critério da liga internacional contra 

epilepsia (ILAE) (ILAE, 1989). Investigou-se a lateralização das crises com bases na história 

clínica, exames de EEG interictal e vídeo-EEG. Para constituírem o grupo de pacientes com 

ELTM esquerda, crises consistentes com a lateralização foram observadas em pelo menos 6 

EEGs interictais e 2 crises no vídeo-EEG. Ademais, análises visuais de imagens estruturais 

em RM demonstraram atrofia hipocampal unilateral (Wieser, 2004) à esquerda, bem como 

sinais de esclerose hipocampal unilateral também à esquerda. Os pacientes foram 

considerados refratários à medicação. O grupo controle foi constituído de indivíduos sem 

prévias manifestações anormais neurológicas nem cardíacas. 

 

Ética 

Todos os participantes do trabalho receberam orientações pertinentes aos riscos 

potenciais e às contra-indicações, bem como assinaram o termo de consentimento 

apresentado no Anexo A, que foi aprovado pelo comitê da ética da faculdade de ciências 

médicas (CEP/FCM/UNICAMP) em 4 de dezembro de 2006, no parecer número 678/2006 e 

no certificado de apresentação para apreciação de ética (CAAE) de número 0546.0.146.000-
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06. Concomitante à aquisição dos dados de RM, uma equipe formada por uma neurologista, 

uma psicóloga, uma enfermeira e uma biomédica colocava-se à disposição para eventuais 

ocorrências com os indivíduos. 

 

Aquisição de dados 

Foram coletadas imagens funcionais em protocolo de eco planar (EPI) utilizando o 

sistema Prestige da Elscint 2T. Cada volume foi composto de 20 cortes axiais (interleaved 

botton-up) com FOV (Field of View) de 3x3mm, espessura de 6mm sem gap, ângulo de 

excitação de 90º, matriz de 128x72, TR de 2s e TE de 45ms. 

Imagens estruturais, ponderadas por T1, foram adquiridas no mesmo sistema de 

ressonância, em cortes sagitais isotrópicos de 1mm sem gap, utilizando sequência de pulso 

em gradiente eco com TR de 22ms, TE de 9ms, ângulo de excitação de 35º e matrix 256x256. 

Simultaneamente à aquisição das imagens funcionais, foram coletados dados de EEG 

com resolução de 32 canais e alta frequência de amostragem. 

Durante a aquisição das imagens funcionais, foi solicitado ao individuo a realização 

de uma determinada tarefa, cujo resultado era expresso através de um botão, colocado na mão 

direita deste indivíduo. Deste modo, a recepção das respostas emitidas durante o exame fez 

parte da etapa de aquisição dos dados. 

 

Paradigmas 

As aquisições das imagens funcionais foram particionadas em duas etapas (com 

intervalos de tempo idênticos) em referência ao material específico a ser investigado. Na 

primeira etapa, buscou-se investigar aspectos de memória verbal enquanto na segunda, de 

memória visual. Nesta, utilizou-se figuras abstratas em preto e branco, naquela, a 

intermediação foi alcançada com uso de palavras abstratas, sendo projetadas em letras 

brancas com fundo preto. Cada etapa foi adquirida de forma ininterrupta. Didaticamente, 
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dividiu-se cada etapa em três fases: 1) uma aquisição de codificação e evocação imediata; 2) 

5 aquisições em resting state e 3) uma aquisição de evocação tardia e reconhecimento. Entre 

as duas etapas, o indivíduo era retirado da máquina de RM para um breve descanso de 30 

minutos e para ajustar as impedâncias do sistema de EEG, que foi acoplado no início da 

aquisição. Após este intervalo, o indivíduo retornava à máquina de RM para prosseguir com 

as aquisições da segunda etapa. Cada etapa durou 47 minutos e 14 segundos, 

desconsiderando o breve intervalo entre as aquisições.  

 

Memória verbal: codificação e evocação imediata 

A Figura 14 ilustra o paradigma desenvolvido nesta fase. 

 

Codificação

OFF

Tempo (s)

Imagens saturadas

Linha de base

Não-palavra

Palavra Evocação verbal  

Figura 14 – Paradigma de codificação e evocação imediata para memória verbal. 

 

Apenas uma aquisição (run) foi obtida em cada indivíduo, de acordo com a seguinte 

ordem: 5 volumes iniciais, a serem descartados no processo de análise (Saturadas); 39 

volumes, sem que o indivíduo desempenhe tarefa a ele sugerida (OFF); 5 repetições, cada 

uma contendo 17 volumes, com apresentação visual de uma não-palavra intercalada com 4 

repetições de 17 palavras. A taxa de apresentação das palavras foi de 2 segundos por palavra 
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enquanto uma única não-palavra estimulou o indivíduo por 34 segundos em cada 

apresentação. O processo de codificação totalizou 153 volumes (Codificação). A lista das 

palavras e a não-palavra estão apresentadas na Tabela 2. Seguiu-se com a aquisição de 60 

volumes que objetivaram dois itens, primeiro, o completo decaimento da resposta 

hemodinâmica originada com a tarefa de codificação e segundo, a promoção de um pequeno 

intervalo de tempo para evitar conflitos entre codificação e evocação. Por fim, uma fraca 

mensagem luminosa, com duração de 2 segundos, solicitava do participante o início da tarefa 

de evocação imediata, a qual se estendeu por 30 volumes. Durante toda esta fase foram feitos 

os registros de EEG dos indivíduos participantes. A fase de codificação e evocação imediata 

durou 9 minutos e 34 segundos.  

 

Tabela 2: Lista de palavras e não-palavra utilizada na emulação de memória verbal 

Palavras utilizadas 
na codificação 

Palavras utilizadas  
no reconhecimento 

Não-palavra utilizada 
na codificação e 
reconhecimento 

      
HONRA ACASO FAVOR SERVIÇO ARLTIP  
OPINIÃO SIMPATIA TEORIA MORAL   
PROBLEMA ORGULHO VALOR FAMA   
DEVER DECISÃO RAZÃO SERMÃO   
INTERESSE CRITÉRIO EXAME DEFESA   
PACIÊNCIA SISTEMA LUXO LEALDADE   
ALMA VIDA SEGREDO PROSA   
LEI MÉTODO ASPECTO ORDEM   
OPÇÃO  ESQUEMA    

 

 

Memória verbal: resting state 

A Figura 15 explica o paradigma utilizado nesta segunda fase. 
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Resting state

Tempo (s)

Imagens saturadas Linha de base  

Figura 15 – Paradigma de resting state. 

 

Imediatamente após a fase de codificação e evocação imediata, foram realizadas 5 

aquisições (runs) em resting state de cada indivíduo. Os 5 volumes iniciais de cada aquisição 

(Saturadas) foram obtidos com o propósito de serem descartados na análise dos dados. Os 

180 volumes restantes (Resting state) foram adquiridos sem que o indivíduo desempenhasse 

alguma tarefa a ele sugerida e sem receber qualquer estímulo externo. Igualmente à fase 

anterior, registros de EEG foram obtidos simultaneamente com a aquisição das imagens em 

EPI. A fase de resting state, que inclui as 5 aquisições, durou 30 minutos e 50 segundos, 

desconsiderando o breve intervalo entre uma e outra aquisição.  

 

Memória verbal: evocação tardia e reconhecimento 

A Figura 16 descreve o paradigma aplicado nesta terceira fase 
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Figura 16 – Paradigma de evocação tardia e reconhecimento. 

 

Uma única aquisição (run) foi obtida para cada indivíduo, de acordo com a seguinte 

sequência: 5 volumes iniciais, descartados durante a análise dos dados (Saturadas); 73 

volumes, sem que o indivíduo desenvolvesse alguma tarefa a ele sugerida (OFF); 17 volumes 

com a apresentação visual da mesma não-palavra apresentada na primeira fase – descrita na 

Tabela 2, (Estímulo neutro); 30 volumes adquiridos, sem estímulo externo, em que o 

indivíduo tentava recuperar as palavras a ele apresentadas durante a fase de codificação 

(Evocação tardia); 2 volumes coletados durante o momento em que o participante recebia 

uma mensagem, com fraca luminosidade, informando que deveria apertar o botão que foi 

previamente colocado em sua mão direita, quando reconhecesse uma palavra da lista 

apresentada durante a codificação (Uso do botão); seguiu-se com a obtenção de 68 volumes 

dos quais o participante respondia afirmativamente (apertando o botão) caso a palavra 

projetada pertencesse à lista de palavras da primeira fase (Reconhecimento). A taxa de 

apresentação das palavras foi de 1 a cada 2 segundos, o que totalizou 34 palavras 

apresentadas, 17 destas compunham a lista inicial (da primeira fase) enquanto as demais 
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representam nova lista. Para evitar adaptação, a ordem de apresentação das palavras, de 

ambos as listas, foi randomizada. A Tabela 2 contém ambas as listas de palavras. Por fim, 

seguiu-se com a aquisição de 10 volumes sem que o indivíduo recebesse alguma estimulação 

externa nem que desempenhasse alguma tarefa (Ajuste). Estes 10 volumes finais objetivaram 

o completo decaimento da resposta hemodinâmica originada com o reconhecimento. Durante 

toda esta fase foram feitos os registros de EEG. Esta fase durou 6 minutos e 50 segundos.  

 

Memória visual: codificação e evocação imediata 

A Figura 17 ilustra o paradigma desenvolvido nesta fase. 
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Figura 17 – Paradigma de codificação e evocação imediata para memória visual. 

 

Apenas uma aquisição (run) foi obtida para cada indivíduo, de acordo com a seguinte 

ordem: 5 volumes iniciais, descartados na análise (Saturadas); 39 volumes, sem que o 

indivíduo desempenhasse alguma tarefa a ele sugerida (OFF); 5 repetições, cada uma 

contendo 17 volumes, com apresentação visual de uma “não-figura” (cruz) intercalada com 4 

repetições de 17 figuras. A taxa de apresentação das figuras foi de 2 segundos para cada 
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figura enquanto a única “não-figura” estimulou o indivíduo por 34 segundos em cada 

apresentação. O processo de codificação totalizou 153 volumes (Codificação). A lista das 

figuras e da “não-figura” está apresentada na Tabela 3.  

Seguiu-se com a aquisição de 60 volumes que objetivaram o completo decaimento da 

resposta hemodinâmica originada com a tarefa de codificação bem como a promoção de um 

pequeno intervalo de tempo para evitar conflitos entre codificação e evocação. Por fim, uma 

fraca mensagem luminosa solicitava do participante o início da tarefa de evocação imediata, a 

qual se estendeu por 30 volumes. Em toda esta fase, que durou 9 minutos e 34 segundos,. 

foram feitos registros de EEG. 

 

Tabela 3: Lista de figuras e “não-figura” utilizada na emulação de memória visual 

Figuras utilizadas 
na codificação 

Figuras utilizadas  
no reconhecimento 

“Não-figura” utilizada 
na codificação e 
reconhecimento 

   

  

 

 

 

Memória visual: resting state 
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Esta etapa foi idêntica àquela relatada na fase de resting state durante a etapa de 

memória verbal. Ilustrado na Figura 15. 

 

Memória visual: evocação tardia e reconhecimento 

A Figura 18 descreve o paradigma aplicado nesta terceira fase 
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Figura 18 – Paradigma de evocação tardia e reconhecimento. 

 

Uma única aquisição (run) foi obtida em cada indivíduo, de acordo com a seguinte 

sequência: 5 volumes iniciais, descartados durante a análise dos dados (Saturadas); 73 

volumes, sem que o participante desenvolvesse alguma tarefa a ele designada (OFF); 17 

volumes com a apresentação visual da mesma “não-figura” (cruz) apresentada na primeira 

fase – descrita na Tabela 3, (Estímulo neutro); 30 volumes adquiridos, sem estímulo externo, 

em que o indivíduo tentava recuperar as figuras a ele apresentadas durante a fase de 

codificação (Evocação tardia); 2 volumes coletados durante o momento em que o participante 
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recebia uma mensagem, com fraca luminosidade, informando que deveria apertar o botão, 

quando reconhecesse uma figura da lista apresentada durante a codificação (Uso do botão); 

seguiu-se com a obtenção de 68 volumes, dos quais, o participante respondia afirmativamente 

(apertando o botão) caso a figura projetada pertencesse à lista da primeira fase 

(Reconhecimento). A taxa de apresentação das figuras foi de uma a cada 2 segundo, o que 

totalizou 34 figuras apresentadas, 17 destas compunham a lista inicial (da primeira fase) 

enquanto as demais representam nova lista. Para evitar adaptação, a ordem de apresentação 

das figuras, de ambos as listas, foi embaralhada. A Tabela 3 contém ambas as listas de 

figuras. Por fim, seguiu-se com a aquisição de 10 volumes sem que o indivíduo recebesse 

alguma estimulação externa e nem que desempenhasse alguma tarefa (Ajuste). Estes 10 

volumes finais objetivaram o completo decaimento da resposta hemodinâmica originada com 

o reconhecimento. Durante toda esta fase, que durou 6 minutos e 50 segundos, foram feitos 

registros de EEG. 

 

Pré-processamento das imagens funcionais  

As imagens funcionais foram coletadas no espaço k, reconstruídas para espaço 

anatômico (Mccoll et al., 1992) utilizando rotinas locais desenvolvidas no software matlab 

(www.matworks.com) e reordenadas em formato DICOM. Posteriormente foram convertidas 

para o formato ANALYZE utilizando o software MRIcro (www.sph.sc.edu/comd/rorden). Os 

5 primeiros volumes de cada aquisição foram descartados dos processamentos seguintes. 

Utilizando o software SPM5 (www.fil.ion.ucl.ac.uk/spm) as imagens foram orientadas 

temporalmente (slice timing), realinhadas com o modelo de corpo rígido (Singh et al., 1998), 

normalizadas para o espaço padrão do MNI (Carmack et al., 2004) e suavizadas 

espacialmente com função gaussiana tridimensional de FWHM de 6mm.  

 

Análise dos dados 
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Definição dos volumes anatômicos de interesse (AVOI) 

A análise de grupo dos dados de fMRI dos controles, considerando o contrate na fase 

de codificação da etapa de memória verbal, revelou áreas frontais e temporais como regiões 

significativamente correlacionadas ao paradigma expresso na Figura 14 (p<0,001 com 

correção de Bonferroni). Com o atlas binário automated anatomical labeling – AAL 

(Tzourio-Mazoyer et al., 2002), provido pelo software MRIcro, foram selecionadas as 

seguintes regiões no hemisfério esquerdo: hipocampo (HIP), giro parahipocampal (PHIP), 

giro frontal médio (F2), porção opercular do giro frontal inferior (F3-Oper) e porção 

triangular do giro frontal inferior (F3-Triang). A seguir, rotinas escritas em matlab 

permitiram extrair a série temporal de maior significância em cada uma destas regiões para 

cada indivíduo.  

 

Conectividade funcional e modelo estrutural 

A conectividade funcional intra e inter-regiões frontais e temporais foi estabelecida 

calculando-se o índice de correlação de peason das séries temporais das AVOIs, duas a duas. 

A média dos valores de conectividade funcional, estimada no grupo controle, foi utilizada 

para desenhar o modelo estrutural apresentado na Figura 18. Os valores dos parâmetros de 

conectividade efetiva deste modelo estrutural foram estimados utilizando o software Lisrel. 

 

HIP

PHIP

F3-triang F3-oper

F2  
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Figura 19 – Modelo estrutural de conectividade efetiva inter e intra-regiões frontais e mesiais 

temporais no hemisfério esquerdo para codificação de memória verbal. 

 

RESULTADOS  

Foram encontrados resultados de duas ordens que diferenciam o grupo de controles 

do grupo de indivíduos com ELTM esquerda durante a codificação de palavras. A primeira 

diferença foi detectada em termos de conectividade funcional. Nos controles, o padrão de 

conectividade funcional entre as regiões frontais e mesiais temporais expressaram valores 

negativos, enquanto nos pacientes, esse padrão foi expresso positivamente. A tabela 4 

apresenta todos os resultados de conectividade funcional estabelecidos entre as AVOIs de 

ambos os grupos de indivíduos. 

 

Tabela 4 – Parâmetros de conectividade funcional estimados entre regiões frontais e mesiais 

temporais para os grupo de controles (azul) e de pacientes com ELTM esquerda (vermelho). 

HIP PHIP F3-oper F2

68±18HIP

PHIP

F3-oper

F2

-21±29

F3-triang

-19±18

-13±33

-14±20

88±09

-32±31

-26±26

60±22

47±28

71±15

01±32

09±37

06±16

11±22

13±28

08±13

68±23

60±22 48±25

C ontrole

Pac iente

X

X

X

X

X

F3-triang

 

Legenda (hemisfério esquerdo): hipocampo (HIP); giro parahipocampal (PHIP); porção 

opercular do giro frontal inferior (F3-oper); porção triangular do giro frontal inferior (F3-

triang) e giro frontal médio (F2).  

Valores expressos em 10-2.  

  

A segunda diferença entre o grupo de controles e o de pacientes com ELTM esquerda 

foi detectada em termos de conectividade efetiva. Nos controles, o padrão de conectividade 
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efetiva apresentou valores relativamente mais intensos que o padrão dos pacientes, inclusive 

quando a influência era negativa. A Figura 20 apresenta todos os parâmetros de 

conectividade efetiva estabelecidos com o modelo estrutural apresentado na Figura 19. 

 

HIP

PHIP

F3-triang F3-oper

F2

0,80±0,24 [C]

0,67±0,33 [P]

-0,18±0,20 [C]

0,03±0,16 [P]

-0,40±0,48 [C]

-0,05±0,37 [P]

0,83±0,33 [C]

0,54±0,36 [P]

-0,51±0,46 [C]

-0,10±0,17 [P]

0,22±0,31 [C]

0,41±0,58 [P]

Controle [C]

Paciente [P]

 

Figura 20 – Parâmetros de conectividade efetiva em sujeitos controles e pacientes com ELTM 

esquerda. 
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Experimento 3 – Modulação de conectividade efetiva por codificação de palavras 

neutras e abstratas 

MATERIAIS E MÉTODOS 

Sujeitos 

Participaram deste trabalho 9 sujeitos controle (4 mulheres; idade média de 

33,00±9,37) e 9 indivíduos com ELTM direita (5 mulheres; idade média de 39,67±6,22) e 9 

indivíduos com ELTM esquerda (8 mulheres; idade média de 35,67±9,91). Os pacientes 

foram selecionados seguindo os mesmos critérios estabelecidos no experimento 2 com a 

ressalva de que cada grupo de pacientes apresentou esclerose hipocampal unilateral e 

ipsilateral com a lateralização dos focos epileptogênicos. O grupo controle, por sua vez, foi 

constituído de forma idêntica ao apresentado no experimento 2. 

Todos os participantes apresentaram dominância hemisférica esquerda para linguagem 

determinada através de teste de audição dicótica além de serem considerados destros pelo 

inventário de Edinburgh (Oldfield, 1971). 

 

Ética 

Idem ao experimento 2. 

 

Aquisição de dados 

Idem ao experimento 2. 

 

Paradigmas 

Utilizou-se o paradigma de codificação de memória verbal ilustrado pela Figura 14.  

 

Pré-processamento das imagens 
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Os processos de preparação das imagens para serem analisadas seguiram caminhos 

semelhantes àqueles descritos no experimento 2, entretanto, as etapas de orientação temporal 

(slice timeming), correção de movimento, normalização para o espaço padrão e suavização 

das imagens funcionais foram realizadas com o software SPM8 (www.fil.ion.ucl.ac.uk/spm). 

Após a etapa de pré-processamento, as imagens funcionais apresentaram resolução isométrica 

de 1mm3, enquanto a resolução no experimento anterior foi de 2mm3 isométricos. 

 

Análise dos dados 

Definição dos volumes anatômicos de interesse (AVOI) 

Para verificar a modulação na conectividade efetiva provocada pela codificação de 

palavras, utilizaram-se as seguintes AVOIs do hemisfério esquerdo: área visual primária 

(área de Brodmann 17 – AB17), porção caudal do giro temporal superior (área de Wernicke 

ou área de Brodmann 22 – AB22), córtex pré-frontal dorsolateral (área de Brodmann 46 – 

AB46) e o hipocampo (HIP). Estas regiões foram descritas previamente como 

correlacionadas à memória episódica (Dupont et al., 2000) bem como foram observadas na 

análise de grupo dos dados de fMRI dos controles na fase de codificação da etapa de 

memória verbal, cujo paradigma está ilustrado na Figura 15.  

Analisadas as imagens funcionais dos três grupos individualmente (contraste na 

codificação), elegeu-se o voxel de maior significância em cada uma das regiões 

anteriormente mencionadas. As posições destes voxels foram utilizadas para marcar o centro 

de uma esfera (5mm de raio) nas imagens funcionais dos indivíduos em seus respectivos 

grupos. Extraiu-se cada série temporal encapsulada pela esfera e calculou-se sua componente 

principal (PCA). Esses vetores, 4 para cada indivíduo, foram utilizados para se estimar a 

conectividade efetiva e a modulação provocada pela codificação verbal em cada indivíduo. 

 

Modulação por codificação verbal. 
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Com o propósito de se verificar a modulação dos parâmetros de conectividade efetiva 

(intrínseco, modulatório e extrínseco) provocada pela realização da tarefa de codificação 

verbal, estimou-se o modelo anatômico apresentado na Figura 21 utilizando a modelagem 

causal dinâmica. 

 

 

AB 17

HIP AB 46

AB 22

P

P

P

Parâmetros de conectividade intrínseco [A]

Parâmetros de conectividade modulatório [B]

Parâmetros de conectividade extrínseco [C]

P Palavra

Desenho do paradigma

 

Figura 21 – Modelo anatômico com as áreas de Brodmann 17, 46 e 22 (AB17,AB46 e AB22 

respectivamente) e hipocampo (HIP).  Parâmetros de conectividade (A,B e C) da equação 14. 

 

 

RESULTADOS  

Foram observadas diferenças, em termos de conectividade efetiva, na maioria das 

conexões estabelecidas entre as regiões apresentadas na Figura 21 para o grupo controle 

versus os grupos de pacientes. O parâmetro de conectividade da área visual primária ao 
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hipocampo esquerdo foi significativamente maior nos controles que nos pacientes. O mesmo 

padrão, mas com sinal oposto, foi observado entre a porção dorsolateral do córtex pré-frontal 

e o hipocampo esquerdo. Encontrou-se também que a conectividade modulatória, produzida 

pela codificação verbal, foi significativamente pronunciada nos controles mas não nos 

pacientes. A Figura 22 ilustra detalhadamente de forma quantitativa esses resultados. 

 

AB 17

HIP AB 46

AB 22

P

P

P

0,044
0,026

0,055

0,230
0,064

0,091

- 0,036
0,012

- 0,008

- 0,037
0,014

- 0,007

- 0,017
0,005

- 0,037

- 0,181
0,000

- 0,001

 0,236
0,061

- 0,055

Grupo controleX ELTM direitaX ELTM esquerdaX  

Figura 22 – Parâmetros de conectividade efetiva modulados pela codificação verbal em 

indivíduos controles (preto) e pacientes com ELTM direita (azul) e esquerda (vermelho). 



96 

Experimento 4 – Análise de imageamento por tensor de difusão em pacientes idosos 

com e sem diagnóstico de depressão  
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a b s t r a c t

Introduction: Neuroimaging has been widely used in studies to investigate depression in the elderly
because it is a noninvasive technique, and it allows the detection of structural and functional brain
alterations. Fractional anisotropy (FA) and mean diffusivity (MD) are neuroimaging indexes of the
microstructural integrity of white matter, which are measured using diffusion tensor imaging (DTI). The
aim of this study was to investigate differences in FA or MD in the entire brain without a previously
determined region of interest (ROI) between depressed and non-depressed elderly patients.
Method: Brain magnetic resonance imaging scans were obtained from 47 depressed elderly patients,
diagnosed according to DSM-IV criteria, and 36 healthy elderly patients as controls. Voxelwise statistical
analysis of FA data was performed using tract-based spatial statistics (TBSS).
Results: After controlling for age, no significant differences among FA and MD parameters were observed
in the depressed elderly patients. No significant correlations were found between cognitive performance
and FA or MD parameters.
Conclusion: There were no significant differences among FA or MD values between mildly or moderately
depressed and non-depressed elderly patients when the brain was analyzed without a previously
determined ROI.

! 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Depression is the most common psychiatric disorder found in
elderly patients, and prevalence rates range from 4.7 to 36.8%,
considering different forms and severities of depression (Barcelos-
Ferreira et al., 2009).

