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PREFACE  

 

Modern neuro-oncology comprises the management of various types of tumors within the 

central nervous system by a multidisciplinary healthcare team. Cerebral primary brain 

tumors invade white and grey matter tissues disrupting neural circuits and imposing local 

functional reorganization. At some point, secondary to brain tumor growth, symptoms