Depression is clearly associated with cognitive and functional
deficits (Blazer et al., 1991), evenwhen the symptoms are moderate
(Kiosses et al., 2000), and these are usually present during the
depressive episode and after remission of the same (Butters et al.,
2000; Alexopoulos et al., 1993). Furthermore, the degree of cogni-
tive impairment seems to follow the severity of symptoms (Baudic

et al., 2004). Recent research suggests that changes in white matter
integrity throughout life are associated with cognitive impairments
too (Schiavone et al., 2009).

Diffusion tensor imaging (DTI) is a variation of structural
magnetic resonance imaging (MRI) examination that measures the
rate and determines the direction of water diffusion in tissues,
which permits the quantification of brain tissue microstructures.
DTI is commonly used to study the organization of brain regions
such as white matter and neuronal tract fibers because it is able to
detect subtle changes inwhitematter (Taylor et al., 2004a;Mori and
Zhang, 2006). Fractional anisotropy (FA) is a measure of direction-
ally dependent restriction of water diffusion and mean diffusivity
(MD) is the average of water diffusion in all directions (Mettenburg
et al., 2012). These two measurements combined may assist in an
indirect way the characterization of tissue integrity. DTI abnor-
malities typically manifest as increased MD and/or reduced FA.

Several DTI studies on major depressive disorder have showed
that abnormalities in frontal-subcortical circuits are common and
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may play an important role in the pathophysiology of this disorder

(Nobuhara et al., 2004, 2006; Shimony et al., 2009; Taylor et al.,

2004b; Yang et al., 2007).

Recent evidence demonstrated significant correlation between

DTI parameters and decreased global cognition in elderly patients

(Vernooij et al., 2009).

Generally, DTI images may be analyzed by examining one or

more regions of interest (ROI) or by voxel-based analysis (VBA).

Analysis by ROI is amanual or semiautomatedmethod that analyses

predetermined regions of the brain (Sexton et al., 2009), whereas

VBA analysis is an observer-independent method that explores the

entire brain without a previous hypothesis (Smith et al., 2006,

2007). Voxel-based morphometry (VBM) is one of the most widely

used VBA approaches to study the volume of white and gray matter

(Ashburner and Friston, 2000). However, this method has signifi-

cant limitations in processing anisotropic parameters (Smith et al.,

2006; Afzali et al., 2011).

Smith et al. (2006) have recently suggested a new automatized

method, tract-based space statistics (TBSS), as a part of the FSL

program. This tool is expected to improve objectivity and simplicity

in the interpretation of DTI analysis because it utilizes diffusion

parameters for image registration.

Most of the studies investigating diffusion parameters and

depression in the elderly have used the ROI method for image

evaluation and observed changes mainly in frontal and temporal

regions of brain (Nobuhara et al., 2004, 2006; Shimony et al., 2009;

Taylor et al., 2004b; Yang et al., 2007). However, because

researchers have only analyzed predetermined areas of the brain,

the existence of difference in unevaluated regions remains

unknown. Conversely, studies investigating alterations in the entire

white matter through DTI in depressed elderly patients are scarce

and inconclusive (Dalby et al., 2010; Yuan et al., 2007).

The objective of this study was to investigate changes in white

matter through fractional anisotropy (FA) and mean diffusivity

(MD), using voxelwise analysis of DTIs in depressed and non-

depressed elderly patients. The study also aimed to investigate

correlations among FA and MD data to scores obtained from

cognitive and functional evaluations.

2. Methods

2.1. Sample

Forty-seven elderly patients aged 60 years and over who were

diagnosed with major depression or depressive episodes according

to the diagnostic criteria of the Diagnostic and Statistical Manual-IV

(DSM-IV) (APA, 1994) participated in this study. The study subjects

were selected from a pool of outpatients treated by the Old Age

Research Group at the Institute of Psychiatry, “Hospital das Clíni-

cas” at School of Medicine at the University of São Paulo (HC-

FMUSP). Of the 47 elderly with depressive disorders, 8 (17.0%)

received some type of antidepressant and 8 (17.0%) were taking

benzodiazepines.

We included elderly patients who met the DSM-IV criteria

for depressive disorders, based on a diagnostic interview (CAM-

DEX) (Bottino et al., 1999) administered by two trained geriatric

psychiatrists, who also applied the cognitive tests and depression

scales. The clinical evaluation and MRI scanning occurred in two

weeks.

The exclusion criteria for the elderly depressed group were:

diagnoses of dementia or other organic mental disorders; and

DSM-IV criteria-based diagnoses of any psychiatric disorder other

than depression (although patients with anxiety disorders comor-

bid to depression were not excluded) or the inability to perform an

MR examination.

To ensure that any subjects with incipient dementia would be

excluded from the elderly depressed group, the Bayer Activities of

Daily Living Scale (B-ADL) (Lehfeld et al., 1997) was applied to

informants. According to a previous study with Brazilian patients

(Folquitto et al., 2007), the cutoff point of B-ADL ! 3.12 provides

adequate sensitivity, specificity, positive and negative predictive

values to discriminate patients with mild to moderate dementia

from non-demented elderly subjects. Patients were monitored for

a year to guarantee that no dementia cases were included in the

depressed elderly group. Cognitive evaluations were performed

every three months, and none of the patients developed dementia

during this period.

Thirty-six elderly patients aged 60 years and over without

depression or any other psychiatric disorders were also included in

this study as the control group. Members of control group were

recruited from Geriatric Department at HC-FMUSP. No member of

control group was taking psychotropic medications. The following

exclusion criteria were used for the control group: current DSM-IV

criteria-based diagnoses of any psychiatric disorders; and previous

history of depressive disorders at any point in their lives; dementia

syndrome; another organic brain syndrome and the inability to

perform an MR examination.

All of the participants gave their written informed consent

following a detailed description of study’s procedures. This study

was approved by the Institute of Psychiatry’s Ethics Committee of

HC-FMUSP.

2.2. Clinical, cognitive and functional assessment

The following instruments were used to evaluate cognitive

aspects: Cambridge Examination for Mental Disorders of the

Elderly (CAMDEX) (Roth et al., 1986; Bottino et al., 1999), which

includes CAMCOG (Cambridge Cognitive Test) and Mini-Mental

State Examination (MMSE) (Folstein et al., 1975). To measure

depressive symptomatology, the MontgomeryeAsberg Depression

Rating Scale (MADRS) (Montgomery and Asberg, 1979) and Ham-

ilton Rating Scale of Depression (HAM-D) (Hamilton, 1960) were

utilized. Bayer Activities of Daily Living Scale (B-ADL) (Lehfeld et al.,

1997) was used to evaluate functional activity. Finally, clinical

comorbidities weremeasured using Cumulative Illness Rating Scale

(CIRS) (Linn et al., 1968).

Patients with late onset depression (LOD) (after age 60) more

frequently present structural and functional abnormalities in the

brain in comparison to early onset depression (EOD) (Blazer, 2003).

Because of this, an analysis to verify the existence of significant

DTI alterations between EOD, LOD and the control group will be

performed.

2.3. DTI acquisition

Structural MR examinations were performed at the Diagnostic

Imaging Division of the Heart Institution (INCOR) of HC-FMUSP

using a GE 1.5 T (Signa, GE Medical Systems, Horizon, LX) MR

instrument.

Diffusion protocol used to produce DTI images consisted of

a diffusion sequence in 25 directions (b ¼ 0 and b ¼ 1000 s/mm2),

echo time (TE) of 100 ms, repetition time (TR) of 10,000 ms, field of

view of 26, a 128 # 128 matrix, and 5.0 mm slice thickness.

2.4. Image processing

DTI data processing and analysis were performed using software

tools from FMRIB Software Library (FSL) 4.1 (http://www.fmrib.ox.

ac.uk/fsl/) (Smith et al., 2004). The main tool used for voxel-to-

voxel comparison of diffusiondatawas TBSS (Smith et al., 2006) v1.2.

D.M. Bezerra et al. / Journal of Psychiatric Research 46 (2012) 1643e16491644
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All images were initially aligned to the reference image at b ¼ 0

so that the sequence created a mask. The main objective in using

the mask was to extract all of the elements that were not a part of

the brain (for example, the eye socket) to identify exactly which

voxels should be included in the analysis. This was referred to as the

preprocessing stage.

FA andMDmaps, three auto-values and three auto-vectors were

estimated. In next step, the parameters for normalization of these

data into a common space of 1 " 1 " 1 mm were calculated.

The results using these parameters were applied to the images

through linear and nonlinear transformations to complete the

normalization. These parameters corrected differences caused by

slight movements during image acquisition along with slight

distortions due to field induction in different acquisitional direc-

tions caused by MR coil itself. FMRIB58_FA atlas was used as the

reference for normalization. This step was necessary to ensure that

all of the individuals were in the same space (compatible with

Montreal Neurological Institute (MNI) atlas (Mazziotta et al., 2001),

assuming that FMRIB58_FA anisotropy atlas possessed the same

coordinates as MNI atlas) for future statistical comparisons. This

stage was referred to as “Registration”.

The next stepwas to calculate the average FA to create amean FA

skeleton. This mean FA skeleton was formed using the average

points of the FA tracts. Once created, the mean FA skeleton was

applied to each patient to produce individual mean FA skeletons.

The threshold selected for the creation of mean skeletons was 0.2;

therefore, the program used every voxel with an FA greater than 0.2

to calculate the mean skeleton. The final result obtained from this

process was used for statistical analysis; thus, only the voxels

belonging to the skeleton were considered for statistics.

In the next step, voxel-to-voxel comparisons were performed

among the groups, and statistical maps were generated.

2.5. Statistical analysis

The following tests were used to analyze clinical and socio-

demographic data:MADRS,HAM-D, B-ADL, CIRS, age andeducation.

Student’s t-test was used to compare means when variables were

normally distributed. ManneWhitney U-test was used to compare

groups when normality could not be established. Normality of the

data was tested using KolmogoroveSmirnov nonparametric test.

Pearson’s Chi-square test was used to compare frequencies for

gender and civil status. Finally, analysis of covariance (ANCOVA)was

used for MMSE and CAMDEX variables controlling for education

because an initial analysis revealed that these parameters differed

between the groups.

Voxel-to-voxel statistical comparisons were performed to

compare the entire white matter skeleton of the groups (patients

vs. controls) using the TBSS tool from FSL program and the

Student’s t-test. Statistical maps were created to show anatomical

brain location of the clusters of significantly different voxels

between the groups (p < 0.001). The statistical maps were created

using a statistical threshold corrected for 1000 multiple compari-

sons. Pearson’s correlation coefficient was used to measure asso-

ciations among anisotropy parameters and clinical data.

3. Results

Sociodemographic data of the subjects are shown in Table 1.

“Education” was the only sociodemographic variable that differed

significantly between groups.

The results obtained from cognitive evaluations, depressive

symptom scales, functional activity and clinical comorbidities are

shown in Table 2.

Nonsignificant differences were observed between the two

groups following the analysis of diffusivity, which was quantified

by FA, and the diffusion of water molecules in every direction,

which was quantified by MD.

Regarding the possible association between anisotropy param-

eters and cognitive evaluation (CAMDEX andMMSE) nonsignificant

findings were observed. Similar results were observed for the

association among functional activity (measured by B-ADL scale)

and FA or MD parameters.

The analysis performed between EOD, LOD and control group

showed nonsignificant differences, same results were obtained

between EOD and LOD without the control group.

Statistical maps obtained from the results revealed nonsignifi-

cant reductions in FA nor increases in MD in depressed elderly

patients and a nonsignificant association between MMSE and FA

reduction in the whole sample (Figs. 1e3).

4. Discussion

The present study showed nonsignificant differences in FA

neither MD parameters between depressed and non-depressed

elderly patients. Although previous studies have demonstrated

conflicting results, it should be noted that among studies reviewed

that investigated depression and anisotropy parameters in the

elderly (Alexopoulos et al., 1993; Bae et al., 2006; Dalby et al., 2010;

Nobuhara et al., 2004, 2006; Shimony et al., 2009; Taylor et al.,

2004b; Yang et al., 2007; Yuan et al., 2007), only one utilized an

evaluation similar to the current study (Dalby et al., 2010). Dalby

et al. (2010) used voxel-based non-morphometric analysis to

investigate these parameters between depressed and non-

depressed elderly patients and obtained results consistent with

our study. They reported nonsignificant differences in anisotropy

Table 1

Sample data.

Variable Depressed elderly (n ¼ 47) Non-depressed elderly (n ¼ 36) Statistical test and p-value

Gender

n (%)

M 11 (23.4%) 9 (25.0%) c
2
¼ 0.028

(fd ¼ 1)

p ¼ 0.866

F 36 (76.6%) 27 (75.0%)

Age

Mean (SD)

70.94 (6.98) 69.39 (7.21) t ¼ 0.992

(fd ¼ 81)

p ¼ 0.324

Education

Mean (SD)

6.31 (5.60) 9.08 (4.75) t ¼ #2.378

(fd ¼ 81)

p ¼ 0.020

Number of previous depressive episodesa 1.45 (2.33) e e

Age of onset of symptomsa LOD ¼ 17 (36.2%)

EOD ¼ 30 (63.8%)

e e

n ¼ number of patients; F ¼ female; M ¼male; LOD ¼ Late-onset depression; EOD ¼ Early-onset depression; c2: Pearson’s chi-square; t: Student’s t-test; p-value. Bold means

the only significance difference found in (p < 0.05).
a These variables refer only to patients.
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parameters between groups. Yuan et al. (2007) used morphometric

analysis of FA to investigate the association between remission and

changes in anisotropy parameters and to compare depressed

elderly patients who achieved remission to non-depressed controls.

In a study conducted by Alexopoulos et al. (2008), VBA analysis was

used to compare elderly patients who achieved remission from

depressive symptoms to elderly patients who did not achieve

remission. In the remaining studies, investigations were conducted

by delineating ROI (Bae et al., 2006; Nobuhara et al., 2004, 2006;

Shimony et al., 2009; Taylor et al., 2004b; Yang et al., 2007).

Kieseppä et al. (2010) did not observe changes between

depressed and non-depressed patients while investigating

depression and anisotropy parameters using the same processing

methodology used in our study (TBSS). However, this group

(Kieseppä et al., 2010) investigated younger patients with a mean

age of 40 years. Study conducted with even younger individuals

(mean age of 20 years), who were not yet medicated for depression

and were experiencing their first depressive episode, showed

significant differences in the anterior part of internal capsule and

parahippocampal gyrus using TBSS analysis (Zhu et al., 2011).

Table 3 displays data obtained from studies published to date on

the study of depressed and non-depressed elderly patients using

anisotropy parameters.

The same participants used in this study were previously

investigated regarding changes in white and gray matter density as

part of another research project (Avila et al., 2011). In this study,

Fig. 1. Nonsignificant reduction of FA in the splenium of the corpus callosum in depressed elderly compared to non-depressed elderly (p ¼ 0.48).

Table 2

Cognitive and functional assessment, severity of depressive symptoms and clinical

comorbidity.

Variable Depressed elderly

(n ¼ 47)

Non-depressed elderly

(n ¼ 36)

Statistical test

and p-value

MMSE 25.21 (") 3.74 27.86 (") 1.99 F ¼ 8.612

(fd ¼ 1;80)

p ¼ 0.004a

CAMDEX 82.94 (") 13.95 90.83 (") 8.88 F ¼ 5.352

(fd ¼ 1;80)

p ¼ 0.017a

B-ADL 2.25 (") 1.01 1.32 (") 0.56 t ¼ 4.966

(fd ¼ 81)

p < 0.001b

MADRS 23.23 (") 8.60 1.39 (") 1.20 t ¼ 15.111

(fd ¼ 81)

p < 0.001b

HAM-D 18.64 (") 6.17 2.67 (") 1.57 t ¼ 15.151

p < 0.001b

CIRS-index 0.65 (") 0.92 0.56 (") 0.97 U ¼ 754.0

p ¼ 0.427c

CIRS-severity 1.23 (") 0.21 1.25 (") 0.22 U ¼ 790.5

p ¼ 0.724c

MMSE ¼ Mini-Mental State Examination; CAMDEX ¼ Cambridge Examination for

Mental Disorders of the Elderly; B-ADL ¼ Bayer Activities of Daily Living Scale;

HAM-D ¼ Hamilton Depression Scale; MADRS ¼ MontgomeryeAsberg Depression

Rating Scale; CIRS ¼ Cumulative Illness Rating Scale. fd ¼ freedom degree p-value.

Bold means significance (p < 0.05) and italics means differentiate the symbol of

statistical test.
a Analysis of covariance (ANCOVA) controlling for years of education.
b Student’s t-test.
c ManneWhitney U-test.
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Fig. 2. Nonsignificant increase in MD at the posterior limb of the right internal capsule in depressed elderly compared to non-depressed elderly (p ¼ 0.45).

Fig. 3. Nonsignificant positive associations between FA in temporal regions and cognition through MMSE data (p ¼ 0.35). The association between the anisotropy parameters and

the other tests and scales did not result in statistical maps and was not significant.
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nonsignificant differences were observed between depressed and
non-depressed elderly following VBM analysis of the entire brain.

A possible explanation for the absence of significant differences
between groups in this present study is the similar profiles of these
groups regarding clinical comorbidities and cardiovascular factors,
such as hypertension, diabetes and heart diseases, which involve
major changes in white and gray matter (de Toledo Ferraz Alves
et al., 2010).

Another aspect that may partially explain these findings is the
small number of previous depressive episodes among the study
population. Most of the patients (40.4%) were being treated for
their first depressive episode, and a significant portion (25.5%) was
experiencing their second depressive episode. Although no studies
about the association between number of depressive episodes and
diffusion parameters were found in the literature, a relationship
between greater numbers of episodes and greater brain atrophy has
been suggested (Janssen et al., 2007).

The present study did not observe an association between
anisotropyparameters andcognitive evaluation. Although aprevious
study demonstrated significant correlation betweenmicrostructural
white matter damage measured by diffusivity parameters and
decreased global cognition in elderly patients (Vernooij et al., 2009),
the relationship between white matter integrity and cognitive
function has not been clearly established (Madden et al., 2004).

The current study has some important limitations: the slice
width in MR examination; group heterogeneity regarding educa-
tion; a majority of patients with mild to moderate depressive
symptoms and a lack of data concerning duration of disease and
duration of the antidepressant therapy of patients.

However, regarding abovementioned limitations, the same slice
width of 5.0 mm (Abe et al., 2010; Kieseppä et al., 2010) or very
similar slice widths (4.0 mm) (Ma et al., 2007; Wu et al., 2011; Yuan
et al., 2007; Zhu et al., 2011) were used in several studies that
investigated depression and anisotropy parameters. About severity
of depressive symptoms, Dalby et al. (2010) reported a positive
correlation between severity of depressive symptoms and FA
changes in fiber tracts affected by deep white matter lesions,
however, no association was observed in a study that correlated
depression severity and FA values in younger patients (Abe et al.,
2010). Moreover, when considering duration of disease, no rela-
tionships between FA parameters and the duration of depressive
disorders were observed (Ma et al., 2007).

The discrepancy in the results of neuroimaging studies of major
depressive disorder may reflect the clinical heterogeneity of the

samples and also possible heterogeneities intrinsic to the patho-
physiology of the disorder itself.

5. Conclusion

Data obtained from this study suggest that there is nonsignifi-
cant difference in diffusion parameters (FA and MD) between mild
to moderately depressed and non-depressed elderly patients.

It may also be concluded that diffusion parameters in the elderly
(both FA and MD) are not associated with cognitive function.
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Table 3

Summary of the literature on DTI parameters and depressed elderly compared to non-depressed elderly.

Study n P/C Age mean (SD) Study design Methods Significant results in depressed elderly

Taylor et al., 2004b 17
16

67.5 (6.1)
69.8 (6.4)

Depressed ! non-depressed ROI Y FA in the right superior frontal gyrus

Nobuhara et al., 2004 8
12

62.9 (5.8)
60.9 (4.6)

Depressed ! non-depressed ROI Y FA in widespread frontal and temporal regions

Nobuhara et al., 2006 13
13

62.8 (6.6)
61.5 (4.8)

Depressed ! non-depressed ROI Y FA in widespread regions of the frontal and temporal lobes
Association between severity and FA in frontal lobe

Bae et al., 2006 106
84

70.4 (6.4)
71.7 (6.0)

Depressed ! non-depressed ROI Y FA in white matter of the right anterior cingulate cortex, bilateral
superior frontal gyri, and left middle frontal gyrus
Absence of association between severity and FA

Yang et al., 2007 31
15

64.6 (5.2)
64.3 (4.2)

Depressed ! non-depressed ROI Y FA in frontal (superior and middle frontal gyrus), and temporal
(right parahippocampal gyrus) regions

Shimony et al., 2009 78
23

68.6 (7.2)
70.0 (5.9)

Depressed ! non-depressed ROI Y RA (similar to FA) in pre-frontal ROIs
[ MD in pre-frontal ROIs and deep white matter
[ MD in combined non-prefrontal regions (temporal, parietal, occipital
and motor regions)

Dalby et al., 2010 22
22

57.4 (4.6)
59.2 (7.3)

Depressed ! non-depressed VBA There is no significant difference in FA when compared both groups
Association between FA and severity in deep white matter lesions

Colloby et al., 2011 38
30

74.1 (6.1)
74.4 (6.4)

Depressed ! non-depressed TBSS Corrected maps showed no significant differences in FA neither MD
parameters when compared both groups
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Experimento 5 – Anormalidade em substância branca e cinzenta em pacientes com 

mutação do gene SPG11.  
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White and grey matter abnormalities in patients with
SPG11 mutations
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ABSTRACT
Background Mutations in SPG11 are the most frequent
known cause of autosomal recessive hereditary spastic
paraplegia. Corpus callosum thinning is a hallmark of the
condition but little is known about damage to other
structures in the CNS.
Objective To evaluate in vivo cerebral damage in
patients with SPG11 mutations.
Methods 5 patients and 15 age and sex matched
healthy controls underwent high resolution diffusion
tensor imaging (32 directions) and a T1 volumetric
(1 mm slices) acquisition protocol in a 3 T scanner
(Philips Achieva). These sequences were then analysed
through voxel based morphometry (VBM) and tract
based spatial statistics (TBSS).
Results Mean age of the patients was 23.664.5 years
(range 14e45) and mean duration of disease was 12 years
(range 5e15). All patients presented with progressive
spastic paraplegia and three were already wheelchair
bound when first evaluated. Mutations found were:
c.529_533delATATT, c.704_705delAT, c.733_734delAT,
c.118C>T and c.7256A>G. VBM identified significant grey
matter atrophy in both the thalamus and lentiform nuclei.
TBSS analyses revealed reduced fractional anisotropy
involving symmetrically subcortical white matter of the
temporal and frontal lobes, the cingulated gyrus, cuneus,
striatum, corpus callosum and brainstem.
Conclusions Widespread white matter damage in
patients with SPG11 mutations has been demonstrated.
Grey matter atrophy was prominent in both the thalamus
and basal ganglia but not in the cerebral cortex. These
findings suggest that neuronal damage/dysfunction is more
widespread than previously recognised in this condition.

INTRODUCTION

Hereditary spastic paraplegia (HSP) is a heteroge-
neous group of neurodegenerative disorders charac-
terised by progressive lower limb weakness and
spasticity.1 In some patients, these are the sole clin-
ical findings and these patients are classified as pure
HSP. In contrast, some additional systemic (cata-
racts) or neurological (dementia, ataxia, epilepsy)
features may be found in other patients; these in turn
are classified as complicatedHSP. At present, there are
at least 48 loci associated with HSP and 17 identified
genes.1 2 HSP may segregate as an autosomal domi-
nant, autosomal recessive or X linked trait.
Mutations in the SPG11 gene located on chro-

mosome 15q13-15 are now recognised as the most
frequent cause of autosomal recessive HSP.3

Patients typically present with gait complaints in

the first or second decades but ultimately develop
cognitive impairment and peripheral manifesta-
tions. Ataxia, parkinsonism and motor neuron
disease have lately been described as frequent find-
ings in individuals bearing SPG11 mutations.4e6

MRI usually shows severe corpus callosum
thinning and sparse white matter hyperintense foci
in this disease.4 The clinical variability that is
otherwise characteristic of HSP due to SPG11

mutations suggests that neuronal damage is not
restricted to these structures but this has not yet
been proved. Modern neuroimaging techniques,
including voxel based morphometry (VBM) and
diffusion tensor imaging (DTI), make it possible to
perform automated and unbiased whole brain
analyses and to determine in vivo the distribution
of damage to neural structures.7 8 These have been
successfully used to study similar neurodegenera-
tive disorders, such as NiemmanePick type C and
inherited ataxias.9 10 Therefore, we designed an
MRI based study to characterise white matter and
grey matter abnormalities in a cohort of patients
with confirmed SPG11 mutations.

METHODS
Subject selection

We recruited 11 consecutive adult patients with
autosomal recessive HSP, thin corpus callosum and
cognitive decline that were regularly followed at
the Neurogenetics Outpatient Clinic at UNICAMP
hospital between 2007 and 2010. From this group,
we found five patients with mutations in the
SPG11 gene that underwent detailed clinical and
MRI analyses. Severity of disease was quantified
with the Spastic Paraplegia Rating Scale.11

Imaging findings were compared with a control
group of 15 age and sex matched individuals with
no neurological abnormalities (men/women ratio
7/8 and mean age 24.063.8 years). These were
mostly relatives of patients and volunteers from the
local community and were recruited during the
study period. None of the patients or controls had
significant motion artefacts on MRI scans.
This study was approved by our institutional

ethics committee and written informed consent
was obtained from all participants.

Molecular studies

Genomic DNA from each subject was isolated from
lymphocytes of fresh blood by standard methods
using phenolechloroform extraction. We used
previously designed forward and reverse primers to
perform PCR analyses, as described elsewhere.3 4

1Department of Neurology and
Neuroimaging Laboratory,
Faculty of Medicine, University
of CampinaseUNICAMP,
Campinas, São Paulo, Brazil
2Department of Medical
Genetics, Faculty of Medicine,
University of
CampinaseUNICAMP,
Campinas, São Paulo, Brazil

Correspondence to
Dr I Lopes-Cendes, Department
of Medical Genetics, University
of CampinaseUNICAMP, Rua
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Purified PCR products were then sequenced on an automatic
sequencer MegaBACE 1000 (Amersham Bioscience, Piscataway,
New Jersey). All 40 exons and exoneintron boundaries of the
SPG11 gene were investigated for each individual.

MRI acquisition protocol
All patients and controls underwent MRI scans on a Phillips
Achieva-Intera 3 T scanner at UNICAMP hospital. T1 and T2
weighted images were acquired in axial, coronal and sagittal
planes with thin cuts. We also obtained two specific sequences
that were later employed for VBM and DTI analyses,
respectively.
1. Volumetric (three-dimensional) T1 gradient echo imagesd

acquired in the sagittal plane with 1 mm slice thickness (flip
angle¼358, TR¼7.1 ms, TE¼3.2 ms, matrix¼240 3 240, field
of view¼24 3 24 cm).

2. DTIdundertaken via a 32 direction non-collinear echoplanar
sequence (flip angle¼908, voxel size¼23232 mm3,
TR¼8500 ms, TE¼61 ms, matrix¼128 3 128, field of

view¼256 3 256 mm, 70 slices with 3 mm thickness,
b value ¼1000).

VBM protocol and analysis

MRI scans produce images in DICOM format. These images
were converted into ANALYSE format using the MRIcro soft-
ware (http://www.mricro.com). We used the SPM8 package
(Wellcome Department of Imaging Neuroscience, London, UK,
http://www.fil.ion.ucl.ac.uk) running on MaTLab 8.0 to
perform the preprocessing steps that are required before statis-
tical analyses are performed. These include spatial normalisation
of all image data to the same stereotaxic space; segmentation
and tissue extraction; spatial smoothing; and correction for
volume changes induced by spatial normalisation (modulation).
The SPM8 package has improved some of the algorithms needed
to perform these initial steps. Regarding spatial normalisation, it
now includes a more sophisticated registration model (the
DARTEL algorithm) that substantially reduces the imprecision
of intersubject registration.12

Table 1 Demographic, genetic and clinical data for the SPG11 patients included in the study

Patient No Mutation Age (years) Duration (years) Gender PN Parkinsonism Dementia MMSE SPRS

1 c. 529_533delATATT (Exon 3) 19 13 F " + ++ 14 37

2 c.733_734delAT (Exon 4) 31 15 M ++ " ++ 19 38

3 c.704_705delAT (Exon 4) 23 14 F " " ++ 18 32

4 c.118C>T (Exon 1) 21 5 M " + + 23 19

5 c.A7256G/c. 733_734delAT (Exon 40/Exon 4) 24 13 F + " + 22 26

MMSE, Mini-Mental State Examination; PN, peripheral neuropathy; SPRS, Spastic Paraplegia Rating Scale.

Figure 1 Results of voxelwise
analysis showing areas of grey matter
volumetric reduction in patients with
SPG11 mutations after comparison with
age and sex matched controls. Results
are shown on the MNI152 1 mm
template. MNI z axis coordinates are
shown (in mm) above each image. The
colour coded bar represents the Z
score.
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Processed images of patients and controls were compared
using a voxelwise statistical analysis. We looked for differences
in white and grey matter volumes between the two groups. We
defined the contrast searching for areas of reduced and increased
volumes both in white and grey matter. The results were
corrected for multiple comparisons using a false discovery rate of
5% and significant differences were set at a<0.05. We used
xjView8 (http://www.alivelearn.net/xjview8/), a MatLab
toolbox to display our results.

Tract based spatial statistics
We obtained maps of fractional anisotropy (FA), mean diffu-
sivity (MD), radial diffusivity (RD) and axial diffusivity (AD)
using the FMRIB diffusion toolbox which is part of the FSL

software V.4.1.4.13 Comparison of groups was then carried out
using tract based spatial statistics (TBSS) on the FSL software
V.4.1.4.14 TBSS involves several preprocessing steps before final
analyses. All FA images are first aligned to a standard space using
the non-linear registration. The next step involves the creation
of a mean FA template which then enables the creation of the
mean FA skeleton. Thereafter, each patient’s aligned FA map is
then projected over this skeleton; this is an essential step in the
processing algorithm because it removes the effect of cross
subject spatial variability. These final data are then used to
perform the voxelwise statistics. A similar procedure was
performed for the other DTI parameters (MD, RD and AD). We
performed a two sample t test to compare group of patients and
controls, searching for areas with FA, MD, RD and AD

Table 2 Voxel based morphometry results for volumes of grey matter in patients with SPG11

Cluster size (voxels)

MNI coordinates (local maxima)

AreasX Y Z

3765 12 13.5 13.5 R caudate nucleus, lentiform nucleus, putamen

48 39 15 !9 R insula, frontal inferior gyri

4280 !19.5 9 4.5 L caudate nucleus, lentiform nucleus, putamen,
globus pallidus, thalamus, claustrum

573 18 !24 3 R thalamus, mammillary body

33 !46.5 !12 40.5 L precentral gyrus

48 31.5 !49.5 46.5 R inferior parietal lobule

406 !30 !22.5 52.5 L precentral and postcentral gyri, middle frontal gyrus

23 39 !43.5 60 R inferior parietal lobule

12 4.5 !6 57 R medial frontal gyrus, supplementary motor area

Figure 2 Results of voxelwise
analysis showing areas of white matter
volumetric reduction in patients with
SPG11 mutations after comparison with
age and sex matched controls. Results
are shown on the MNI152 1 mm
template. MNI z axis coordinates are
shown (in mm) above each image. The
colour coded bar represents the Z
score.
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differences between the two groups. In order to control for
multiple comparisons, we applied a family wise error correction,
accepting p values <0.05. We used the Johns Hopkins white
matter DTI based atlas within the FSL toolbox to identify the
abnormal white matter fibre tracts.

RESULTS
We observed that four patients were homozygous and one was
compound heterozygous for mutations in SPG11 (table 1).
All mutations found had been previously reported in patients
with autosomal recessive HSP and thinning of the corpus
callosum.3 4 15 16 They were of the non-sense type, leading to
premature protein truncation. Mean age of the patients was
23.664.5 years (range 19e31) and mean duration of disease was
12 years (range 5e15). All patients presented with progressive
spastic paraplegia and three were already wheelchair bound
when first evaluated. Cognitive decline was evident in all
patients according to the Mini-Mental State Examination scores
(adjusted for age and educational level). Detailed information for
each patient is depicted in table 1.

Grey matter results
VBM analysis identified symmetrical and significant grey matter
volumetric reduction in both the thalamus, caudate and lentiform
nuclei of patients with SPG11 compared with controls (figure 1).
We found small areas of cortical volumetric reduction, essentially
restricted to the precentral and postcentral gyri (table 2). There
were no regions with grey matter volumetric increases.

White matter results
Cerebral white matter was assessed both with VBM and TBSS.
These are essentially complementary tools as VBM provides
a macroscopic map of atrophy whereas DTI based analyses
enable the identification of microstructural damage.

VBM identified severe white matter volumetric reduction
around the corpus callosum (figure 2). TBSS, however, revealed
reduced FA involving symmetrically subcortical white matter of
the temporal and frontal lobes, the cingulated gyrus, cuneus,
striatum, corpus callosum, cerebellum and brainstem (figure 3).
There was no region of significantly increased FA. MD maps also
revealed diffuse white matter abnormalities (figure 4). There
were also widespread areas of increased RD, especially involving
subcortical white matter of the posterior temporal and occipital
lobes (figure 4). We found areas of significantly increased AD
around the thalamus and frontal deep white matter, but not in
the posterior regions (figure 4).

DISCUSSION
In this study, we investigated SPG11 mutations in all patients
with typical HSP with the thin corpus callosum phenotype17

from our centre, and found that 45% (5/11) of the families
tested positive. This confirms that SPG11 is a rather common
cause of HSP but that there is also locus heterogeneity within
the limits of this phenotype. All mutations identified in this
study had been previously reported in a large survey of patients
from different ethnic origins.3 4 15 16 This indicates that the
genotypes of Brazilian patients with SPG11 related HSP are not
different from other populations.18

Damage to grey and white matter structures other than the
corpus callosum in a cohort of genetically proven SPG11

patients has not been systematically investigated. We thus used
two validated and unbiased methodsdVBM and TBSSdto
perform whole brain analysis in patients with SPG11 without
a priori hypotheses. We were also able to scan these patients on
a high field MRI scanner (3 T), which is more sensitive in
detecting subtle abnormalities.19 In addition, processing of
images to run VBM was accomplished by SPM8 running on
MaLab 8.0. This version of the software improved several of the

Figure 3 Results of tract based
spatial statistics voxelwise analysis
showing areas of reduced fractional
anisotropy (FA) in patients with SPG11

mutations after comparison with age
and sex matched controls. Areas with
reduced FA are shown in yellowered
and represent cluster based values
(p<0.05, corrected). Results are shown
on the MNI152 1 mm template.
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required preprocessing steps but especially the spatial normal-
isation algorithm.20 There is a single previous DTI based study
in SPG11 but the authors included only two patients.21 They
performed a voxelwise analysis but without an algorithm to
adjust for the alignment of images from multiple subjects. These
are major limitations of the study and preclude the extrapola-
tion of the findings. Our study, in turn, enrolled a larger sample
of patients and used TBSS analysis, which improves the
sensitivity, objectivity and interpretability of DTI data.14

We have found restricted areas of grey matter atrophy in
patients with mutations in SPG11. These were symmetrical and
included the thalamus and basal ganglia. It is noteworthy that
significant volumetric reduction was only found over small
regions of the cortical mantle. These findings suggest that
neurons in different regions of the CNS may present distinct
vulnerability to SPG11 related damage. This possibility is further
supported by gene expression data which show much higher
spatacsin mRNA levels in subcortical structures than in the
cortex.3 This suggests that neuronal populations of deep nuclei
require higher spatacsin expression for proper functioning and
integrity. Although not widespread, grey matter damage
involves key subcortical structures that take part in motor and

cognitive networks. Thalamic damage in combination with
corpus callosum atrophy might result in dementia and behav-
ioural disturbances in these patients. In addition, we found
significant volumetric reduction of the lentiform nuclei but not
of the substantia nigra. This suggests that parkinsonism, which
has been increasingly recognised in SPG11,5 may be due to
dysfunction in the dopaminergic receptors located in the
putamen and not in the dopamine producing neurons of the
midbrain. This helps to explain why levodopa and dopaminergic
agonists do not improve parkinsonian features in many patients
with SPG11.
In striking contrast to the grey matter results, we found

remarkable and diffuse white matter abnormalities. As
predicted, gross structural data provided by VBM confirmed
severe corpus callosum atrophy in these individuals. However,
we should emphasise the microstructural damage identified by
DTI on the cerebellum, corpus callosum, cingulated gyrus and
subcortical white matter of the temporal and occipital lobes.
These results are similar to those reported by Chen et al in two
patients with SPG11 mutations.21 In addition, we found
abnormal FA in areas not described previously, such as the
brainstem, and internal and external capsulae. Reduced FA

Figure 4 Results of tract based spatial statistics voxelwise analysis showing areas of increased mean diffusivity (MD), radial diffusivity
(RD) and axial diffusivity (AD) in patients with SPG11 mutations after comparison with age and sex matched controls. Areas with increased
MD, RD and AD are shown in redeyellow and represent cluster based values (p<0.05, corrected). Results are shown on the MNI152 1 mm
template.
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indicates disruption of nerve fibre bundles, either due to axonal
or myelin compromise. Experimental evidence indicates that
axonal damage takes part in this process. In a zebrafish model,
Southgate et al used morfolino antisense nucleotides to knock-
down SPG11 in embryos, and found severe abnormalities of
neuronal differentiation, especially in motor pathways.22

Cranial and spinal motor nerves appeared thinner and with
reduced numbers of axons. Oligodendrocyte and myelin abnor-
malities probably also contribute to white matter microstruc-
tural alterations. Proton magnetic resonance spectroscopy of
frontal white matter showed mild reduction of N-acetylas-
partate (NAA) levels but a prominent increase in choline (Cho)
levels in a patient bearing the c.1951C>T mutation at SPG11.4

Analysis of AD and RD maps also provides some insight into
the substrate of white matter damage in SPG11 related HSP. AD
measures diffusivity along the main direction of diffusion and is
considered a marker of axonal damage.23 By contrast, RD eval-
uates diffusion that is orthogonal to the principal diffusion
direction. Experimental data indicate that RD abnormalities are
associated with myelin and/or oligodendrocyte damage.24 In our
patients, we found increased AD and RD, which indicates that
both axonal damage and demyelination indeed take place in
SPG11. RD abnormalities were, however, much more wide-
spread than those related to AD, suggesting that CNS myelin is
severely affected in the condition and this is especially
prominent in posterior white matter.

An unsettled issue about SPG11 is the nature of corpus
callosum thinning as it is not clear whether it is due to true
atrophy or hypoplasia. Although we are not able to definitively
answer this question with the present data, we had the oppor-
tunity of studying two patients who had been part of a previous
prospective study.25 Indeed, we could document that both
patients presented with progressive volumetric reduction of the
corpus callosum over a 1 year period (data not shown). This
suggests that progressive corpus callosum atrophy occurs at least
in some patients with SPG11 mutations.

HSP due to SPG11 mutations is a relatively new and rare
condition, thus enabling us to enrol only a small number of
patients for MRI scans. Regarding group comparisons, we tried
to mitigate this with a large number of age and sex matched
controls and a conservative statistical approach. Despite these
limitations, our results provide insight into the neurobiology of
the disease and help to understand many of the symptoms
presented by these patients. Further studies are needed to eval-
uate the usefulness of MRI as a progression biomarker in SPG11
related HSP.
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elderly population: although variable, the prevalence-estimates 
of these lesions are very high, reaching 95% [7,8]. WM hyper-
intensities can be measured by visual rating scales [9,10] or quan-
titative methods [11], which take into account the location and 
volume of WM lesions. In this section, the authors review the 
relationship of WM hyperintensities with AD,  cognitive decline, 
neuropathology and diagnosis of dementia.

The neuropathological correlates of WM hyperintensities are 
still not completely understood and may reflect local demyeli-
nation, loss of axons and oligodendroglial cells, astrogliosis, 
fibrohyanolitic arterioles, and dilatation of perivascular spaces, 
corresponding to incomplete infarctions [8]. In the general popu-
lation, the presence of WM hyperintensities is related to major 
vascular-related risk factors, such as hypertension, diabetes, smok-
ing and hypercholesterolemia, as well as with signs of endothelial 
dysfunction [12]. WM hyperintensities are frequently taken as due 
to cerebrovascular disease, given such association with cardio-
vascular risk factors; also, a number of histopathological studies 
have found signs of microinfarcts and markers of hypoxia in the 
regions where WM hyperintensities are located [13]. However, it 
is important to note that some studies did not find evidence of 
ischemia in association with such lesions, even in extensive deep 
WM hyperintensities [13]. Apart from ischemia, there are indica-
tions that WM hyperintensities may be related to blood–brain 
barrier dysfunction [14] and microglial activation [15]. Thus, there 
is evidence suggesting that the etiopathological substrate of WM 
hyperintensities is heterogeneous and the common assumption 
that their causality is fully explained by cerebrovascular changes 
may lead to an oversimplification of the phenomena.

The interaction between cerebrovascular disease and AD is 
quite frequent and complex, and may occur in two ways: firstly by 
the presence of vascular lesions in patients with AD and secondly, 
by the sharing of major vascular-related risk factors [16]. In addi-
tion, endothelial damage and amyloid angiopathy may be present 
in AD. The pattern of WM changes found in AD seems to be 
more subtle than that associated with vascular dementia (VD), 
but nonetheless the differentiation between AD and VD may be 
difficult [17]. This is a relevant topic because cerebrovascular dis-
ease is the second main cause of cognitive decline [18]. One of the 
most commonly used methods to characterize the cerebrovascular 
risk and to distinguish between AD and VD is the Hachinski 
Ischemic Score (HIS) [19] or its modified version [20,21]. The sensi-
tivity and specificity of the HIS to distinguish AD from VD was 
high (89%) in a study of 312 patients with dementia but it was 
not accurate in distinguishing AD or VD from mixed dementia 
[22]. More recently, a longitudinal study showed that higher HIS 
scores significantly increased the odds of incident VD relative to 
AD within 5 years [23].

The relationship between the presence and intensity of WM 
hyperintensities and the existence or severity of cognitive deficits 
is still controversial. Cross-sectional studies of elderly individuals 
have reported an association of WM abnormalities with episodic 
and working memory deficits, executive dysfunction, and neu-
ropsychiatric symptoms, particularly depression [24–27]. However, 
there are also studies that could not demonstrate any relationship 

between WM hyperintensities and cognitive deficits [28,29]. Motor 
impairments such as decreased postural and gait stability have also 
been  associated with WM  hyperintensities [30].

Amyloid deposition in the brain, a hallmark of AD [31], is seen 
initially and most prominently in the entorhinal and  perirhinal 
cortex [32,33] and can nowadays be evaluated in vivo with 
 molecular imaging methods using PET [34]. Two recent neuro-
imaging  studies could not find significant correlations between 
WM hyper intensities and brain amyloid burden in vivo [25,28]. 
Conversely, in a study that combined MRI and amyloid depo-
sition imaging with PET [35], the authors showed that, among 
elderly individuals with significant brain amyloidosis, those with 
clinically defined AD presented increased volumes of WM hyper-
intensities when compared with normal elders, thus suggesting 
that clinical dementia may be the result of a ‘double hit’ on the 
brain: amyloid deposition and WM degeneration [35]. This is in 
accordance with a longitudinal study of 804 elderly individu-
als from the AD neuroimaging initiative, which reported that 
higher baseline WM hyper intensity volumes were associated with 
decreases in global measures of cognition [36] and also with a 
community-based epidemiological study that reported that vol-
ume of parietal WM hyperintensities predicted incident AD [37]. 
Another relevant finding of the aforementioned study is that the 
volume of WM hyperintensities did not differ between subjects 
with and without significant amyloid deposition [35]. In other 
words, although WM hyperintensities seem to occur indepen-
dently of AD pathology, they may increase the risk of developing 
cognitive decline, especially in those who have undergone other 
brain insults such as extensive amyloid deposition [35,38].

In conclusion, WM hyperintensities are very common in both 
AD and in the general elderly population. These brain lesions can-
not be taken as specific to AD, but rather may indicate increased 
cerebrovascular brain damage and vulnerability to cognitive 
decline [35,39]. It is also important to note that there are other 
brain lesions caused by vascular pathology – such as gross infarcts 
detectable with MRI – that may have strong effects on cognition 
[28]. In fact, a recent study has shown that in a sample of elderly 
subjects – including those with normal cognition and those with 
cognitive impairment – the relationship of cognition (executive 
function, verbal and nonverbal memory) with brain infarcts was 
stronger than its association with amyloid deposition [28].

Volumetric abnormalities of WM in AD & MCI

T1-weighted MRI scans can detect quantitative changes in WM 
volume of separate regions in groups of patients with neuro-
psychiatric disorders compared with healthy control groups 
matched for demographic variables. Two strategies have most 
often been employed to perform such  quantitative measurements 
and between-group comparisons: the delineation of regions-of-
interest (ROI) around selected brain structures (manually or in 
an automated fashion); or voxel-based morphometry (VBM), an 
automated technique that uses T1-weighted images to perform 
voxel-wise statistical tests with the purpose of uncovering sub-
tle brain volume changes in  association with neuropsychiatric 
disorders [40,41].
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Morphometric MRI studies of AD using the ROI-based 
approach have focused on the detection of volume deficits of the 
hippocampus and other medial temporal lobe regions, as well 
as other selected cortical regions. Differently, VBM analyses are 
performed separately on either gray or WM tissue compartments 
across the whole brain [42,43]. Suitable for group comparisons, the 
application of VBM has been widespread to identify gray matter 
volume abnormalities in AD samples relative to elderly healthy 
control groups [41,43–46]. The VBM approach has also been used to 
investigate the risk for dementia in premorbid conditions such as 
MCI [9], and recent meta-analyses of VBM studies demonstrated 
atrophy of the hippocampus and parahippocampal gyrus as the 
most reliable predictors of progression from amnestic MCI to 
AD [47].

In the first VBM study that investigated the topography of WM 
volume deficits affecting the corpus callosum in AD subjects, 
Chaim et al. showed that callosal atrophy was most significant 
in the anterior splenium and isthmus, which are crucial callosal 
fiber tracts that inter connect the two cortical hemispheres [43]. 
Although less significantly, there were also volume reductions in 
the rostral genu as well as the anterior and posterior regions of 
the callosal body in AD patients relative to controls [43]. There 
was also a positive correlation between the degree of cognitive 
decline as assessed by the Mini-Mental State Examination and the 
volume of the anterior body of the corpus callosum. VBM-based 
findings of corpus callosum volume deficits in association with 
AD [48] complement findings of callosal shape abnormalities as 
assessed in sophisticated MRI studies that used high-dimensional 
warping methods [49], as well as the results of earlier ROI-based 
morphometric MRI investigations comparing AD patients to 
elderly healthy controls [50–52].

Several other morphometric MRI studies of AD, using either 
the ROI-based approach or VBM, have reported WM atrophy of 
subcortical regions in AD patients compared with healthy elderly 
individuals affecting temporal lobe structures in addition to the 
corpus callosum [53–55], as well as other WM tracts including 
the inferior longitudinal fasciculus [56]. A recent meta-analysis 
including eight VBM studies reported significant WM volume 
reduction in temporal lobe regions including the parahippocam-
pal gyrus bilaterally, as well as the posterior corpus callosum in 
AD patients relative to elderly controls [48].

Structural abnormalities of the splenial portion of the corpus 
callosum in AD may be related to findings of neuronal loss in the 
temporoparietal cortical regions that are interconnected by this 
callosal subregion, with an unfavorable impact on episodic mem-
ory performance among other cognitive aspects. Additionally, 
volume reduction of the anterior corpus callosum may explain 
the decline of executive functions that may be seen even at early 
stages of AD, as this brain region connects interhemispheric fron-
tal cortical regions [43]. WM volume increase in samples of AD 
patients relative to healthy controls has not been detected in VBM 
investigations to date [48].

A few VBM studies have also investigated groups of MCI 
individuals in regard to WM volumes, but to date, these studies 
have reported conflicting findings. For instance, one VBM study 

reported WM atrophy in periventricular areas in a group of AD 
patients relative to controls (mainly in the anterior corpus cal-
losum and the WM of associative cortical regions), but no WM 
volume deficits in a sample of amnestic MCI subjects compared 
with the same healthy control group [44]. Conversely, there have 
been reports of WM volume decrements in the medial temporal 
lobe in a group of amnestic MCI subjects compared with age-
matched controls, which predicted significantly episodic memory 
decline as much as gray matter volumes in the hippocampal region 
[56]. In individuals at risk for AD, dysfunction of episodic memory 
might be influenced by changes in WM pathways connecting the 
hippocampus and neocortical regions.

Finally, another point of interest refers to the relationship 
between volumetric deficits in gray and WM compartments in 
the same samples of AD patients or MCI subjects [55,57]. One 
such VBM investigation showed that the degree of gray matter 
hippocampal atrophy in AD patients was specifically correlated 
to decreased WM volume in the cingulum bundle. As the same 
AD sample was also investigated with PET after injection of 
18F-fluorodeoxyglucose, the authors were able to demonstrate that 
the WM cingulum disruption was significantly correlated with 
the degree of glucose hypometabolism in the posterior cingulate 
cortex (a very early functional imaging feature associated with 
the diagnosis of AD), as well as with hypometabolism in other 
subcortical and cortical regions. These findings provide support to 
the notion that gray matter abnormalities and deficits in long WM 
tracts are related to each other in AD, leading to disconnection of 
multifocal neural networks relevant to cognitive processing [58].

Despite the interest raised by the above data, limitations of 
the VBM approach to assess WM volumes need to be acknowl-
edged. In regard to the corpus callosum, for instance, inter-subject 
variations in callosal location may emerge secondary to ventri-
cle dilatation or between-group differences in callosal shape [59], 
interfering with the process of spatial normalization and poten-
tially confounding VBM-based group comparisons. The spatial 
normalization step in the VBM methodology, whereby images 
are warped to conform to a standardized anatomical space, may 
be prone to inaccuracies that are more likely to occur when the 
degree of brain structural inter-subject variations is wider (as in 
the case of neurodegenerative disorders) [59].

One additional approach of demonstrated validity to investi-
gate morphometric brain abnormalities associated with AD and 
MCI consists of analyzing the nonlinear deformation fields that 
result from registering the MRI datasets of individual subjects to 
a standardized reference brain space, using such information to 
infer local differences in brain volume or shape [60,61]. Two tech-
niques based on this principle, referred to as deformation-based 
morphometry and tensor-based morphometry, have been infre-
quently applied to demonstrate WM morphological abnormalities 
in AD and MCI patients relative to healthy controls [62].

Finally, computational methods for measuring regional brain 
thickness changes have also been applied to investigate WM 
abnormalities associated with AD using structural MRI data-
sets. These include: mesh-based geometrical modeling meth-
ods, recently used to demonstrate reduced callosal thickness 
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in patients with severe AD relative to unaffected controls [49]; 
and the FreeSurfer suite, a surface-based approach that allows 
thickness and volume measurements of separate regions across 
the entire brain to be obtained on an automated fashion, after 
segmentation of separate gray matter, WM and cerebrospinal 
fluid compartments [63]. Several studies using FreeSurfer soft-
ware have confirmed and extended VBM findings of gray mat-
ter changes associated with AD and MCI, revealing reductions 
in both volume and thickness of key brain regions [64,65]. The 
FreeSurfer approach has also been applied in a study that identi-
fied differences of WM volume between AD patients and elderly 
controls: AD-related decreases in WM volume were found in 
para hippocampal, entorhinal, precuneus, inferior parietal and 
middle frontal WM [66]. The FreeSurfer methodology provides 
volumetric measures in native space and information can be 
extracted for individual subjects, rather than solely for statistical 
group comparisons. Moreover, there is evidence that FreeSurfer 
may be more suitable for longitudinal investigations of regional 
brain volume changes over time as compared with voxel-based 
methods [67].

Microstructural WM abnormalities as assessed by DTI

Despite the usefulness of the above MRI methods employed to 
assess WM, either by quantifying hyperintense lesions or meas-
uring WM volumes and thickness, DTI methods have a greater 
potential to provide detailed information about the structural 
characteristics of WM tracts in the brain. DTI is a technique 
based on the concept of random movement of water molecules 
in brain tissue, which is altered when there are microstructural 
lesions in WM fiber bundles. Indices of WM integrity are afforded 
by measuring mean diffusivity (MD) and fractional anisotropy 
(FA) [68]. There is recent empirical demonstration that volumetric 
and DTI analyses of WM yield different and complementary 
results in regard to the  pathophysiology of AD [69].

Since the development of DTI methods, there have been a large 
number of cross-sectional DTI studies comparing samples of AD 
patients and MCI subjects relative to elderly control groups [70–76]. 
The DTI literature has been evaluated in recent meta-analyses, 
which have indicated that both in AD and MCI samples relative 
to healthy controls, there are significant changes in WM micro-
structure in the corpus callosum as well as in other brain regions 
including the cingulum and parahippocampal region [77,78], as well 
as the longitudinal and uncinate fascicule [74–76]. As expected, DTI 
investigations have indicated greater loss of WM integrity in AD 
patients relative to MCI individuals, affecting key brain regions 
such as the corpus callosum and fornix (which contains efferent 
fibers from the hippocampal region) [71,74,79]. WM microstructural 
changes as assessed by DTI are significantly associated with the 
degree of cognitive decline, and might be considered as predictors 
of AD pathology [71]. There is also indication that DTI indices 
(particularly MD) provide high levels of diagnostic accuracy to 
differentiate MCI subjects from healthy controls, possibly with 
larger effect sizes in comparison to measures of hippocampal vol-
ume [77]. On the other hand, a recent study showed that FA indices 
in the fornix predicted conversion to AD in a sample of 23 MCI 

subjects (from which six developed AD over 2.5 years) with an 
impressive accuracy of 95% [80]. However, more studies with 
greater samples are needed to replicate and confirm these findings.

High-resolution DTI scanning enables the investigation of spe-
cific WM tracts such as the perforant path, which connects the 
entorhinal cortex to the hippocampus [73,81,82]. The ento rhinal 
cortex is seen as critically relevant to memory processing as it 
provides the main input from the cortex to the hippocampal for-
mation [83,84]. Postmortem studies have documented neuropatho-
logical findings characteristic of AD (i.e., neurofibrillary tangles) 
and decreased neuronal density in the entorhinal cortex of patients 
in the earliest stages of AD [32,33]; such degenerative changes are 
thought to affect the perforant path and lead to an isolation of 
the hippocampus from cortical input [85,86]. In vivo DTI studies 
identified decreased FA and increased MD – suggestive of WM 
damage and/or loss of fibers – in normally appearing WM of the 
perforant path in AD and MCI [73,82]. Moreover, DTI indices of 
the perforant path integrity have been shown to correlate with 
declarative memory performance [82].

One important DTI question arises with regards to the assess-
ment of the relationship between changes in WM microstructure 
and gray matter atrophy. A common multimodal integration that 
deals with such issue regards to the combination of DTI indi-
ces with gray matter volume indices as assessed using VBM. A 
pioneering study that used this approach detected widespread 
WM changes in AD patients as assessed with DTI; however, 
these degenerative changes were largely unrelated with gray mat-
ter volume measurements, suggesting that both features would 
be independent pathological aspects in the progression of AD 
[87]. A relative independence between altered diffusivity in the 
parahippocampal WM as assessed with DTI and volumetric 
measurements of the hippocampal region were also reported in a 
subsequent investigation [73]. Conversely, in one other study, FA 
indices both in anterior and posterior regions of the corpus callo-
sum in AD patients (but not in healthy controls) were significantly 
correlated with gray matter volumes in several cortical regions [70]. 
The latter findings support a view that axonal impairments in the 
corpus callosum are closely linked to gray matter degeneration in 
the cortical areas interconnected by these callosal fibers in AD 
[43,70]. Moreover, a study that investigated whole brain WM also 
found correlations between regional gray matter volume and DTI 
indices of WM degeneration, this time in the left frontal and 
temporal cortices [82].

One other important, but as yet relatively unexplored, issue 
in regard to the possibility that WM abnormalities, as detected 
by reduced FA, may also be significantly related to gray matter 
volume deficits as assessed by VBM in patients with MCI due to 
AD. Further MRI studies with complementary information from 
such gray and WM measurements may improve the accuracy to 
distinguish AD patients from MCI subjects and healthy controls.

Finally, one of the methods used most often recently to quan-
tify diffusion images is Tract-Based Spatial Statistics (TBSS), 
which allows comparisons of the integrity of WM tracts across 
different groups by means of projecting the FA onto an alignment 
tract representation, with improved sensitivity [88]. The TBSS 
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methodology is a promising approach to examine the integrity 
of WM tracts and it may also be used to classify distinct groups 
of subjects. This procedure has been applied to infer WM micro-
structural changes in MCI that may predict conversion to AD 
[89–91]. Significant FA differences in the fornix, cingulum and cor-
pus callosum have been observed between MCI subjects that con-
verted to AD and those that did not [89]. The TBSS approach has 
also shown that amnesic MCI patients display FA abnormalities 
relative to healthy controls consistent with pathological findings 
of AD (involving the temporal lobe, corpus callosum and fornix, 
among other regions), while non-amnesic MCI patients display 
more widespread and variable patterns of WM abnormalities, but 
relatively sparing the temporal lobe [90].

Limitations & caveats in the interpretation of DTI 

findings

When interpreting WM results from neuroimaging studies, it 
is important to remember that these findings represent indirect 
estimates of the brain anatomy. Therefore, one type of neuro-
imaging finding may result from different changes in the brain 
micro structure [92,93]. For instance, as addressed above, WM 
hyperintensities may be associated with different pathological 
findings, such as cerebrovascular disease, microglial activation 
and/or blood–brain barrier dysfunction.

In DTI studies, findings of regional lower FA have been inter-
preted as indicating decreased WM integrity (an unspecific term 
that generally encompasses loss of myelination, axonal degen-
eration or atrophy and/or increased membrane permeability). 
However, one other plausible explanation is that FA changes would 
be due to variations in axonal diameter or atypical packing density 
of axons [92–94]. Moreover, decreased anisotropy may simply result 
from different axonal alignment: regional anisotropy differences 
may indicate, in one group of subjects, that the axons are all 
aligned in the same direction, while in another group this same 
brain region contains branching or crossing fibers [92]. As noted 
elsewhere, in its current state, ‘DTI is useful for localizing and 
quantifying the anatomical abnormalities, but it is apparently not 
adequate to investigate the histopathological background of the 
diseases’ [93]. For a recent and thorough review of the limitations 
of DTI methods, the reader is referred to Jones et al. [92].

Relationship between WM changes & neuropsychiatric 

syndromes in AD

Although MRI studies of AD have predominantly concentrated 
on investigating the relationship between brain abnormalities and 
measures of cognitive decline, it is also critical to drive attention to 
neuropsychiatric symptoms (such as psychosis, agitation, depres-
sion and apathy). These are highly frequent in AD patients, being 
associated with greater disease severity and increased mortality [95].

Morphometric MRI studies, by means of VBM, have demon-
strated that distinct patterns of gray matter abnormalities are cor-
related with the presence of neuropsychiatric syndromes in mild 
AD, including associations between: delusions and gray matter 
reduction in fronto-parietal regions; agitation and gray matter 
reduction in the insula and anterior cingulate cortex; and apathy 

and decreased gray matter volume in frontal, anterior cingulate 
and striatal regions [96]. Similar regional-specific associations have 
been reported in more recent morphometric MRI investigations 
using large AD and MCI samples [97]. However, these studies did 
not investigate if degenerative WM volume deficits could also be 
 associated with neuropsychiatric syndromes.

Such investigations of WM abnormalities would be highly 
relevant, since the neural substrate underlying neuro psychiatric 
syndromes in neurodegenerative diseases has not yet been 
clearly defined. Using a sample of AD patients who displayed 
delusions over a period of 2 years, an interesting VBM study 
recently examined neuroanatomical changes both in gray matter 
and WM compartments before delusions onset [98]. The authors 
found significantly smaller gray matter volume bilaterally in the 
parahippocampal gyrus, inferior frontal gyrus, right orbitofrontal 
cortex, and left insula in AD patients who developed delusions 
compared with those without delusions. Conversely, the authors 
did not observe significant WM changes in any brain regions 
among patients who developed delusions compared with those 
without psychotic symptoms. Thus, the role of WM degenerative 
changes to predict the emergence of neuropsychiatric syndromes 
in AD patients remains to be clarified.

More recently, neuropsychiatric symptoms have also been 
addressed in DTI studies investigating relatively modest MCI 
and AD samples. In one of these studies, the relationship between 
neuropsychiatric symptoms and WM integrity was examined 
in the fornix, cingulum bundle and splenium of the corpus cal-
losum [99]. Expecting similar associations across AD and MCI 
subjects, the authors combined both groups in their analyses. 
Patients in the lowest tertile regarding anterior cingulum FA were 
more likely to exhibit irritability, agitation, dysphoria, apathy, 
and night-time behavioral disturbances. After accounting for the 
influence of the degree of cognitive decline using Mini-Mental 
State Examination scores, only irritability remained significantly 
associated with reduced FA in the cingulum [99]. Another DTI 
study explored the association between apathy and WM integrity 
in AD patients. The authors found negative statistical correlations 
between scores on an apathy scale and FA in the right anterior 
cingulum as well as in the right thalamus and bilateral parietal 
regions, after taking into account the influence of demographic 
and cognitive decline variables [100].

Possible mechanisms underlying volume deficits & 

integrity changes of WM tracts in AD & MCI

It has not yet been possible to fully clarify the mechanisms that 
specifically underlie the AD-related pathological changes in 
WM tracts detected in the MRI studies reviewed herein, nor the 
relation ship between the degeneration of such subcortical WM 
 interconnections and the gray matter changes that characterize AD.

One proposed mechanism is that gray matter degeneration 
would lead to WM deficits through demyelination in efferent 
pathways connecting the hippocampus and amygdala to the para-
hippocampal gyrus and the temporal lobe neocortex, extending 
towards the corpus callosum. Amyloid plaques and neurofibrillary 
tangles affecting gray matter could drive anterograde Wallerian 
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degenerative changes in WM tracts [101], particularly in close 
proximity to cortical regions. Wallerian degeneration affecting 
the posterior portion of the corpus callosum would disorganize 
axonal interconnections among temporo-parietal regions, which 
are known to be affected early over the course of AD [45].

One alternative explanation is that primary, AD-related patho-
logical WM changes would lead to decreased WM volume and 
contribute to cortical gray matter degeneration. Within this frame-
work, damage to WM is seen as an early phenomenon in AD, 
caused either by microvascular ischemic events or other myelin-
related defects, with amyloid and tau pathologies representing sec-
ondary effects [102]. Such primary WM abnormalities would lead 
to interconnection deficits and axonal injuries reducing synaptic 
activity, even in prodromal MCI stages. This myelin model of AD, 
proposed by Bartzokis, is based on the observation that the myeli-
nation of the human brain is dynamic and presents an inverted 
U-shaped trajectory throughout the lifespan [102]. According to this 
model, it is necessary to understand the pathophysiology of AD 
in light of age-related myelin toxicity, which has been suggested 
to be an earlier event that may not only be induced by, but also 
promote β-amyloid aggregation and tau deposits [102]. According 
to this model, brain amyloidosis can be considered a late patho-
logical event and therefore treatments aiming at amyloidosis may 
not be successful.

Recently, a retrogenesis model has been proposed to explain the 
decreased WM integrity in AD [103], according to which there is 
firstly degeneration of the late-myelinating WM tracts, such as the 
inferior and superior longitudinal fascicule and the uncinate fas-
ciculus, a proposition supported by findings of reduced FA in these 
regions in AD patients [74,76,87]. Early-myelinating tracts would only 
be affected later in the course of AD. According to the retrogen-
esis model, dropping off WM integrity reflects myelin  breakdown 
occurring as a reverse pattern of the  myelogenic  process [102].

It is actually possible that both primary and secondary WM 
degeneration processes are present in AD and MCI [72,73]. 
Moreover, the fact that oligodentrocytes – the cells that produce 
myelin – are vulnerable to a diversity of insults, such as hypop-
erfusion, iron toxicity, oxidative damage, glucocorticoids, alco-
hol, cocaine, brain trauma and β-amyloid oligomers makes WM 
degeneration a pivotal element of the neuropathology of cogni-
tive decline and AD (for a thorough review, see Bartzokis [104]). 
Regardless of the underlying nature and sequencing of white and 
gray matter changes over the disease course, WM abnormali-
ties undoubtedly reduce cortico-cortical and cortico-subcortical 
connectivity in AD subjects. Future neuroimaging studies with 
improved methods are likely to better delineate how critically such 
WM changes contribute, not only to cognitive decline but also, 
to the emergence of neuropsychiatric syndromes. These studies 
are also expected to contribute further to improve the accuracy of 
diagnosis of AD and MCI.

Five-year view

This review shows that current neuroimaging technology allows 
the quantification of regional indices of human WM struc-
ture reliably in vivo. The MRI studies addressed herein have 

demonstrated unequivocally that WM abnormalities in the brain 
are detectable in early stages of AD and in MCI. Between-group 
differences have been clearly identified when comparing AD 
and/or MCI patients to elderly controls, and significant asso-
ciations between WM structure and cognitive performance and 
prognosis have been documented. These changes affect key com-
ponents of a complex brain network relevant to episodic memory 
and other cognitive processes, including fiber connections that 
directly link medial temporal structures and different regions of 
the corpus callosum. Abnormalities in these network nodes may 
influence one another, and the profile of cognitive deficits and 
emergence of neuropsychiatric syndromes may be best explained 
in terms of disturbances of such brain networks rather than by 
damage to a specific subcortical structure. Degeneration of WM 
fiber pathways causes disconnection among neural cells, with loss 
of myelinated axons resulting in reduced signaling and synaptic 
activity [105]. Overall, these findings encourage the exploration of 
a number of important novel research avenues in the field of WM 
 investigations in AD and MCI.

The literature on WM changes associated with AD has led 
some authors to suggest that such abnormalities could be an 
important target for aiding in the diagnosis and disease moni-
toring in AD [93]. DTI studies have provided interesting results 
regarding: identification of WM differences between AD and 
VD [106]; discrimination between individual AD or MCI patients 
and controls [62,107–110]; distinction of individual patients with 
AD from those with frontotemporal lobar degeneration [111] and 
characterization of treatment effects of galantamine – a cholinest-
erase inhibitor approved for the treatment of AD – in the WM of 
AD patients [112]. However, despite such encouraging findings, 
DTI methods are still not developed as robust clinical tools in the 
field of brain aging and dementia [113]. Though much progress has 
been made in the past years, there is still much to be improved 
in terms of in vivo WM imaging methods before MRI indices 
of WM integrity can be established as accurate and reliable bio-
markers in the AD field [114]. A number of these limitations have 
been evoked in the reasoning why DTI was not included in the 
MRI core of the AD neuroimaging initiative [114]. These issues 
were ‘uncertainty about long-term test-retest precision’, ‘absence 
of widely available phantoms to calibrate measurements of dif-
fusion’ and ‘minimal evidence of diagnostic efficacy in AD’ [113]. 
In other words, advances in multiple fronts are required before 
DTI can be implemented in clinical practice for AD diagno-
sis and monitoring. One important research field that must be 
explored further in the near future regards to the assessment of 
advanced acquisition methods to increase spatial resolution of 
DTI data and more accurately extract information from specific 
small WM tracts of critical relevance to AD and MCI, such as 
the perforant path [115].

One other important issue for future research refers to multi-
modal neuroimaging approaches. By applying different acquisi-
tion protocols in the same imaging session, MRI techniques may 
provide complimentary information about brain structure and 
function in one single cohort of individuals. Sophisticated com-
putational and statistical methods also allow the combination 
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of information from MRI data with other imaging modalities, 
including the use of PET for measuring regional glucose metabo-
lism and molecular imaging. For instance, structural connectivity 
– measured with DTI – can provide useful information to assist 
the interpretation of neurofunctional results as assessed with 
functional MRI or PET imaging, as it is known that structural 
and functional connectivity are intimately related [116]. In accord-
ance with this idea, glucose hypometabolism in the posterior 
cingulate cortex – a common feature of AD – was associated with 
decreased FA in the descending cingulum in a study that acquired 
DTI and PET data from MCI and AD patients [107]. These fib-
ers connect the hippocampus to neo cortical regions; thus, these 
results provide further support to the notion that disconnectivity 
between the medial temporal lobe and medial parietal cortex con-
tributes to the hypometabolism in the posterior cingulate cortex 
found in AD [117]. Another example of a multimodal study is one 
recent report showing that regional decreased FA in the cingulum 
of amnestic MCI patients was associated with failure to deactivate 
the inferior parietal lobe and precuneus, during an object recogni-
tion task as assessed with functional MRI [118]. These two regions 
comprise the default mode network, which is thought to present 
normal deactivations during externally oriented tasks in healthy 
controls [119,120]. Multimodal imaging studies may afford greater 
accuracy for the distinction of AD from other forms of dementia 
[111,121], as well as for the prediction of the transition from pre-
dementia stages to AD [122,123]. Given the wealth of recent data 
indicating the relevance of WM abnormalities in MCI and AD, 
we foresee a greater emphasis on the inclusion of MRI protocols 
dedicated to the assessment of WM among the methods selected 
for use in future multimodal studies evaluating these disorders.

We also expect to see an exponential growth of studies integrat-
ing neuroimaging data on WM changes with findings obtained 
with other research methods. Though the cognitive decline of 
AD and MCI emerges from brain changes that can be assessed 

using neuroimaging techniques, there are several determinants of 
brain abnormalities that are better evaluated with methods from 
other research fields. Perhaps the best example of this is provided 
by the emerging field of imaging genetics, which investigates how 
single or combined molecular genetic characteristics may influ-
ence the variability of structural and/or functional neuroimaging 
phenotypes. For instance, it is known that the APOE ε2 allele is 
associated with a lower risk for AD [124]; in a recent DTI study of 
healthy elderly individuals, APOE ε2 carriers presented increased 
FA in the posterior cingulate cortex and in the corpus callosum 
compared with homozygous for the APOE ε3 allele, suggesting 
that the protective effect of APOE ε2 against the incidence of AD 
may be exerted through a greater degree of WM integrity [125].

Finally, a number of CSF and plasma biomarkers have been 
identified as potentially useful to aid in the early diagnosis and 
prediction of AD [126,127], and they have been investigated in con-
junction with imaging biomarkers in recent studies [111,128–130]. 
Given the salience of WM abnormalities in AD and MCI as 
shown in the present report, we expect that future studies inves-
tigating multiple peripheral, CSF and neuroimaging markers 
in large samples will place greater emphasis on the role of WM 
changes in association with those clinical conditions.
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Abstract: Neuropsychiatric syndromes are highly prevalent in Alzheimer’s disease (AD), but their
neurobiology is not completely understood. New methods in functional magnetic resonance imaging,
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such approaches, alterations in the default-mode and salience networks (SNs) have been described in
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INTRODUCTION

Neuropsychiatric symptoms (NPS) are highly prevalent
in patients with dementia. This is particularly the case in
those with Alzheimer’s disease (AD), where studies report
a prevalence of NPS that varies from 60 to 90% during the
course of the disease [Youn et al., 2011]. However, despite
this high prevalence, the neurobiology underlying these
symptoms is poorly understood. The most widespread
theories about the genesis of cognitive deficits and NPS in
AD relate to anatomic-structural changes, associated with
pathological features (neuritic plaques, neurofibrillary tan-
gles, and loss of synaptic density, among others), in the
limbic, paralimbic, and neocortical regions. In addition,
NPS may be associated with dysfunction of various neuro-
transmitter systems due to neuronal death in specific
transmitter source nuclei (cholinergic, serotonergic, norad-
renergic, etc.) [Cummings, 2000].

In addition to the observed anatomical deficits, recent
advances in the neuroimaging of dementia have high-
lighted concurrent dysfunctions in functional networks.
Such networks have been identified across a number of
imaging modalities, most prominently fMRI, and are char-
acterized by inter-regional correlations in spontaneous
BOLD fluctuations (known as functional connectivity) in
the absence of an experimental paradigm or any other
explicit stimulus [van den Heuvel and Pol, 2010]. Different
networks are spatially distinct but functionally related and
have been found to be present at rest, during tasks, and
even during sleep and anesthesia [Deshpande et al., 2010;
Fox and Raichle, 2007; van den Heuvel and Pol, 2010].
Neurodegenerative diseases, such as AD, can disrupt ac-
tivity within the networks [Seeley et al., 2009], as well as
the complex system of interconnections between the differ-
ent networks, causing cognitive problems (memory, atten-
tion, language, praxis, and executive functions), and NPS
(apathy, depression, agitation, disinhibition, etc.) [Bruen
et al., 2008; Gauthier et al., 2010; Lyketsos et al., 2011]. In
the case of AD, one of the most relevant networks appears
to be the default mode network (DMN). The role of the
DMN, which consists of regions such as the posterior cin-
gulate cortex (PCC), precuneus, ventromedial prefrontal
cortex, and the hippocampal formation, remains unclear;
however, it is widely accepted that this system shows
increased activity when a person is not focused on activ-
ities directed to the external environment (e.g., when an
individual recalls autobiographical facts and events, or
plans the future) [Buckner et al., 2008]. Some studies in
AD have shown a breakdown in functional connectivity in
the DMN, even at early stages of the disease [Greicius
et al., 2004; Zhang et al., 2010]. In addition, Celone et al.
[2006] reported associations between DMN connectivity
and memory performance assessed outside of the scanner,
whereas Westlye et al. [2011] showed a negative correla-
tion between DMN synchronization and performance on
memory tests, suggesting a neurocognitive significance of
brain activity patterns during rest in healthy elderly

individuals who are carriers of the AD-related apolipopro-
tein e4 gene (APOE4).

A second network that seems to be relevant in AD is the
salience network (SN), which comprises the anterior cingu-
late cortex (ACC), the frontal insula, the amygdala and the
striatum. Activity in the SN is related to emotionally rele-
vant stimuli, which can originate either internally or from
the external environment [Seeley et al., 2007]. In the case
of AD (and the behavioral variant of frontotemporal de-
mentia), Zhou et al. [2010] showed a negative correlation
between the connectivity of the SN and the DMN, mean-
ing that decreasing activity in the DMN is related to
increased activity in the SN and vice versa). A dynamic
interaction between these networks may provide regula-
tion of shifts in attention, as well as access to personal
resources for general cognitive processing and specific cog-
nitive domains. Such mechanisms would have important
implications for psychopathological disorders involving
dysfunctional saliency processing, which can diminish the
ability to direct attentional resources and goal-relevant
cognition [Menon, 2011].

Several unanswered questions remain, however, regard-
ing the role of these functional networks in the develop-
ment of AD symptoms. To our knowledge, no studies
have investigated the correlation between neuropsychiatric
syndromes and disruptions in the DMN or SN in AD. One
study by Seeley et al. [2007] did find significant correla-
tions between the level of anxiety in healthy adults before
MRI scanning and the degree of connectivity of the ACC
(an important part of the SN). The authors proposed that
behavioral symptoms in AD, which often involve early
emotional sensitizations such as irritability and anxiety,
might be associated with functional alterations in SN
[Zhou et al., 2010].

We based our study hypothesis on the following prem-
ises: (1) alterations in functional networks may be related
to NPS; and (2) disruptions in one network may interfere
with other networks (e.g., the negative correlation in con-
nectivity patterns between DMN and SN). We hypothe-
sized that alterations in DMN and SN connectivity may be
responsible at least in part for the NPS of AD patients.
More specifically, we sought to determine whether an
increase in connectivity in the SN could lead to hyperac-
tivity behaviors, such as agitation and irritability. With
regard to the DMN, we hypothesized that a decrease in
connectivity within this network could lead to apathy,
potentially through deficits in forming expectations for the
future or recounting recent events [Buckner et al., 2008].
Given the anticorrelation between SN and DMN, it is plau-
sible to hypothesize that decreases in DMN connectivity
might also be related to hyperactivity behaviors, which
would fit with observations of combined apathy and agita-
tion in patients with dementia.

To test our hypotheses, we correlated the scores of the
neuropsychiatric inventory (NPI) subsyndromes, as defined
by Aalten et al. [2007], with individual maps SN and DMN
connectivity in patients with mild to moderate AD,
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considering age, atrophy, and dementia severity as covari-
ates. The subsyndromes used were apathy, hyperactivity,
affective syndrome, and psychosis. The use of NPI subsyn-
dromes, rather than unitary symptoms, is supported by the
fact that various individual symptoms usually manifest to-
gether and have a similar course over time, suggesting a
common biological basis. In addition, pharmacological
studies have shown that drug treatments have an effect on
behavioral features in dementia when neuropsychiatric
subsyndromes are considered but not when individual
symptoms are considered [Gauthier et al., 2005; Herrmann
et al., 2005]. We also compared the patterns of connectivity
between patients and a group of healthy elderly people.

MATERIALS AND METHODS

Subjects

We studied 37 subjects over the age of 50 years (73.85 !

8.19). Of those subjects, 20 had mild to moderate AD and
were treated at the Neuropsychology and Dementia Out-
patient Clinic (UNICAMP University Hospital). The
remaining 17 subjects were healthy control subjects,
matched for age and sex. Routine laboratory studies,
including B12 levels, folate levels, syphilis serology, and
thyroid hormone levels, were performed for all patients.
The local ethics committee approved these experiments.
The diagnosis of probable AD was based on criteria estab-
lished by the National Institute of Neurological and Com-
municative Disorders, and the Stroke/Alzheimer’s Disease
and Related Disorders Association [McKhann et al., 1984].
We only included patients who were classified as clinical
dementia rating (CDR) 1 (13 patients) and 2 (seven
patients). All patients had at least one psychiatric symp-
tom, as measured by the NPI. Exclusion criteria included a
history of other neurological or psychiatric diseases, previ-
ous head injury with loss of consciousness, drug or alcohol
addiction, prior chronic exposure to neurotoxic substances,
and a Hachinski ischemic score >4. Patients who met the
clinical criteria for probable AD but had extensive white
matter hyperintensities on T2-weighted MRI were also
excluded. Fifteen patients underwent MRI scanning on the
same day that their caregivers completed the NPI inter-
view. In the remaining five cases, the interviews were per-
formed 2 days before the MRI scanning. The control group
consisted of subjects who were classified as CDR 0 and
had no history of neurological diseases, psychiatric dis-
eases, or memory complaints.

Neuropsychological, Neuropsychiatric, and

Functional Evaluations

Global cognitive status was measured using the Mini
Mental Status Examination [MMSE, Folstein et al., 1975;
Brazilian version by Brucki et al., 2003]. Episodic memory
was evaluated by the Rey auditory verbal learning test

[Rey, 1964]. Visual perception was assessed with subtests
of Luria’s Neuropsychological Investigation (LNI), using
items G12, G13, G14 (the patient is asked to examine and
name pictures of objects that are scribbled over or super-
imposed on another picture), along with G17 (an item
from Raven’s test) and one item for mental rotation of fig-
ures (in both items, the patient is asked to complete a
structure, a portion of which is missing, by choosing from
various options) [Christensen, 1975]. Four items from the
Ratcliff’s manikin test for mental rotation were also used
[Ratcliff, 1979]. Constructive praxis was evaluated using
the Rey-Osterrieth’s Complex Figure test [Osterrieth, 1944].
Language tests included the Boston Naming Test [Kaplan
et al., 1983] and verbal fluency for category words (ani-
mals) and phonology (FAS). Working memory was
assessed by the forward (FDS) and backward digit span
subtest of the WAIS-R [Wechsler, 1987]. Executive func-
tions were evaluated using the Trail Making Test A and B,
Stroop color-word test and Clock drawing test.

The neuropsychiatric assessment consisted of the Neuro-
psychiatric Inventory (NPI) [Cummings et al., 1994] based
on an interview with the closest caregiver. The NPI con-
sists of a detailed evaluation of the following 12 neuro-
psychiatric domains: hallucinations, delusions, agitation/
aggression, depression, anxiety, irritability, disinhibition,
euphoria, apathy, aberrant motor behavior, change in
night-time sleep behavior, and changes in appetite and
eating. The questions were read to the caregiver exactly as
written. If the caregiver failed to comprehend the question,
we repeated it in alternate terms. After reading the screen-
ing question, the caregiver was asked if the behavior
described had been observed. If the answer was ‘‘no’’ then
we proceeded to the next section and read the next screen-
ing question. If the answer was ‘‘yes,’’ then the subques-
tions were read, and yes/no responses were obtained. The
caregiver was then asked to rate the frequency and sever-
ity of the behaviors within that domain, based on the most
abnormal behavior revealed in the subquestions. The
scores were calculated by multiplying the frequency of the
symptoms (from 1 to 4: rarely, sometimes, often and very
often) by the intensity (from 1 to 3: mild, moderate and
severe). Each NPI domain score may thus vary from 0 to
12. Based on a study by Aalten et al. [2007], we considered
the following four subsyndromes: apathy, hyperactivity
(the sum of agitation, disinhibition, irritability, euphoria,
and aberrant motor behavior scores), psychosis (delusions,
hallucinations, and night-time behavior disturbances) and
affective syndrome (depression and anxiety). We also
applied the CDR using a semistructured interview and
Pfeffer’s daily-life activities questionnaire.

Data analysis was performed using Systat software 12.0.
Student’s t-tests were performed for intergroup compari-
sons of the demographic and cognitive scores. On occa-
sions where the data violated the assumptions of
parametric tests, we performed the Mann Whitney test.
The results were considered to be statistically significant
when P < 0.05.
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Magnetic Resonance Image Acquisition

Structural and functional images were acquired on a 3T
MRI scanner (Philips Achieva, Best, The Netherlands). A
set of structural images was composed with the following
sequences: (a) sagittal high-resolution T1-weighted with
gradient echo images that were acquired with TR/TE ¼
7/3.2 ms, FOV ¼ 240 " 240, and isotropic voxels of 1
mm3; (b) coronal and axial FLAIR (fluid-attenuated inver-
sion recovery) T2-weighted images, anatomically aligned
at the hippocampus with image parameters set to TR/TE/
TI ¼ 12,000/140/2,850 ms, FOV ¼ 220 " 206, voxels recon-
structed to 0.45 " 0.45 " 4.00 mm3 with the gap between
slices set to 1 mm; (c) coronal IR (inversion recovery)
T1-weighted images with TR/TE/TI ¼ 3,550/15/400 ms,
FOV ¼ 180 " 180 and voxels reconstructed to 0.42 " 0.42
" 3.00 mm3; (d) coronal multiecho (five echos)
T2-weighted images with TR/TE ¼ 3,300/30 ms, FOV ¼
180 " 180, voxels reconstructed to 0.42 " 0.42 " 3.00 mm3.

Functional images were acquired during rest. Subjects
were instructed to keep their eyes closed and to not think
of anything in particular. Axial T2*-weighted images had
TR/TE ¼ 2,000/30 ms, FOV ¼ 240 " 240, 40 axial slices
per volume, and isotropic voxels set to 3 " 3 " 3 mm3.
For each participant, we acquired 10-min of echo planar
images (300 volumes) and discarded the first three
volumes.

The participants’ sensory stimulation was limited to the
noise of the scanner during image acquisitions. To reduce
noise, all subjects wore earplugs. In addition, all subjects
had their head movements restricted by a soft Velcro
strap.

Structural Imaging Analysis

To exclude the influence of structural abnormalities, we
evaluated gray matter (GM) density through voxel-based
morphometry (VBM) analysis. VBM is a technique that
allows the assessment of the volume or concentration of
gray and white matter across the whole brain through an
automated postprocessing MRI evaluation [Ashburner and
Friston, 2000]. The voxelwise approach does not require
prior information about GM [Good et al., 2001]. We carried
out VBM analysis on 3D, sagittal T1-weighted images,
with a thickness of 1 mm (TR/TE ¼ 22/9 ms, flip angle ¼
35#, matrix ¼ 256 " 220) using the FSL toolbox (http://
www.fmrib.ox.ac.uk/fsl/) [Smith et al., 2004]. Images were
skull stripped using the BET algorithm [Smith, 2002] and
GM was automatically segmented using the FAST4 algo-
rithm [Zhang et al., 2001]. GM maps were then normalized
to MNI standard space with affine registration [Jenkinson
et al., 2002; Jenkinson and Smith, 2001]. Registered images
were divided by the Jacobian of the warp field in order to
correct local deformation. Resulting images were
smoothed with an 8-mm FWHM isotropic Gaussian kernel.
Smoothed GM images were then used in subsequent
analysis.

Functional Imaging Analysis

Functional images were converted from DICOM to the
NIfTI format using Philips scanner software. Images were
preprocessed by removing linear trends before slice timing
and motion correction algorithms were applied. The motion
correction step took the first volume of the time series as its
reference and output six parameters of head movement,
three related to head translation and three associated to the
head rotation (yaw, pitch, and roll). Subsequently, images
were normalized to MNI standard space and smoothed
with a 6 mm FWHM Gaussian kernel. We applied Fourier
filters on smoothed images, setting a bandpass from 0.01 to
0.1 Hz, and regressed these data with the motion parame-
ters previously calculated. All of these steps were done
with the AFNI software package (http://afni.nimh.nih.-
gov/). Subsequently, probabilistic independent component
(IC) analysis (pICA) [Beckmann and Smith, 2004; Guo,
2011] was estimated in order to extract independent spatial
maps (IC) for each subject. ICs were obtained with the FSL
toolbox, Multivariate Exploratory Linear Optimized
Decomposition into Independent Components (MELODIC
v3.0). We allowed the MELODIC algorithm to determine as
many ICs as was necessary to explain 99% of the variability
of preprocessed data (default option).

The set of ICs components was masked with the atlas
of functional ROIs (fROI) available on the Stanford’s
Functional Imaging in Neuropsychiatric Disorders web-
site (http://findlab.stanford.edu/index.html) [Shirer et al.,
2012]. We used the ‘‘ventral and dorsal DMN’’ (vDMN
and dDMN) and the ‘‘anterior and posterior SN’’ (aSN
and pSN) to extract z-values of ICs within and outside of
the fROIs. To do this, we used a linear template-match-
ing procedure that involves taking the average z-score of
voxels falling within the template minus the average z-
score of voxels outside the template and selecting the
component in which this difference (the goodness-of-fit)
was the greatest. The z-scores here reflect the degree to
which a given voxel’s time series correlates with the
overall component time series, scaled by the standard
deviation of the residual Gaussian noise [Greicius et al.,
2004]. This procedure was estimated by the following
equation:

GoF ¼ ð!I % !OÞ " 100"
PNI

NI
%
PNO

NO

! "

!I ¼ Average z% scores from voxels inside the ROI
!O ¼ Average z% scores from voxels outside the ROI

PNI ¼ Number of voxels with positive score inside the ROI

PNO ¼ Number of voxels with positive score outside the ROI

NI ¼ Number of voxels inside the ROI

NO ¼ Number of voxels outside the ROI

Among the set of ICs, we selected the one with the high-
est value of GOF to use for the second level of analysis

r Balthazar et al. r

r 4 r



124 

 

 

and to calculate correlations with NPI scores. Thus, one IC
was chosen for each fROI (vDMN, dDMN, aSN, and pSN)
to enter subsequent analyses.

Differences between controls and patients were esti-
mated by nonparametric permutation tests (RANDOM-
ISE - 5000 permutations) [Nichols and Holmes, 2002].
The P values calculated were corrected for multiple
comparisons according to the threshold-free cluster
enhancement algorithm implemented in FSL [Anderson
and Robinson, 2001; Bullmore et al., 1999; Hayasaka and
Nichols, 2003]. We included each subject’s 3D map of
GM in this analysis to correct the results for atrophy on
a voxelwise basis.

Correlations Between NPI and DMN and SN

Connectivity

We used the same nonparametric approach to evaluate the
correlation between patients’ selected ICs (vDMN, dDMN,
aSN, and pSN) and NPI syndromes (apathy, hyperactivity,
affective syndrome, and psychosis). Age, dementia severity
(as measured by CDR sum of boxes (memory, orientation,
judgment, and problem solving, community affairs, home
and hobbies, and personal care), and GM maps were entered
nuisance variables. Statistical maps were then corrected for
multiple comparisons with P < 0.01, FDR corrected.

RESULTS

Cognitive and Neuropsychiatric Evaluations

As shown in Table I, there was no difference between
the AD group and the controls with regard to age (P ¼

0.43), but there was a significant difference in the two
groups regarding education (P < 0.05). The AD patients
performed worse in all tests, which included episodic
memory, attention and working memory, visuospatial
skills, executive functions, and language (Table I). Distri-
bution of NPI symptoms and subsyndromes are shown in
Table II and Figure 1.

Differences in the DMN and SN in AD Patients

and Healthy Elderly

We found areas of decreased connectivity in the dorsal
DMN (atrophy corrected), and in particular in its posterior
anatomical structures, when comparing the AD group to
the control subjects (P < 0.01, corrected for multiple com-
parisons). These were the right precuneus (MNI

TABLE I. Demographic, functional, and

neuropsychological data

AD Controls P

Age (years) 73.85 " 8.19 72.33 " 6.37 0.43*
Education (years) 6.95 " 4.45 10.16 " 5.36 <0.05
CDR–SB 6.72 " 2.74 0
Pfeffer Functional

Activity
Questionnaire

18.45 " 7.83 0

MMSE 16.35 " 6.22 28.55 " 1.85 <0.0001
RAVLT: COD 18.83 " 7.53 45.66 " 8.46 <0.0001
RAVLT: A7 0.55 " 1.09 8.26 " 0.61 <0.0001
BNT 29.53 " 13.80 52.46 " 4.89 <0.0001
Semantic VF 6.88 " 3.12 18.00 " 4.20 <0.0001*
Phonologic VF (FAS) 13.82 " 9.76 33.46 " 13.19 <0.0001
VSP-LNI 13.25 " 3.76 18.13 " 1.24 <0.0001
FDS 3.82 " 1.70 5.40 " 2.16 0.02*
BDS 2.05 " 1.81 4.33 " 1.54 0.002*
TMT-A (s) 225.67 " 98.66 66.73 " 20.32 <0.0001
TMT-B (s) 278.73 " 56.60 123.07 " 83.34 <0.0001
Stroop test:

Congruent (s)
98.52 " 41.51 58.06 " 18.69 0.004

Stroop test:
Congruent (errors)

0.23 " 0.75 0.06 " 0.25 0.62

Stroop test:
Incongruent (s)

216.24 " 59.00 108.20 " 28.20 0.008

Stroop test:
Incongruent (errors)

34.52 " 23.93 2.53 " 3.75 <0.0001

Clock drawing
test (0–10)

5.53 " 0.79 9.46 " 0.35 0.0004

Rey complex
figure (copy)

14.00 " 3.37 34.60 " 1.19 <0.0001

Data presented as mean " SD.
*Mann–Whitney test was applied due to non-normal distribu-
tion.MMSE, mini-mental status examination; RAVLT-COD, encod-
ing of Rey auditory verbal learning test (sum of A1 þ A2 þ : : : þ

A5); RAVLT -A7, delayed recall of RAVLT; BNT, Boston naming
test; VF, verbal fluency; VSP-LNI, visuospatial perception item of
Luria’s neuropsychological investigation; FDS, forward digit span;
BDS, backward digit span; TMT, Trail Making Test. Significance
levels of comparisons between AD and healthy groups are given
in the final column.

TABLE II. Neuropsychiatric inventory syndromes and

symptoms

NPI
subsyndromes NPI symptoms Mean " SD

% of
patients

with symptom

Apathy Apathy 4.25 " 3.22 90
Appetite and

eating abnormalities
1.70 " 2.93 35

Hyperactivity Agitation 1.10 " 2.75 30
Disinhibition 0.30 " 1.34 5
Irritability 1.2 " 2.19 40
Euphoria 0.2 " 0.89 5
Aberrant

motor behavior
1.45 " 2.32 35

Affective Depression 1.55 " 2.28 35
Anxiety 0.95 " 2.25 25

Psychosis Hallucinations 0.10 " 0.30 10
Delusions 0.15 " 0.48 10
Night time

behavior disturbances
1.20 " 2.17 30
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coordinates: 6, !66, 24; 205 voxels; z ¼ 4.12) and left
precuneus (!2, !64, 54; 160 voxels; z ¼ 3.82) (Fig. 2A).
The same analysis did not show any areas of increased
connectivity in the DMN in AD patients.

The opposite pattern was found in relation to the
anterior SN. AD patients showed areas of increased con-

nectivity (atrophy corrected) in the right cingulate gyrus
(18, 20, 38; 96 voxels; z ¼ 4.42; P < 0.01, corrected) and left
medial frontal gyrus (!8, 32, 38; 79 voxels; z ¼ 4.08; P <
0.01, corrected) (Fig. 2B). We did not find any significant
differences between AD and controls in the connectivity of
the ventral DMN and posterior SN.

Multiple Regressions of NPI Syndromes With

DMN and SN

We performed multiple regressions between the dorsal
and ventral DMN and anterior and posterior SN maps
and the NPI syndromes of apathy, affective symptoms,
hyperactivity, and psychosis. We found significant areas of
positive correlation with hyperactivity in the anterior SN
(atrophy corrected), specifically in the right ACC (MNI: 8,
28, 18; 180 voxels; z ¼ 4.82; P < 0.01, corrected) and right
insula (44, 10, !6; 68 voxels; z ¼ 4.36; P < 0.01, corrected)
(Fig. 3). All other regressions did not show any significant
correlation between dorsal/ventral DMN or anterior/pos-
terior SN with NPI syndromes following correction for
multiple comparisons and GM atrophy.

DISCUSSION

Using resting-state fMRI in a group of patients with
mild to moderate AD and age and sex matched controls,
we showed that alterations in the intrinsic connectivity of
the anterior SN predict behavioral symptoms in AD

Figure 1.

Box and whiskers plot showing the distribution of NPI syn-

dromes scores: hyperactivity (mean # SD: 4.05 # 6.18), apathy

(4.25 # 3.22), affective syndrome (2.50 # 4.28), and psychosis

(1.45 # 2.41). The box extends from the 25th percentile to the

75th percentile, with a horizontal line at the median. Whiskers

extend down to the smallest value and up to the largest.

Figure 2.

(A) Dorsal DMN areas of decreased functional connectivity in AD patients (atrophy corrected): right

precuneus (MNI coordinates: 6, !66, 24) and left precuneus (!2, !64, 54); P < 0.01, corrected for

multiple comparisons. (B) Anterior SN areas of increased connectivity in AD patients (atrophy cor-

rected): right cingulate gyrus (18, 20, 38) and left medial frontal gyrus (!8, 32, 38); P < 0.01, corrected.
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patients. Specifically, we demonstrated that hyperactivity
syndrome is associated with aSN hyperconnectivity in the
ACC and right insula. This correlation remains even after
correction for GM atrophy. No correlations were found
between DMN connectivity and NPS, or between SN con-
nectivity and other NPS (apathy, psychosis, and affective
syndromes) following correction for atrophy.

To our knowledge, our study is the first to report a cor-
relation between alterations in SN connectivity and a spe-
cific NPS in AD. The relevance of the role of functional
networks in psychopathology has been increasingly recog-
nized, especially the SN, which is important in the appro-
priate assignment of saliency to external stimuli or internal
mental events. The SN, with the anterior insula as its inte-
gral outflow hub, assists target brain regions in the genera-
tion of appropriate behavioral responses to salient stimuli
[Menon, 2011]. This property of detecting salient events
(from the external environment or internally) may be sus-
ceptible to dysfunction (ineffective or enhanced detection)
leading to inappropriate behaviors. We found that hyper-
activity syndrome (composed of symptoms of agitation,
disinhibition, irritability, euphoria, and aberrant motor
behavior symptoms) is related to enhanced connectivity in
SN nodes such as the ACC and right AI. This syndrome,
at least in part, could be a manifestation of an anxiety dis-
order, in which hyperactivity of AI has been consistently
implicated [Menon, 2011; Paulus and Stein, 2006].

In accordance to Menon’s triple network model, we sug-
gest that in AD patients, enhanced saliency detection
might cause misperception of common events as if they
were emotionally relevant. This might cause symptoms
such as agitation, euphoria, and irritability, which more

directly involve emotional sensations. Furthermore, aber-
rant motor behavior also seems to involve stereotypical
features (e.g., rummaging through drawers, manipulation
of buttons, etc.); since the SN also receives information
about representations of goals and motor plans (Palaniyap-
pan and Liddle, 2012), this kind of behavior may be
associated with dysfunctional representations of complex
movements. We also propose that dysfunctional process-
ing of stimuli by a hypoconnected DMN, as occurs in AD
patients, might compromise the conscious awareness of
the sensation caused by the stimuli. For example, a person
who is walking incessantly may be in pain or be thirsty,
although they cannot consciously process these sensations
properly. Therefore, AD patients seem to have an altered
response to a wide array of internal and external stimuli,
as well as problems in the conscious awareness of the
sensations caused by these stimuli. Considering the entire
set of findings, it is possible that an alteration in the bal-
ance of functional connectivity networks in SN and DMN
will predict the behaviors of hyperactivity observed in our
patients.

In this regard, another plausible explanation could be
based on a neurobiological account of Freudian constructs.
According to Carhart-Harris and Friston [2010], Freud’s
descriptions of the primary and secondary processes are
consistent with self-organized activity in hierarchical corti-
cal systems, where the secondary process entailed by ego
functions are associated with the suppressive effect of the
DMN on its subcortical nodes and anticorrelated networks,
such as the SN with its limbic and paralimbic components
(frontoinsular cortices, amygdala). The hyperactivity syn-
drome of our AD patients could thus be equated with a

Figure 3.

Areas of positive correlations between anterior SN and hyperactivity syndrome (atrophy cor-

rected): right ACC (MNI: 8, 28, 18) and right insula (44, 10, !6); P < 0.01, corrected for multi-

ple comparisons.
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primitive, at least partly unconscious, primary process
thinking and behavior. Our finding of hypoconnectivity in
the dorsal DMN and hyperconnectivity in the SN suggests
that there have been a weakening or loss of top-down
DMN-associated ego control over limbic activity in those
hierarchically lower systems involved with the primary
process. In our view, Carhart-Harris and Friston’s neuro-
biological Freudian account and Menon’s triple network
model complement each other in explaining our findings.
Previous authors have found associations between SN
connectivity and NP symptoms. For example, Seeley et al.
[2007] found a correlation between stressor-associated
anticipatory anxiety levels before MRI scanning and ACC
connectivity in young subjects without neurologic or
psychiatric diseases. In AD patients, Zhou et al. [2010] also
found increased SN connectivity in the ACC, and sug-
gested that this finding may be related to behavioral
symptoms involving emotional sensations such as irritabil-
ity and anxiety. In addition, a number of authors have
suggested that the SN may also be involved in other psy-
chiatric diseases, such as schizophrenia, especially those
with the major features of psychosis [Palaniyappan and
Liddle, 2011].

Regarding the neurobiology of hyperactivity syndrome,
there are few studies about the neural correlates of agita-
tion, irritability, and aberrant motor behavior in AD. Tekin
et al. [2001] demonstrated that neurofibrillary tangles in
the ACC were related to agitation in AD patients, while in
a SPECT study, Rolland et al. [2005] found a correlation
between wandering behavior and left parietotemporal
hypoperfusion. However, Bruen et al. [2008], who found a
correlation between agitation scores and low GM density
in bilateral ACC, noted that neuropathological evidence
did not coincide with the appearance of the symptom. It is
possible that hyperconnectivity in the ACC of AD patients
(and hyperactivity syndrome) may precede the pathologi-
cal findings described by these authors. Moreover, they
did not find a correlation with other symptoms of hyper-
activity syndrome. More work to support this hypothesis
is required, however.

Regarding the relevance of functional connectivity
disruptions in AD, some authors speculate that DMN
problems may precede beta-amyloid pathology. This hy-
pothesis is supported by recent studies which have dem-
onstrated that disconnection precedes atrophy in the PCC
[Gili et al., 2011] and that asymptomatic carriers of APOE4
have a reduction in PCC connectivity, along with
increased SN connectivity [Machulda et al., 2011]. Another
possibility is that typical AD pathology may disrupt func-
tional networks, with atrophy in some key DMN compo-
nents, secondary to classic AD pathology, potentially
initiating connectivity alterations in the whole network.
Should this be the case, atrophy in the hippocampi may
have led to a decrease in connectivity in the PCC; for
example, studies using diffusion tensor imaging in
patients with medial temporal lobe epilepsy with hippo-
campal sclerosis showed dysfunctions in the uncinate and

arcuate fasciculus, involving frontal and posterior parietal
regions in addition to the corpus callosum and cingulum
[Thivard et al., 2005]. Following this model, it is possible
that a decrease in DMN connectivity may cause an increase
in other networks, including the SN. This is supported by a
number of studies that have shown a negative correlation
between the SN and DMN [Greicius and Krasnow, 2003;
Fox et al., 2005; Zhou et al., 2010], with our study providing
additional evidence. This correlation between DMN and SN
activity has led some authors to suggest that they are func-
tionally related, proposing that the SN plays a role in
switching brain states from the internally guided DMN to
an external task-related activity mode [Sridharan et al.,
2008; Palaniyappan and Liddle, 2011].

Our study has some limitations. First, we studied a rela-
tively small cohort, although our findings were robust to a
wide range of potential confounds and to multiple compari-
son correction, suggesting a reasonable degree of power.
Second, it would be better to assess NPS symptoms during
MRI scanning rather than through indirect methods; how-
ever, in most cases, we performed the NPI interview on the
same day as the scan procedure, which could minimize this
problem. Finally, future studies could test the validity of
the method used here for evaluating clinical responses to
pharmacological and nonpharmacological treatments of NP
syndromes in AD and other forms of dementia.

CONCLUSIONS

Our findings demonstrate a correlation between hyperac-
tivity syndrome and alterations in the connectivity of the
SN in areas without anatomic atrophy. These results under-
line the potential clinical significance of resting state altera-
tions in future diagnosis and therapy. However, these
findings do not explain the whole phenomenon of NPS
symptoms in AD—several other well-established causes,
including structural, genetic, biochemical, and environmen-
tal factors, are also related to these complex mental dys-
functions and may influence intrinsic connectivity patterns.
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INTRODUCTION

Neuropsychological evaluation of patients with refrac-
tory mesial temporal lobe epilepsy (MTLE) associated with
hippocampal atrophy (HA) and other MRI signs of hippo-
campal sclerosis (HS) usually reveal a mild-to-moderate
memory deficit [Engel et al., 1997; French et al., 1993].
According to the classic material-specific model of mem-
ory, lesions in the hippocampus of the left temporal lobe
(dominant for language) may implicate in verbal memory
deficits [Meyer and Yates, 1955; Milner, 1972; Novelly
et al., 1984] and those of the right temporal lobe, in visual
memory deficits [Jones-Gotman, 1987; Kimura, 1963; Mil-
ner et al., 1962]. However, more recent studies in epilepsy
surgery have shown that the relationship between lateral-
ized hippocampal pathology and memory dysfunction is
more evident in left MTLE than in right MTLE [Alessio
et al., 2004a,b; Hermann et al., 1997; Jones-Gotman, 1996;
Lencz et al., 1992; Saling et al., 1993; Trenerry et al., 1995].
Evidences have suggested that the most important predic-
tor factor for postoperative memory decline is the func-
tional capacity of the ipsilateral mesial temporal lobe
(MTL; hippocampal adequacy model) rather than the func-
tional reserve of the contralateral MTL (hippocampal
reserve model) to sustain memory performance [Powell
et al., 2007; Rabin et al., 2004]. However, MRI findings
associated with neuropsychological data are not always
sufficient to determine the risk of language and/or mem-
ory impairment following mesial temporal resection.
Application of more invasive procedures, such as intracra-
nial monitoring with depth electrodes (SEEG) and intracar-
otid sodium amytal test (IAT or Wada test), may be
considered necessary [Dinner, 1991; Golby et al., 2002;
Lineweaver et al., 2006; Rausch and Langfitt, 1991].

Even though considered the gold standard, the IAT has
a series of limitations, including its invasiveness, poor spa-
tial resolution, insufficient time for detailed evaluation of
language and memory functions and limited ability to dis-
tinguish verbal versus visual memory deficits [Dade and
Jones-Gotman, 1997; Gotman et al., 1992; Loring et al.,
1990; Lukban et al., 1994; Rausch, 2002]. Because of these
limitations of IAT, some researchers have aimed to explore
alternative methods, such as fMRI [Aldenkamp et al.,
2003; Golby et al., 2002; Rausch, 2002].

Although the role of fMRI in the lateralization of hemi-
spheric dominance for language is relatively well-estab-
lished, such an application has so far not been proved
reliable in the lateralization of verbal and visual memories
[Jokeit et al., 2001]. fMRI evaluation of memory is more
difficult than fMRI evaluation of other cognitive functions
due to some neuropsychological and technical issues
[Alessio et al., 2004b; Detre et al., 1998; Jones-Gotman,
1996; Powell et al., 2004, 2005 Strange, 2002; Richardson
et al., 2003].

Keeping all the above factors in mind, the purposes of
this study were: (1) to identify the brain areas involved in
verbal and visual memory processing in normal controls

and patients with unilateral MTLE associated with ipsilat-
eral HS, by means of fMRI; and (2) to assess the sensitivity
and potential clinical role of memory tests applied during
fMRI experiments in lateralizing and localizing verbal and
visual memory functions, during two distinct stages of
memory processing, namely: encoding and retrieval.

PATIENTS AND METHODS

Ascertainment of Subjects

In this study we included patients with diagnosis of re-
fractory MTLE followed at our epilepsy clinic. We also
included a control group, which were submitted to the
same protocols. All individuals signed a written consent,
approved by the ethics committee of UNICAMP Medical
School.

The clinical criterion was a history of simple partial
and/or complex partial seizures with characteristics of
MTL origin, such as: rising epigastric sensation, fear, expe-
riential phenomena, and autonomic signs and symptoms.
As a complement of this clinical criterion, no suggestion of
any other partial epilepsy syndrome could be present. The
EEG criterion was the presence of interictal epileptiform
discharges over mid-inferomesial temporal regions and no
clear-cut epileptiform abnormalities elsewhere.

The selected 26 individuals were divided into three
groups, as follows: control group, composed of nine nor-
mal controls with no history of epilepsy or any other neu-
rological and/or psychiatric pathology, and at ages and
education level similar to the patient groups; right-HS
group, composed of eight patients who fulfilled clinical-
EEG criteria for right MTLE and who had right HA and
other signs of unilateral right HS on MRI; and finally, left-
HS group, composed of nine patients who also had clinical
and EEG diagnosis of left MTLE and had left HA and
other signs of unilateral left HS on MRI. All patients had
normal hippocampal volumes contralateral to the EEG lat-
eralization, determined by MRI volumetric analysis
according to a previously defined protocol [Bonilha et al.,
2004]. Other MRI signs of HS, including hyperintense T2
signal were evaluated clinically by one of the authors with
experience in neuroimaging investigation in epilepsies
(F.C.).

Neuropsychological Evaluation

Both patient groups were submitted to an extensive neu-
ropsychological evaluation, which included: (1) vocabulary
and block design subtests of the Wechsler adult intelli-
gence scale-revised (WAIS-R) to estimate IQ; (2) the Edin-
burgh handedness inventory and dichotic listening test to
determine hemispheric dominance for language and, by
inference, to lateralize verbal and visual memories; (3) the
logical memory and verbal paired associates of the Wechs-
ler memory scale-revised (WMS-R) to investigate verbal
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memory; and (4) the figural memory, visual reproduction,
and visual paired associates of the WMS-R to investigate
visual memory. To control other cognitive functions that
could somehow influence memory tasks, they were also
submitted to tests for language (verbal fluency test and
Boston naming test/BNT), and attention [Strub and Black
Vigilance Test; Fromm-Auch and Yeudall, 1983; Kaplan
et al., 1983; Oldfield, 1971; Spreen and Strauss, 1998; Strub
and Black, 1993; Wechsler, 1981, 1987]. These tests were
adapted for our population by means of few stimuli sub-
stitutions. However, the procedures were kept the same as
the originals. The results of each test were compared with
results for normal controls matched by age and educa-
tional level. We did not use the same fMRI control group
for neuropsychological data.

Verbal and Visual Memory Tests During fMRI

Verbal memory evaluation during fMRI consisted of
encoding and immediate recall of 17 abstract and emotion-
ally neutral words [the equivalent Portuguese translations
for HONOR, OPINION, PROBLEM, DUTY, INTEREST,
PATIENCE, SOUL, LAW, OPTION, HAZARD, SYMPA-
THY, PRIDE, DECISION, CRITERIA, SYSTEM, LIFE,
METHOD, as proposed by Jones-Gotman et al., 1997] pre-
sented in four blocks alternating with a non-word string
(ARLTIP) presented in five blocks. Likewise, visual mem-
ory evaluation consisted of encoding and immediate recall
of 17 abstract drawings presented in four blocks alternating
with a fixation point (‘‘þ’’) presented in five blocks [Damas-
ceno et al., 2005; Jones-Gotman et al., 1997; see Fig. 1].

Individuals were instructed to focus their attention on
the non-word/fixation point for 34 s during the baseline

condition, and to try to memorize the 17 words/drawings
in 34 s during the experimental condition. At the end of
this encoding period, they rested for 120 s and, soon after-
ward, they attempted to recall silently all words/drawings
during 60 s (see Fig. 2). After this immediate recall period,
the individuals were requested to try to recognize, by
pressing a push-button, the 17 memorized words/draw-
ings among another 17 new abstract words/drawings.

fMRI Acquisition and Data Analysis

Before getting into the MR scanner, all subjects received
complete instructions about the verbal and visual memory
tests they were supposed to perform inside the machine.

Images were acquired in a bottom/up interleaved
mode, using a 2T Elscint Prestige (Haifa, Israel) MR scan-
ner with an EPI protocol (TR ¼ 2 s, TE ¼ 45 ms, voxel size
¼ 3 # 3 # 6 mm3). Two hundred and ninety cerebral vol-
umes with 20 slices each were obtained in the run.

The functional images acquired were then (1) recon-
structed and temporally reorganized, (2) transformed from
DICOM-2D into ANALYSE-3D format by using the MRI-
cro software, and finally (3) slice timed, realigned, normal-
ized (MNI standard template), smoothed (6 mm/FWHM)
and analyzed by using the SPM2 software package
(http://www.fil.ion.ucl.ac.uk/spm/). The imaging prepro-
cessing was carried out individually for each subject and
run, while the data analysis was performed putting to-
gether all subjects of the same group (control group, right-
HS group and left-HS group).

We attempted to maximize the signal-to-noise ratio
before acquiring the EPI images by following a semi-auto-
matic shimming procedure to homogenize the magnetic

Figure 1.

The cross and the 17 abstract drawings.
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field strength in the brain region to the sub-ppm level. In
order to reduce the chance for ghost artifacts, we have
made use of an algorithm proposed by Buonocore and
Gao [1997] during the image reconstruction stage.

For data analysis, the following parameters were
adopted: gama function with window length of 32 and
order 1, whereas model interaction, parametric modula-
tion, other regressors, removal of global effects, high-pass
filter and correction for serial correlations were left aside.
Three T-test contrasts were created in order to identify cer-
ebral areas related to verbal memory encoding (word
blocks—minus—nonword blocks) and immediate recall
(words recall). The same procedure was adopted for visual
memory encoding and immediate recall (see Fig. 2). In
other words, the first two contrasts designed were word
blocks and nonword blocks and the third one, immediate
recall. In order to identify the cerebral areas activated dur-
ing encoding stage, we assigned the value ‘‘1’’ to the word
blocks and the value ‘‘-1’’ to the nonword blocks, while no
value was assigned to the baseline condition (OFF). We
also assigned the value ‘‘0’’ to the immediate recall block
because in doing so it was left aside of this analysis. Then,
the program performed not only the subtraction of word
blocks—minus—nonword blocks but also compared this
result to the baseline condition result. Soon afterwards, to
identify the cerebral regions activated during immediate
recall stage, we assigned the value ‘‘1’’ to the immediate
recall block and no value to the baseline condition. Once
again, the value ‘‘0’’ was assigned to the word and non-
word blocks, which were left aside of this second analysis.

Finally, for the results visualization a threshold of P <

0.001, uncorrected for multiple comparisons, and clusters of
125/0 voxels were used for the encoding/retrieval phase.

RESULTS

The three groups had similar age and educational level
(Table I). The two patient groups were similar in age of

seizure onset, duration of epilepsy, seizure frequency, and
number of antiepileptic drugs used, as well as in the
results of the Edinburgh handedness inventory, dichotic
listening test, Boston naming test, verbal fluency test,
Strub&Black vigilance test, visual memory tests, and fMRI
recognition tests. The only difference between them was
that patients with left HS had lower IQ (F ¼ 9.656; P ¼

0.008) and worse performance on tests of general memory
(F ¼ 15.387; P ¼ 0.002), verbal memory (F ¼ 14.510; P ¼

0.002), and delayed recall (F ¼ 6.345; P ¼ 0.025) than
patients with right HS (Table II).

As already mentioned, three contrasts were designed
during the SPM2 analysis aiming to visualize the results
for encoding [-1 1 0] and immediate recall [0 0 1] stages.
The differences between cerebral areas activated during
encoding and immediate recall of verbal versus visual
memories are shown in Table III.

Verbal Memory Test

The data analysis of the encoding stage revealed activa-
tions of: (1) bilateral occipital cortices in the three groups;
(2) right parietal cortex in control group, and bilateral pari-
etal cortices in right-HS and left-HS groups; (3) left supe-
rior temporal cortex in control group, bilateral superior
temporal cortices in right-HS group, and right superior
temporal cortex in left-HS group; (4) bilateral middle fron-
tal cortices in control and left-HS groups, and left middle
frontal cortex in right-HS group (see Fig. 3); and (5) bilat-
eral>left ventro-lateral frontal cortices in right-HS group
and bilateral>right ventro-lateral frontal cortices in left-HS
group, while there was no such activation in control group
(see Fig. 4).

The data analysis of immediate recall showed activa-
tions of: (1) left occipital cortex in control and right-HS
groups, and bilateral occipital cortices in left-HS group; (2)
left parietal cortex in the three groups; (3) right superior
temporal cortex in control and left-HS groups, whereas no

Figure 2.

Verbal and visual memory paradigms. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

r Alessio et al. r

r 4 r



134 

 

 

such activation was detected in right-HS group; (4) bilater-
al>right infero-medial temporal cortices in control group
and right infero-medial temporal cortex in right-HS group,
and absence of such activation in left-HS group (see Fig.
5); (5) right ventro-lateral frontal cortex in right-HS and
left-HS groups, while no such activation was identified in
control group (see Fig. 6); and (6) right prefrontal cortex in
control and right-HS groups, and bilateral prefrontal corti-
ces in left-HS group.

Visual Memory Test

The data analysis of the encoding stage revealed activa-
tions of: (1) bilateral occipital and parietal cortices in the
three groups, (2) right frontal cortex in control group, and
bilateral superior and inferior frontal and prefrontal corti-
ces in right-HS and left-HS groups (see Fig. 7); and (3)
bilateral inferior temporal cortices in right-HS group (see
Fig. 8), while there was no such activation in control and
left-HS groups.

The data analysis of immediate recall showed activa-
tions of: (1) bilateral cerebellum in the three groups; (2)
right occipital cortex in control group, and left occipital
cortex in left-HS and right-HS groups; (3) bilateral parietal
cortices in control group, and left parietal cortices in left-
HS and right-HS groups; (4) right prefrontal cortex in con-
trol group and bilateral prefrontal cortex in left-HS group
(see Fig. 9), whereas no such activation was detected in
right-HS; (5) bilateral inferior temporal cortices in control
group, and right inferior temporal cortex in left-HS and
right-HS groups; (6) right mid-temporal cortex in control
and left-HS groups, while there was no such activation in
right-HS; and (7) bilateral hippocampal cortices in control
group (see Fig. 10).

DISCUSSION

As already well-established in the literature, neuropsy-
chological evaluation of patients with refractory MTLE

TABLE I. Demografic and fMRI data of subjects

Subjects
Age

(years)
Education
(years)

fMRI verbal
memory

(correct answers)

fMRI visual
memory

(correct answers)

Edinburgh
handedness
inventory

Controls

1 38 4 7 13 right
2 23 16 17 14 right
3 19 11 12 8 right
4 29 15 10 8 right
5 31 11 10 16 right
6 50 7 12 11 right
7 40 15 17 17 right
8 35 5 12 8 right
9 31 11 16 12 right
Right-HS group

1 34 11 12 12 right
2 32 11 5 NA right
3 43 11 13 11 right
4 49 11 14 14 left
5 50 16 14 15 right
6 41 13 15 11 right
7 38 8 12 13 right
8 35 8 17 16 right
Left-HS group

1 48 15 15 14 right
2 42 4 7 11 right
3 24 11 14 11 right
4 34 11 8 13 right
5 47 8 11 13 left
6 33 11 8 9 right
7 42 7 0 NA right
8 20 4 15 14 Right
9 31 5 11 12 Right
F and 1.5 1.574 1.402 0.508 0.536
P values 0.244 0.229 0.266 0.609 0.592

NA, not available.
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TABLE II. MRI, clinical, and neuropsychological data of patients

Patients MRI

Side of
TL spikes
on EEG

Age at
seizure
onset
(years)

Duration of
epilepsy
(years)

Seizure
frequency
(P/month) AEDs

Dichotic
listening

test

WAIS-R
estimated

IQ

Boston
naming
test

(z score)

Verbal
fluency
test

(z score)

Vigilance
test

(errors)

WMS-R
general
memory
(z score)

WMS-R
verbal
memory
(z score)

WMS-R
visual

memory
(z score)

WMS-R
delayed
recall

(z score)

Right-HS group

1 RHA right 4 30 20 CBZ; CLN left 100 0.12 !0.63 0 1.23 1.53 -0,05 1,95
2 RHA right 8 24 12 CBZ; CLB NA 97 !4.8 !0.63 0 0.4 0.68 -0,37 -0,24
3 RHA right 7 36 2 PNT; CLB left 86 !3.39 !0.19 0 !0.55 !0.54 -0,76 -1,02
4 RHA right 0 49 14 CBZ; CLB left 100 !2.13 !0.85 1 0.46 !0.02 1,68 -0,45
5 RHA right 19 31 2 LMT; CLB left 115 !0.11 0.02 0 2.38 2.96 0,46 3,16
6 RHA right 6 34 12 CBZ; CLB left 100 1.32 0.46 1 0.9 0.77 0,63 0,48
7 RHA right 4 34 30 CBZ left 92 !1.11 NA 0 !0.04 0.07 -0,11 -1
8 RHA right 4 31 4 CBZ; CLB left 97 !0.58 !0.85 0 1.29 1.07 1,04 1,88
Left-HS group

1 LHA left 1 47 2 OXC; CLB NA 94 !1.26 !0.85 0 !0.76 !1.19 0.78 !0.77
2 LHA left 20 22 40 CBZ; CLB left 80 !501 !1.02 1 !0.23 !0.22 !0.24 !1.3
3 LHA left 2 22 6 CBZ; TPM left 88 !4.49 !0.85 0 !1.25 !1.12 !0.5 !0.24
4 LHA left 4 29 1 CBZ; PNT; CLB left 94 !2.69 !0.19 0 !0.83 !1.55 0.59 !0.65
5 LHA left 3 44 5 CBZ; CLB left 89 !1.27 0.46 0 !0.04 !0.22 0.27 !0.03
6 LHA left 7 26 2 LMT; TPM; CLB left 89 !1 1.34 0 !0.04 !0.09 0.01 !0.59
7 LHA left 2 40 4 CBZ; CLB left 80 !7.97 !1.64 0 !1.83 !2.3 0.01 !1.73
8 LHA left 2 18 11 CBZ left NA NA NA NA NA NA NA NA
9 LHA left 4 27 4 CBZ left 86 !4.45 NA 0 !1.51 !1.12 !1.53 !3.15
F and 0.287 0.482 0.461 0.204 9.656 3.855 0.001 0.368 15.387 14.51 1.061 6.345

P values 0.600 0.498 0.508 0.658 0.008 0.07 0.979 0.554 0.002 0.002 0.32 0.025

TL, temporal lobe; RHA, right hippocampal atrophy; LHA, left hippocampal atrophy; AEDs, antiepileptic drugs; CBZ, carbamazepine; CLB, clobazam; PNT, phenytoin; LMT, lamotrigine; TPM,

topiramate; CLN, clonazepam; NA, not available.
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associated with HA usually reveals a mild-to-moderate
memory deficit [Engel et al., 1997; French et al., 1993].
According to our previous studies [Alessio et al., 2004a,b],
patients with refractory MTLE have more memory deficits
than those with drug-responsive MTLE, regardless of the
presence and degree of HA on MRI. On the other hand,
individuals with HA on MRI exhibit more memory
impairment than individuals with normal MRI, regardless
of the presence and frequency of seizures. However, the

interaction of refractory seizures and HA is related to the
worst memory performance [Alessio et al., 2004a,b].

Verbal Memory

A matter of less agreement in the literature concerns the
classic material-specific model of memory. More recent
studies in epilepsy surgery have shown that the

Figure 3.

Encoding activations of bilateral middle frontal cortices in control and Left-HS groups, and left

middle frontal cortex in Right-HS group.

TABLE III. Comparison of verbal and visual memories activation areas

Activation areas

Encoding of verbal memory Immediate recall of verbal memory

Control
group

Right-HS
group

Left-HS
group

Control
group

Right-HS
group

Left-HS
group

R L B R L B R L B R L B R L B R L B

Superior temporal cortex * * * * *
Infero-medial temporal cortex * *
Middle frontal cortex * * *
Ventro-lateral frontal cortex * * * *
Parietal cortex * * * * * *
Occipital cortex * * * * * *

Encoding of visual memory Immediate recall of visual memory

Inferior temporal cortex * * * *
Mid-temporal cortex * *
Hippocampal cortex *
Superior and inferior frontal cortex * * *
Prefrontal cortex * * * * *
Parietal cortex * * * * * *
Occipital cortex * * * * * *
Cerebellum * * *

R, right; L, left; B, bilateral; * presence of activation.

r Brain Plasticity for Verbal and Visual Memories r
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relationship between lateralized hippocampal pathology
and memory dysfunction is more evident in left MTLE for
verbal memory deficits than in right MTLE for visual
memory [Alessio et al., 2004a,b]. However, it is not well
established what kind of verbal memory process (encod-
ing, consolidation, or retrieval) is related to which cortical
brain regions in these patients, and this issue is particu-
larly important when selecting candidates for resection of
mesial temporal lobe structures.

Hence, one of the purposes of this study was to identify
and compare the cerebral areas involved in verbal memory
processing in normal controls and in patients with refrac-

tory MTLE by means of fMRI. More specifically, we tried
to localize and lateralize verbal memory function, during
two distinct stages of memory processing: encoding and
retrieval.

The first important result of this study is the fact that
the two patient groups were similar as regards several var-
iables which can influence verbal memory performance,
such as age of seizure onset, duration of epilepsy, seizure
frequency, and number of antiepileptic drugs used, as
well as vigilance, language and visual memory functions.
Nevertheless, patients with left HS had worse performance
on verbal memory, general memory and delayed recall

Figure 4.

Encoding activations of bilateral > left ventro-lateral frontal cortices in Right-HS group and bilat-

eral > right ventro-lateral frontal cortices in Left-HS group.

Figure 5.

Immediate recall activations of bilateral > right infero-medial temporal cortices in control group

and right infero-medial temporal cortex in Right HS group.
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than patients with right HS. Moreover, they also had
lower IQ, which may have contributed to their inferior
memory performance.

In addition, although the three groups were similar in
age, educational level, handedness, and hemispheric domi-
nance for language, they exhibited different patterns of
activations not only in the encoding stage, but also in the
retrieval stage of verbal memory processing.

With regard to the encoding stage, patients with left HS
showed more widespread areas of activations than
patients with right HS, and even more than normal con-
trols. Although this pattern had been observed in the occi-
pital (Brodmann areas [BA]: 17/18), parietal (BA: 7) and
temporal regions (BA: 21/22), it seemed to be mostly re-
markable in the middle and ventro-lateral frontal regions

(BA: 6/8 and 44/45, respectively). These findings are in
accordance with previous fMRI studies that have demon-
strated a larger involvement of frontal cerebral areas in
verbal memory processing in patients with left MTLE
[Dupont et al., 2000; Golby et al., 2001].

Patients with left HS also tended to exhibit more bilat-
eral or right lateralized encoding related activations (Figs.
3 and 4). This functional reorganization and, consequently,
cortical reallocation of verbal memory encoding in more
widespread bilateral fronto-parietal, and right temporal
areas in patients with left MTLE may indicate a compensa-
tory strategy for the dysfunction of left MTL system
[Dupont et al., 2000]. A less evident functional reorganiza-
tion of verbal memory encoding was also detected in the
bilateral parietal, bilateral>left ventro-lateral frontal, left

Figure 6.

Immediate recall activations of right ventro lateral frontal cortex in Right HS and left HS groups.

Figure 7.

Encoding activations of right frontal cortex in control group, and bilateral superior and inferior

frontal and prefrontal cortices in Right HS and left HS groups.

r Brain Plasticity for Verbal and Visual Memories r
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middle frontal, and bilateral superior temporal cortices in
patients with right HS, as compared to normal controls.
We could also hypothesize that this functional rearrange-
ment can be secondary to the failure of right MTL system.

Another interpretation of our regional activation data
during verbal encoding is that the block designed visual
presentation of the abstracts words could also activate the
semantic working memory processing of these words,
whose meanings (concepts) are accessed almost automati-
cally. Indeed, a ‘‘semantic working memory system’’ re-
sponsible for retrieving, maintaining, monitoring and
manipulating semantic representations and composed par-
ticularly by the left anterior-inferior prefrontal cortex and
the polar region of the left temporal lobe, has been pro-
posed by Gabrieli et al. [1998], Wagner [1999], and Martin
and Chao [2001]. Additional evidence for the relevance of
the left lateral prefrontal cortex for semantic processing of

abstract words has been yielded afterward by other
authors [Fiebach and Friederici, 2004; Goldberg et al.,
2007]. In an event-related fMRI study of normal readers
Fiebach and Friederici [2004] found that different semantic
classes of nouns are processed in distinct cortical regions
within the left hemisphere, with concrete nouns activating
preferentially the left basal temporal cortex, and abstract
nouns the left inferior frontal cortex. In patients with left
MTLE and HS, on the contrary, similar studies have
shown a shift of activations to homologous regions in the
right hemisphere during the processing of abstract words
as compared to concrete words and non-words [Edwards
et al., 2005; Koylu et al., 2006]. Our group of left MTLE
and HS patients showed similar shifted distribution of
activations: right temporal, right or bilateral inferolateral
frontal, bilateral middle frontal and bilateral parietal.
Thus, this widespread contralateral and ipsilateral cortical
activation may be interpreted as resulting not only from
the episodic encoding but also from the semantic working
memory processing of the words presented.

With respect to the retrieval stage, patients with MTLE
associated with left HS continued to show more wide-
spread areas of activations than patients with right HS
and normal controls. Once more, this pattern was more
evident in the frontal region. However, it is important to
emphasize that the activation areas observed in the re-
trieval stage were smaller than those detected in the
encoding stage in the three groups.

In the retrieval period, as opposed to the encoding
stage, not only patients with left HS, but also patients with
right HS and normal controls tended to exhibit more bilat-
eral and right-sided activations (Figs. 5 and 6).

This prevalence of right hemisphere activations during
the retrieval stage is in agreement with the hemispheric
encoding/retrieval asymmetry (HERA) model, which pre-
dicts prefrontal activation during encoding of new

Figure 8.

Encoding activations of bilateral inferior temporal cortices in

Right HS group.

Figure 9.

Immediate recall activations of right prefrontal cortex in control group and bilateral prefrontal cortices left HS group.
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information mainly in the left hemisphere, whereas re-
trieval of previously learned information is accompanied
by increased activity in right prefrontal areas [Dupont
et al., 2000; Kapur et al., 1994; Kennepohl et al., 2007;
Powell et al., 2004; Tulving et al., 1994]. Although it con-
cerns only to the material-independent lateralization of
certain memory tasks in frontal lobes, some authors have
recommended that it be extended to temporal lobe regions
[Kennepohl et al., 2007]. During retrieval, our group of left
MTLE patients showed bilateral prefrontal activation with
right frontal ventrolateral predominance, which indicates a
reduction of the functional hemispheric asymmetry in this
task, similarly to that observed with normal aging (the so
called HAROLD, Hemispheric Asymmetry Reduction in
Older adults), [Cabeza, 2002]. In patients with left MTLE,
the increased (bilateral) prefrontal activation not only may
be compensatory, but also may represent a decrease in the
level of functional differentiation of the task-relevant neu-
ral systems, as proposed by Chen et al. [2002] for the
HAROLD model. It remains unexplained why our group
of patients with right MTLE presented ipsilateral activa-
tion (right prefrontal, frontal ventrolateral, and temporal
inferomedial), thus preserving the prevalence of right
hemisphere activations during retrieval. It is possible that
their long epilepsy duration with early development of
right HS has led to intrahemispheric reorganization of cog-
nitive functions.

Visual Memory

Our previous studies did not show a significant correla-
tion between the degrees of right HA and visual memory
deficits in patients with right MTLE [Alessio et al.,
2004a,b, 2006; Bonilha et al., 2007]. Two hypotheses have
been raised to explain this lack of correlation: (1) the vis-
ual memory may have a more diffuse and bilateral repre-
sentation in the brain [Helmstaedter and Kurthen, 2001;

Jones-Gotman, 1996], and/or (2) the visual memory tests
employed may not be robust enough to identify nondomi-
nant hippocampal dysfunction [Jones-Gotman, 1996]. We
believe in a combination of these two hypotheses, because:
(1) we found visual memory deficits in MTLE patients
with bilateral HA and rarely in those with right unilateral
HA, and (2) we observed that some patients made use of
verbal strategies in order to memorize a visual content
[Alessio et al., 2004a].

Hence, another purpose of this study was to identify
and compare the cerebral areas involved in visual memory
processing in normal controls and patients with refractory
MTLE by means of fMRI.

With regard to the encoding stage, patients with right
MTLE showed more widespread and bilateral areas of
activations than patients with left MTLE, and even more
than normal controls. Moreover, while normal controls
tended to exhibit asymmetrical (bilateral>right) activated
regions, patients with right HS tended to show more sym-
metrical and bilateral activated regions probably to com-
pensate for the failure of their right MTL system (Figs. 7
and 8).

These findings are in agreement with the hypothesis of
a more diffuse and bilateral representation of visual mem-
ory in the brain. Not only MTL structures, but also tem-
poroparietal and prefrontal areas seem to be involved with
the functional neuroanatomy of visual memory, as follows:
(1) posterior parietal cortex provides a bridge from percep-
tion to recognition, it is related to attention and spatial
awareness, and it takes part in spatial memory; and (2)
dorsolateral prefrontal cortex is associated with attention,
working memory and executive functions that are also
critical for memory processes [Burgess et al., 2001; Des-
granges et al., 1998].

However, in contrast to some authors [Detre et al., 1998;
Stern et al., 1996; Szaflarski et al., 2004] who have found
bilateral-symmetrical hippocampal activation in normal
controls and bilateral-asymmetrical hippocampal activation
in MTLE patients, we did not find hippocampal activa-
tions in the three groups during encoding stage of a visual
content. This discrepancy could be explained by (1) differ-
ences in the fMRI task design; and/or (2) lack of MTL acti-
vation in our study owing to those technical limitations
mentioned before, such as geometric distortions, signal
loss artifacts, and partial volume effects [Figueiredo et al.,
2008; Powell et al., 2004, 2005, 2007]. For different reasons
some other functional studies have also failed to demon-
strate hippocampal activation either during encoding or
retrieval stages [Cabeza and Nyberg, 2000; Schacter and
Wagner, 1999].

With respect to the retrieval stage, the activation pat-
terns found in the three groups were exactly the opposite
of those detected in the encoding stage. Compared to
patients with right MTLE, left MTLE patients retrieval pro-
duced more diffuse activation, which was even more dif-
fuse in normal controls (Figs. 9 and 10). It is important to
note that in the retrieval stage we were able to detect

Figure 10.

Immediate recall activations of bilateral hippocampal cortices in

control group.
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bilateral symmetrical hippocampal activation in the control
group [Jokeit et al., 2001]. Again, not only MTL structures
but also temporal, parietal and prefrontal areas seem to be
involved in visual memory processing [Burgess et al.,
2001; Engelsen et al., 2006; Fletcher, 1995; Ungerleider
et al., 1998].

In addition, patients with right-HS tended to exhibit
more left-sided activated areas during retrieval as opposed
to patients with left-HS and normal controls, which tended
to show more bilateral and right-sided activations. This
prevalence of right hemisphere activations during the re-
trieval stage in normal controls is in agreement with the
hemispheric encoding/retrieval asymmetry (HERA)
model. Patients with right MTLE, on the contrary, tended
to show more left-sided activated areas probably to com-
pensate for the failure of their right MTL system.

Limitations

As already mentioned, fMRI evaluation of memory is
more difficult than fMRI evaluation of other cognitive
functions, due to some neuropsychological and technical
issues [Powell et al., 2004, 2005]. As regards the neuropsy-
chological aspects, we polarized as much as possible the
verbal versus the nonverbal (visual) memory contents, by
using a list of 17 abstract and emotionally neutral words
as opposed to a series of 17 abstract drawings. In spite of
this, some of the drawings may have led the patients to
use verbal strategies in order to memorize the visual con-
tent. In addition, the drawings may have led to a different
pattern of activation because they were more complex
than the fixation point (‘‘þ’’) of the baseline condition. In
addition, the technical aspects could not be so well con-
trolled, because (1) the fMRI acquisitions were made using
EPI sequence, which is particularly susceptible to geomet-
ric distortions and signal loss, and (2) the BOLD response
is naturally lower in the hippocampal regions. All these
problems may have contributed to the relative lack of
MTL activations, and their solution requires paradigms
with even less verbalizable visual-spatial test material and
more complex stimulus than a fixation point, as well as
fMRI equipments with higher spatial resolution and
greater sensitivity.

However, we believe that the restrictive and rigorous
statistical analysis that we performed in the present study
make our findings quite reliable.

CONCLUSION

A complex network including parietal, temporal and
frontal cortices seems to be involved in verbal memory
encoding and retrieval in normal controls. The extension
of such activations was larger in patients with right and
left HS, more so in patients with left HS. Whereas normal
controls and patients with right HS tended to exhibit more
left-sided activated areas, patients with left HS tended to

show more bilateral and right-sided activated regions in
the encoding stage. These findings can indicate either a
dysfunction or a functional reorganization of verbal mem-
ory processing in other cerebral regions, particularly in
frontal lobes. In contrast, the three groups presented more
right-sided activated areas in the retrieval stage, which is
in agreement with the HERA model.

As regards visual memory encoding and retrieval, our
findings support the hypothesis of a more diffuse and
bilateral representation of this cognitive function in the
brain. Compared to normal controls, encoding of visual
material in patients with left HS recruited more wide-
spread cortical areas, which were even more widespread
in patients with right HS probably to compensate for their
right mesial temporal dysfunction. On the other hand,
when compared to the right MTLE group, the drawing re-
trieval task produced more diffuse activation in the left
MTLE group and even more diffuse activation in the con-
trol group (including also both hippocampi). In spite of
their effort in memorizing (encoding) the 17 drawings,
patients with right MTLE exhibited fewer activated areas
during immediate recall probably related to their greater
difficulty in dealing with visual memory content.
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Partial Reversibility of Hypothalamic Dysfunction and
Changes in Brain Activity After Body Mass Reduction in
Obese Subjects
Simone van de Sande-Lee,1 Fabrício R.S. Pereira,2 Dennys E. Cintra,1,3 Paula T. Fernandes,2

Adilson R. Cardoso,4 Célia R. Garlipp,5 Eliton A. Chaim,6 Jose C. Pareja,6 Bruno Geloneze,7 Li Min Li,2

Fernando Cendes,2 and Licio A. Velloso1

OBJECTIVE—Inflammation and dysfunction of the hypothala-
mus are common features of experimental obesity. However, it is
unknown whether obesity and massive loss of body mass can
modify the immunologic status or the functional activity of the
human brain. Therefore, the aim of this study was to determine
the effect of body mass reduction on brain functionality.

RESEARCH DESIGN AND METHODS—In humans, changes
in hypothalamic activity after a meal or glucose intake can be
detected by functional magnetic resonance imaging (fMRI).
Distinct fMRI analytic methods have been developed to explore
changes in the brain’s activity in several physiologic and patho-
logic conditions. We used two analytic methods of fMRI to ex-
plore the changes in the brain activity after body mass reduction.

RESULTS—Obese patients present distinct functional activity
patterns in selected brain regions compared with lean subjects.
On massive loss of body mass, after bariatric surgery, increases
in the cerebrospinal fluid (CSF) concentrations of interleukin
(IL)-10 and IL-6 are accompanied by changes in fMRI patterns,
particularly in the hypothalamus.

CONCLUSIONS—Massive reduction of body mass promotes
a partial reversal of hypothalamic dysfunction and increases anti-
inflammatory activity in the CSF. Diabetes 60:1699–1704, 2011

O
besity affects more than 300 million people
worldwide (1). It is the main risk factor for type
2 diabetes, atherosclerosis, and hypertension,
and therefore plays an important role in the

overall mortality of modern societies (2). Increased adi-
posity results from the progressive loss of the homeostatic
control of caloric intake and energy expenditure. In animal
models, dysfunctional activity of specialized neurons of
the hypothalamus is regarded as an important determinant
for the development of obesity (3–6). In both genetic and
diet-induced obese rodents, the malfunction of the hypo-
thalamus is a consequence of the activation of local in-
flammation and eventually apoptosis of selected neuronal

populations (3,4,7,8). The inhibition of inflammation by
genetic or pharmacologic approaches leads to the re-
duction of the obese phenotype and correction of the
metabolic breakdown, placing hypothalamic inflammation
as a potential target for the treatment of obesity (3,4,8–10).

We show that obese patients present distinct functional
activity patterns in selected brain regions, compared with
lean subjects. On massive loss of body mass, increases in
the cerebrospinal fluid (CSF) concentrations of interleukin
(IL)-10 and IL-6 are accompanied by changes in functional
magnetic resonance imaging (fMRI) patterns, particularly
in the hypothalamus.

RESEARCH DESIGN AND METHODS

Thirteen obese patients (11 females) were recruited from the Obesity Clinic at

the University of Campinas. All patients were selected for bariatric surgery

according to the National Institutes of Health Consensus Statement (11). The

surgical technique used was always the Roux-in-Y gastric bypass (12).

Patients were submitted to fMRI plus blood and CSF collection at the time of

the surgery and after reduction of body mass. Inclusion criteria for patient

selection were men and women between 18 and 60 years of age who met the

above-mentioned criteria for surgery. Exclusion criteria for patient selection

were diabetes, inflammatory or infectious disease, use of psychotropic or

anti-inflammatory drugs, and history of substance addiction. In addition,

eight lean control subjects were selected among students of the university.

Control subjects were submitted to blood collection and fMRI. Control CSF

was obtained from patients referred to the university for headache. Criteria

for selection of both control groups were the same used for patients, except

for a BMI ,25. The fMRI studies were performed on a 1.5 GE MRI scanner

(GE Healthcare, Waukesha, WI) in 12-h fasting subjects. The method for

image acquisition was the same as previously described (13) except that

a total of 500 images were acquired in 30 min. D-glucose (50 g) was ingested

after 5 min. Leptin, insulin, and adiponectin were determined in sera using

ELISA kits from Millipore (Billerica, MA). Tumor necrosis factor-a (TNF-a),

IL-1b, IL-10, and IL-6 were determined in sera and CSF using ultra-sensitive

ELISA kits from BD Biosciences (Bedford, MA) and Cayman Chemical (Ann

Arbor, MI). Biochemical and cellular parameters in the blood and CSF were

determined using automated methods from F. Hoffmann-La Roche (Basel,

Switzerland) and Beckman Coulter (Brea, CA). Temporal clustering analysis

(TCA) and spatial analysis were performed as described (13). The fcMRI

analysis was performed as previously described (14,15) except that the seed

(virtual label that defines the target area from or toward which connectivity

is evaluated) was placed in the hypothalamus. Student t test was used for

statistical analysis.

RESULTS

Patients were evaluated at the time of the surgery and
238 6 11 days later, when body mass was reduced by 29 6
4% (P, 0.05). Although most patients enrolled in the study
were women, both male patients presented similar out-
comes; therefore, we have no reason to suspect the data
shown in this article represent female-specific phenomena.
The nutritional habits of the patients were assessed
according to the International Collaborative Study of
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Macro- and Micronutrients and Blood Pressure 24-h di-
etary recall (16). Total caloric intake decreased from
5,602 6 3,391 to 803 6 355 kCal/day (P , 0.05), and the
consumption of saturated fats decreased from 33.6 6 6.1
to 30.36 11.6% of total caloric intake (P, 0.05). Of special
interest, the relative consumption of saturated fats by
obese patients was greater than that of lean control sub-
jects on enrollment and reduced by 10.5% after surgery,
becoming statistically similar to lean subjects. As expected,
all the systemic parameters reflecting the metabolic and
inflammatory status of the patients improved significantly
after massive body mass loss (Table 1), reflecting the
known impact of reduction of adiposity and caloric intake
on subclinical inflammation and glucose/lipid homeostasis
(17).

Body mass loss produced no effect on cellular and
biochemical parameters in the CSF (Table 2). Two distinct
ultra-sensitive ELISA methods were used to evaluate TNF-a
and IL-1b in CSF, but these rendered no detectable levels
in all samples evaluated. However, the CSF levels of IL-10
increased in all patients, and the CSF levels of IL-6 in-
creased in all except one patient, leading to statistically
significant increases of both these cytokines after body
mass loss (Fig. 1A and B). Both IL-6 and IL-10 levels in the
CSF were inversely correlated with BMI (Fig. 1C and D),
and IL-6 levels in the CSF were inversely correlated with
IL-6 in the blood (Fig. 1E). Compared with lean subjects,
IL-10 levels in the CSF of obese subjects were similar be-
fore surgery (15.9 6 8.6 vs. 18.1 6 7.8 pg/mL for obese and
lean subjects, respectively) and significantly higher after
body mass loss (29.8 6 10.4 pg/mL, P , 0.05). Conversely,
IL-6 levels in the CSF of obese patients were significantly
lower than in lean control subjects before surgery (1.6 6
1.3 vs. 6.4 6 5.3 pg/mL [P , 0.05] for obese and lean
subjects, respectively), reaching similar levels after body
mass loss (5.76 2.8 pg/mL). In all groups, the CSF levels of
IL-10 were similar or higher than the blood levels of this

cytokine, suggesting that, at least in part, IL-10 was pro-
duced in the central nervous system (Fig. 1F). No signifi-
cant differences in blood monocyte counts were detected
among obese and lean subjects and in obese patients be-
fore and after surgery.

Two distinct analytic methods were used to evaluate the
impact of obesity and body mass loss on the activity of the
brain: TCA and functional connectivity MRI (fcMRI). TCA
allows for the identification of maximal response to a
given stimulus in a combination of signal intensity and
spatial extent (13), whereas fcMRI defines temporal cor-
relations between remote neurophysiologic events, which
are hemodynamic in nature when evaluated by fMRI (14,18).

For TCA, a mathematic model converts a multiple-
dimension data space into a relationship between the num-
ber of voxels, reaching maximum signal intensity, and the
time (13). On a given time frame, the spatial mapping
allows for the anatomic localization of the activity. We
found that a first peak of activity occurred right after
glucose intake (Fig. 2A), as previously reported (13). This
peak was similar in lean and obese subjects both before
and after surgery (Fig. 2A). After approximately 5 min of
the glucose stimulus, lean subjects presented a second
peak that was comparable to previously reported data
(13). However, obese patients did not present such a peak,
either before or after surgery (Fig. 2A). In addition, during
the remaining 20 min of analysis, the number of voxels
reaching maximum activity became progressively different
among the groups. The highest activity was presented by
lean subjects, whereas obese subjects before surgery
presented the lowest activity and obese subjects after
surgery presented intermediate activity (Fig. 2A). Spatial
analysis was then performed at three distinct time win-
dows, labeled in yellow in Fig. 2A. In the first window
(W1), which included the first peak after glucose intake,
maximum activity was detected in the hypothalamus and
orbitofrontal cortex in all three conditions (lean subjects,

TABLE 1
Blood metabolic and inflammatory parameters

Lean Obese before surgery Obese after surgery

6 females, 2 males 11 females, 2 males

Age (years) 29.5 6 4 34.0 6 10
BMI (kg/m2) 20.9 6 2.4 39.1 6 1.9* 28.1 6 2.8*§
WC (cm) 72.2 6 9.2 110.3 6 9.9* 89.7 6 8.7*§
HC (cm) 91.3 6 7.3 127.0 6 5.2* 105.0 6 7.5*§
Glucose (mg/dL) 80.6 6 3.1 84.3 6 6.1 77.9 6 7.3
HbA1c (%) 4.8 6 0.2 5.2 6 0.3 5.1 6 0.3
Insulin (pmol/L) 25.0 6 10.3 68.7 6 38.1* 21.5 6 10.4§
HOMA-IR 0.7 6 0.3 2.1 6 1.2* 0.6 6 0.2§
Cholesterol (mg/dL) 189 6 28 153 6 24 141 6 16
HDL (mg/dL) 74.5 6 25.7 36.9 6 5.8* 52.6 6 9.1*§
LDL (mg/dL) 99.5 6 22.4 97.6 6 26.4 73.6 6 16.1
Triglycerides (mg/dL) 75.5 6 38.9 94.1 6 27.1 76.6 6 19.9
CRP (mg/dL) 0.13 6 0.02 0.91 6 0.70* 0.17 6 0.02§
ESR (mm/1 h) 14 6 12 26 6 16* 16 6 9§
Adiponectin (mg/mL) 6.9 6 1.7 2.7 6 1.8* 7.8 6 1.6§
Leptin (ng/mL) 21.4 6 6.2 36.8 6 12.0* 17.0 6 13.9§
TNF-a (pg/mL) 5.8 6 5.5 25.6 6 10.3* 12.4 6 9.8§
IL-1b (pg/mL) 2.0 6 1.8 42.9 6 26.7* 13.6 6 4.3*§
IL-6 (pg/mL) 4.1 6 4.2 26.3 6 10.2* 8.5 6 6.4§
IL-10 (pg/mL) 14.0 6 10.1 15.6 6 16.5 15.8 6 5.5

CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; HC, hip circumference; HOMA-IR, homeostasis model assessment of insulin
resistance; WC, waist circumference. *P , 0.05 vs. lean. §P , 0.05 vs. obese before surgery.
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obese subjects before surgery, and obese subjects after
surgery), in the occipital cortex in lean and obese subjects
after surgery, and in the somatosensory cortex in obese
subjects both before and after surgery (Fig. 2B, W1).
Comparisons between the groups revealed that lean and
obese subjects before surgery presented different activi-
ties in the hypothalamus (inset graph, Fig. 2B, W1) and
occipital and somatosensory cortices; lean and obese
subjects after surgery were mostly similar with discrete
differences in the somatosensory cortex; and obese sub-
jects before and after surgery presented different activities
in the hypothalamus (inset graph, Fig. 2B, W1). In the
second window (W2), which included the second peak
after glucose intake, lean subjects presented the highest
activity in the hypothalamus and somatosensory and oc-
cipital cortices; obese subjects before surgery presented
the highest activities in the somatosensory and occipital
cortices and cerebellum; and obese subjects after surgery
presented the highest activity in the somatosensory cortex
(Fig. 2B, W2). At W2, the activities in the hypothalamus
(inset graph, Fig. 2B, W2) and somatosensory cortex were

different between lean and obese subjects before surgery.
The comparison between lean and obese subjects after
surgery showed a significant difference only in the so-
matosensory cortex; the comparison between obese sub-
jects before and after surgery showed differences in the
hypothalamus (inset graph, Fig. 2B, W2) and occipital,
somatosensory, and orbitofrontal cortices. In the third
window (W3), lean subjects presented the highest activi-
ties in the hypothalamus and orbitofrontal and somato-
sensory cortices; obese subjects before surgery presented
the highest activities in the somatosensory and occipital
cortices and in the cerebellum; and obese subjects after
surgery presented the highest activity only in the somato-
sensory cortex (Fig. 2B, W3). Somatosensory and orbito-
frontal cortices and the hypothalamus (inset graph, Fig.
2B, W3) presented different activities when lean subjects
were compared with obese subjects before surgery. Only
the orbitofrontal cortex was different between lean and
obese subjects after surgery, and somatosensory and
orbitofrontal cortices were different between obese sub-
jects before and after surgery (Fig. 2B, W3).

At both resting state and after a stimulus, synchronized
fluctuations of blood oxygen levels dependent on function
in fMRI signals in remote brain areas reflect physiologic or
pathologic patterns in a neuronal network (14,15,18). The
measurements of such events, which are the basis of
fcMRI, provide maps of connectivity that indicate inte-
gration and segregation of brain information. Here, a seed
was placed on the hypothalamus to explore the connec-
tivity of this anatomic region with other brain areas. In
lean subjects, the hypothalamus presented the highest
level of functional connectivity with the orbitofrontal and
somatosensory cortices (Fig. 3A). In obese subjects before
surgery, functional connectivity was detected between

FIG. 1. Inflammatory markers in the CSF. Levels of IL-6 (A) and IL-10 (B) were determined in the CSF of obese patients before and after bariatric
surgery. Correlation between IL-6 (C) and IL-10 (D) concentrations in the CSF and BMI, and correlation between IL-6 concentrations in the CSF
and blood (E) were obtained. The mean (6SD) levels of IL-10 in the blood and CSF were obtained for lean and obese subjects before and after
surgery (F). N = 8 for lean subjects; N = 13 for obese subjects. F: *P< 0.05 vs. blood/after surgery. AS, after surgery; BL, blood; BS, before surgery;
CS, cerebrospinal fluid.

TABLE 2
Cerebrospinal fluid cellular and biochemical parameters

Lean

Obese
before
surgery

Obese
after

surgery

Glucose (mg/dL) 59.5 6 9.6 52.9 6 8.5 48.5 6 4.4
Protein (mg/dL) 26.3 6 6.8 26.6 6 11.1 23.7 6 6.8
Leukocytes/mL 1.6 6 0.8 2.0 6 1.5 2.5 6 4.3
Erythrocytes/mL 18 6 38 37 6 79 44 6 57
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the hypothalamus and the orbitofrontal cortex and cere-
bellum (Fig. 3B). After surgery, functional connectivity of
obese patients was highest between the hypothalamus
and the orbitofrontal, somatosensory, and occipital cor-
tices (Fig. 3C). Intergroup comparisons revealed the
greatest difference in functional connectivity between
lean and obese subjects before surgery, particularly in
the regions of the cerebellum and somatosensory cortex
(Fig. 3D). Functional connectivity was mostly similar be-
tween lean and obese patients after surgery (not shown).
Finally, some differences in functional connectivity between

obese subjects before and after surgery were detected in
the cerebellum, somatosensory, and orbitofrontal cortices
(Fig. 3E).

DISCUSSION

Both TCA and fcMRI analyses showed distinct patterns of
functionality between obese and lean subjects. The dif-
ferences were mostly confined to a few anatomic regions,
predominating in the hypothalamus and somatosensory
and orbitofrontal cortices. The hypothalamus harbors

FIG. 2. TCA of the human brain after glucose intake. A: Time course of the activation depicted as the means of all analyzed subjects in the re-
spective groups (black, lean; red, obese before surgery; blue, obese after surgery); W1–W3 represent the time windows selected for spatial
analysis. B: Spatial mapping of the brain activity at each of the time windows (W1–W3); individual group analyses were performed for lean and
obese subjects before and after surgery; comparisons were also performed for all pairs of groups. The inset graphs on the right represent the signal
intensity in the region of the hypothalamus for each group. N = 8 for lean subjects; N = 13 for obese subjects. A pixel clustering size of 5 and
a t-threshold of |t| >2.1 were chosen to afford a P < 0.01 level of statistical significance of the detected signal changes. This is represented by the
different colors, as defined by the normalized color bars. Color bars indicate t value for one-sample t test (lean, BS, and AS) and two-sample t test
(lean vs. BS, lean vs. AS, and BS vs. AS). In the insets in B, *P < 0.01 vs. lean and #P < 0.01 vs. before surgery. AS, after surgery; BS, before
surgery; Cb, cerebellum; Hy, hypothalamus; Oc, occipital cortex; Of, orbitofrontal cortex; Ss, somatosensory cortex. (A high-quality digital rep-
resentation of this figure is available in the online issue.)
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hormone and nutrient-sensing neurons and provides the
integration for the energy intake and expenditure respon-
ses (19). Defective leptin and insulin signaling in this re-
gion provides the basis for experimental obesity (5,19).
The somatosensory and orbitofrontal cortices integrate
feeding cues with gustatory activity and facial movements,
respectively. The activities of these regions have been
shown to be modulated after a meal or glucose ingestion
(13,20,21), and data obtained from experimental animals
reinforce their role in the control of feeding and energy
homeostasis (5,19). The massive loss of body mass obtained
after surgery produced obvious changes in the function-
ality of the brain. By either analytic method, it is clear that
changes occurred toward the patterns found in lean sub-
jects. This is particularly evident in the TCA spatial anal-
ysis, which showed only minor differences when lean
subjects were compared with obese subjects after surgery
(Fig. 2B, W1, W2, and W3 – Lean 3 AS). Another remark-
able finding was the increased levels of IL-10 and IL-6 in the
CSF of obese subjects after surgery. In a recent study, in-
creased levels of both these cytokines were shown to play
a role in the reduction of hypothalamic resistance to leptin
after physical activity (22). Although inflammatory cyto-
kines were not detected in the current study, we believe
that advancement in measurement methods will allow
quantification of these cytokines and a comparison with the
findings in animal models, which show reductions in both
TNF-a and IL-1b after body mass loss (3,4).

The human brain activity in response to glucose in-
gestion is modified by obesity, and body mass loss rees-
tablishes some of the parameters. We cannot be sure if
a longer period of time elapsed from the surgery or
whether the complete restoration of body mass to levels
similar to those of lean control subjects would completely
correct the dysfunction. As observed in experimental
obesity, neuronal apoptosis in the hypothalamus can affect
distinct cellular subpopulations, leading to a defective re-
sponse to hormonal and nutritional inputs (7). Should
a similar phenomenon occur in humans, a complete res-
toration of the functional activity may not be achieved.
Nevertheless, the increase in the anti-inflammatory activity
detected in the CSF of obese patients after the loss of body
mass is remarkable. In addition to the well-known anti-
inflammatory activity of IL-10, the inhibition of neuronal
degeneration through the reduction of apoptosis has been
reported (23). Thus, we can hypothesize that body mass
loss or other conditions that increase IL-10 in the brain
may reduce neuronal damage resulting in the restoration
of functionality. Moreover, these findings place IL-10 and
perhaps IL-6 as attractive therapeutic agents for obesity, as
recently suggested (22).

In conclusion, reduction of body mass in obese humans
increases the anti-inflammatory activity in the CSF and
partially corrects the dysfunctional activity in response to
glucose in selected brain areas. These data suggest that
obesity and body mass loss affect the human brain in
a manner similar to the animal models for this disease.
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Neste trabalho buscou-se o desenvolvimento e o aperfeiçoamento de uma sequência 

de experimentos, em ordem crescente dos níveis de dificuldade, para gerar mapas cerebrais e 

conectomas diversas condições neurológicas e psiquiátricas. O conjunto de variáveis que 

permearam o trabalho pode ser apresentado didaticamente em três categorias distintas, apesar 

de estarem interligadas. A primeira, de ordem fisiológica, é representada pelos os processos 

cerebrais. As interpretações sobre esses processos têm sido discutidas tanto em escalas 

microscópicas, da ordem de canais iônicos (Heinzen et al., 2007), de expressões gênicas 

(Kobayashi et al., 2002), ou de componentes metabólicas (Pascual et al., 2008) como também 

em dimensões macroscópicas a exemplo, de ordem anatômica, em diferentes níveis de 

substâncias cinzenta (Keller et al., 2002) ou branca (McMillan et al., 2004) e de conexão 

(Bonilha et al., 2004). Na presente tese, os exemplos que foram estudados envolveram o 

processo de envelhecimento normal (Kensinger et al., 2006, Salat et al., 2005, Corkin, 1998), 

de epilepsia medial temporal (Pereira et al., 2010, Alessio et al., 2011), de doença de 

Alzheimer (Balthazar et al., 2013), de transtorno cognitivo leve (Radanovic et al., 2013), 

de pacientes com obesidade mórbida (van de Sande-Lee et al., 2011), de idosos com 

diagnóstico de depressão (Bezerra et al., 2012) e de indivíduos com mutação gênica (Franca 

et al., 2012).   

Na segunda categoria, de ordem neuropsicológica, residem os processos de funções 

cognitivas. A base deste conceito fundamenta-se na representação interna de informações, 

sejam estas obtidas externamente ou processadas internamente (Gazzaniga et al., 2009). As 

informações,  elevadas à esfera mental, podem gerar, elaborar ou mesmo manipular grupos 

de operações mentais como memória, atenção, linguagem entre outras. As interações entre 

operações mentais e processos cerebrais compõem um sistema dinâmico de informações 

denominado sistema funcional complexo (Luria, 1980).  Entretanto, as manifestações mentais 

interdependentes com a matriz cerebral podem ser modeladas apenas se os processos 

neuronais (como metabolismo ou descargas elétricas), que foram mobilizados pelas funções 
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mentais, puderem se detectáveis por instrumentação. Visto que a hegemonia dos processos 

mentais não possui relação unívoca com determinadas regiões cerebrais (Luria, 1973) (como 

acreditavam os frenologista), associado ao fato de haver uma enorme limitação instrumental e 

uma prudente orientação ética para se mensurar sinais cerebrais humanos, tem-se que a 

modelagem de séries temporais, como fMRI ou EEG, é extremamente limitada. Apesar disso, 

as inferências sobre interações e segregações cerebrais podem ser realizadas e comporem 

uma nova abordagem da neuropsicologia. Em particular, as funções de memórias verbal e 

não-verbal, além das sub-categorias de codificação, evocação e reconhecimento foram 

utilizadas como exemplos para motivar a modelagem cerebral durante a realização deste 

trabalho. 

A terceira categoria, de ordem técnica, caracterizou-se pela modelagem dos 

fenômenos cerebrais e mentais. Foram estimados esquemas mais simples que a complexidade 

neural biológica utilizando-se de arcabouços estatísticos e matemáticos aplicados a séries 

temporais, a exemplos daquelas séries temporais produzidas no imageamento por ressonância 

magnética funcional e por aquisições de eletroencefalografia. Ambas as técnicas serviram de 

molde para se verificar integração e segregação ao se calcular mapas de conectividade 

anatômica (Sporns et al., 2005, Van Essen and Ugurbil, 2012), funcional e efetiva (Friston, 

2007).  

Nos seres humanos, a natureza dual e interpenetrante dos fenômenos mental e 

cerebral dificulta uma abordagem individualizada de cada processo. A informação que flui 

por estes fenômenos não é completamente mensurável devido tanto à própria natureza do 

fenômeno biológico (mental e cerebral) como à limitação do instrumental disponível. Deste 

modo, a estratégia para se extrair conhecimento sobre as redes neurais requer maximização e 

combinação de técnicas que observem o comportamento cerebral. No estudo de 

conectividade três opções podem ser utilizadas: conectividade anatômica, conectividade 

funcional e conectividade efetiva. Os experimentos realizados neste trabalho são discutidos 



155 

abaixo de acordo com o objetivo de cada experimento. Outros seis trabalhos, publicados 

previamente em revistas indexadas e apresentados na sessão de metodologia, têm a discussão 

apresentada no corpo do artigo e não são reproduzidos nesta sessão.  

 

SEM aplicado à plasticidade etária e codificação verbal 

O protocolo desenvolvido neste experimento objetivou a detecção da conectividade 

efetiva entre amídala e hipocampo ipsilaterais e em ambos os sentidos durante a codificação 

de palavras com conteúdo emocional. Os indivíduos que participaram deste estudo foram 

apenas sujeitos sadios cuja distinção foi marcada apenas pela faixa etária em que se 

encontravam, formando dois grupos, o de jovens e o de adultos mais velhos. A técnica 

empregada para se estimar a ecMRI foi a SEM que, como descrita anteriormente, pode 

apenas estabelecer relações estáticas de um modelo anatômico. A combinação de SEM com 

indivíduos pertencente à mesma classe (controles), cuja única variação é a diferença etária, 

revela o comportamento plástico existente entre estes grupos durante a realização da mesma 

tarefa. A interpretação dos resultados deste estudo deve ser fixada nas relações intrínsecas 

entre as estruturas cerebrais presentes no modelo anatômico. Buscou-se aqui não o 

entendimento de um comportamento neural dinâmico, que varia com uma determinada tarefa, 

mas sim, como essa tarefa, no caso a de codificação verbal de palavras abstratas e concretas e 

com conteúdo emocional, varia com a idade dos indivíduos separados em dois grupos.   

Em ambos os grupos, a influência das amídalas sobre os hipocampos foi maior do que 

na direção oposta, sugerindo que a tarefa efetivamente apresentava conteúdo emocional. No 

grupo de adultos mais velhos, os parâmetros de conectividade efetiva estavam mais intensos 

no lado direito que no lado esquerdo. Este padrão não foi encontrado no grupo de jovens. Ao 

se correlacionar este achado com o desempenho dos grupos, pode-se suportar a hipótese de 

que os adultos mais velhos realizem processos distintos dos jovem e que tal performance 
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pode estar associado às diferentes estratégias escolhidas por cada grupo. 

Além disso, a influência da amídala sobre o hipocampo é maior do lado esquerdo nos 

jovens, enquanto que para os adultos mais velhos, esta influência é maior do lado direito. 

Esta diferença sugere haver mudanças na conectividade efetiva em função da idade, dado que 

a tarefa verbal se encontra majoritariamente lateralizada à esquerda. Pode-se supor portanto 

uma mudança de estratégia para se realizar a codificação como obtenção de estratégias não-

verbais para realizar uma atividade eminentemente verbal.  

Por fim, a influência de ambos hipocampos nas amídalas ipsilaterais são equivalentes 

para os jovens, enquanto que nos adultos mais velhos há uma predominância da influência 

exercida à direita. Considerando os achados anteriores, este dado fortalece a hipótese de que 

os hipocampos nos mais velhos exercem menor influência sobre as amídalas do que nos 

jovens durante a realizada da tarefa de codificação verbal. 

 

SEM aplicado a ELTM esquerdo com codificação verbal 

Objetivou-se neste experimento estimar os parâmetros de conectividade efetiva entre 

regiões frontais e mediais temporais durante a codificação de palavras abstratas e neutras. 

Diferentemente do experimento anterior, os indivíduos que participaram deste estudo foram 

sujeitos controles e indivíduos portadores de ELTM esquerda contudo, a técnica empregada 

para se estimar a ecMRI foi a mesma, a SEM. Buscou-se aqui compreender a plasticidade 

cerebral, em forma de conectividade efetiva, durante a realização de uma determinada tarefa, 

não em função da idade dos sujeitos mas em detrimento de uma condição neurológica, no 

caso, ELTM esquerda. A interpretação dos resultados dá-se em termos das relações 

intrínsecas entre as estruturas cerebrais do modelo anatômico desse experimento. 

A influência do hipocampo esquerdo sobre o parahipocampo ipsilateral mostrou-se 

significativamente maior para os controles que para os pacientes. O achado sugere que, 
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durante a codificação, há uma maior sincronia dessas estruturas mediais nos controles que 

nos pacientes. Essa hipótese é reforçada pelos dados de conectividade funcional. 

Semelhantemente, observou-se a redução da influência entre as porções triangular e opercular 

do giro frontal inferior para o giro frontal médio, quando comparados controles e pacientes. 

Por fim, a influência da região medial temporal sobre a região frontal também se apresentou 

reduzida nos pacientes.  

A generalizada redução da intensidade dos parâmetros de conectividade efetiva, entre 

as regiões frontais e mediais temporais, nos pacientes com ELTM esquerda, sugere que a 

plasticidade neural, causada pela condição neurológica nestes indivíduos, deve tornar distinta 

a função de codificação verbal, entretanto, com este modelo e técnica não se pode avaliar se a 

extensão do dano funcional estende-se ao lobo frontal, uma vez que o fluxo da informação já 

está comprometido em sua origem, ou seja, entre hipocampo e parahipocampo.  

 

DCM aplicado a ELTM unilateral com codificação verbal 

O experimento desenhado com DCM buscou estimar os parâmetros de conectividade 

efetiva de regiões cerebrais envolvidas no processamento de memória verbal, durante a 

codificação de palavras abstratas e neutras. Semelhantemente ao experimento anterior, foram 

selecionadas regiões mediais temporais (hipocampo) e frontais (região dorsolateral do córtex 

pré-frontal) contudo, outras áreas foram acrescidas no modelo anatômico, como visual 

primária e a porção caudal do giro temporal superior para simular o fluxo da informação 

verbal. A importante vantagem do DCM consiste no fato de que os parâmetros de 

conectividade efetiva, associados ao caráter modulatório da tarefa realizada, podem ser 

estimados a partir das séries temporais, para isso, utilizou-se fMRI de sujeitos controles e 

indivíduos portadores de ELTM unilateral (esquerda e direita) durante a codificação de 

palavras abstratas. 
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A interpretação dos resultados dá-se nos termos das relações intrínsecas entre as 

estruturas cerebrais do modelo anatômico sugerido. Deve-se ressaltar, entretanto, que a tarefa 

de codificação verbal foi capaz de modular a interação entre o córtex occipital primário e 

hipocampo esquerdo para os controles mas não para os pacientes, sejam estes com atrofia 

hipocampal à esquerda ou à direita. Semelhante modulação também foi observada na 

influência que o hipocampo esquerdo exerce sobre a área de Wernick. Os indivíduos 

controles apresentaram valores significativamente distintos quando comparado com os 

pacientes. Além dos parâmetros modulatórios que diferenciam controles de pacientes, os 

parâmetros intrínsecos também apresentam significativa diferenciação. Ressalta-se que as 

influências do córtex occipital primário sobre o hipocampo esquerdo e do hipocampo 

esquerdo sobre a área de Wernick e sobre a porção dorsolateral do córtex pré-frontal são bem 

mais evidentes nos controles que nos pacientes.  

O conjunto de achados sugere que, não obstante ao fato de que os pacientes com 

ELTM direita não apresentarem lesão estrutural no hipocampo esquerdo (perceptível pela 

MRI), deve haver comprometimento funcional ou rearranjo plástico na realização da tarefa. 

Em contra posição, os indivíduos com ELTM esquerda, dado o comprometimento estrutural 

locado no hipocampo esquerdo, devem apresentar comprometimento funcional e, 

consequentemente, menores parâmetros de conectividade efetiva durante a codificação 

verbal.  

Enquanto o desempenho verbal de indivíduos com ELTM esquerda tem se mostrado 

inferior à dos controles, desempenho de pacientes com ELTM direita apresenta índices 

semelhantes aos indivíduos controles. Pode-se supor que a plasticidade ocorrida nos 

pacientes com ELTM direita foi eficiente enquanto o mesmo não ocorreu com os indivíduos 

com ELTM esquerda. Tal fato sugere que as estruturas mediais temporais do hemisfério 

dominante para linguagem possam estar envolvidas diretamente no processo de plasticidade 

para realização da tarefa de codificação verbal.  
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O estudo do conectoma humano por imageamento de ressonância magnética nuclear 

mostrou-se sensível para detectar diferenças na organização entre regiões cerebrais, tanto em 

sujeitos sadios como em pacientes com condições neuropsiquiátricas diversas. No presente 

trabalho, buscou-se observar plasticidade cérebro-mental em pacientes com mutações gênicas 

(SPG11), depressão, epilepsia, obesidade mórbida, doença de Alzheimer, déficit cognitivo 

leve, envelhecimento saudável.  

Indivíduos com mutação no gene SPG11 apresentaram diferença significava nos 

níveis de acMRI, em especial RD e FA. Com esse estudo, concluiu-se que pacientes com 

mutação em SPG11 apresentaram dano neuronal muito mais difuso e extenso do que se 

previa. Em oposição a esses achados, idosos com diagnóstico de depressivos quando 

comparados a sujeitos controles não mostraram diferenças significativas em FA. Hipotetiza-

se que tal índice não seja robusto para detectar alterações neuro-estruturais mais sutis 

indicando a necessidade de se evoluir no desenvolvimento de novos índices de anisotropia 

que possam detectar tais alterações, como geometrias toroidais e superquadráticas.  

Em idosos saudáveis observou-se significativa alteração dos níveis de ecMRI 

(comparados a jovens saudáveis) durante a codificação de palavras com conteúdo emocional 

indicando que a plasticidade funcional está presente no envelhecimento. Pacientes com 

epilepsia também apresentaram significativas diferenças nas comparações dos grupos de 

pacientes com ELTM-esquerda, ELTM-direita e sujeitos controles seja durante a codificação 

de memória verbal, visual e em estado de repouso. Tais indicadores são potenciais 

biomarcadores da ELTM unilateral. 

Pacientes com doença de Alzheimer apresentaram a rede de modo padrão distinta dos 

sujeitos controles além de terem elevada correlação da rede saliente com parâmetros 

neuropsicológicos de agitação. Essa observação, obtida com fcMRI, indica a potencialidade 

de uso clínicos e de diagnóstico. O mesmo se observou com pacientes portadores de 

obesidade mórbida e a parcial reversibilidade de quadro inflamatório acompanhado de 
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alterações nas redes neurais desses paciente após intervenção de cirurgia bariátrica. 

Diante das diversas condições neurológicas que foram exploradas pela técnicas de 

conectividade, pode-se concluir que a estimativa do conectoma humano representa uma 

potente ferramenta no entendimento da dinâmica cerebral normal e patológica sendo que, no 

presente trabalhos, pretendeu-se demonstrar a integração dessa metodologia com estudos que 

vão desde a genética até a neuropsicologia. A característica multimodal e multiescalar de 

estudos do conectoma revela as potencialidades da técnica no campo das neurociências.  
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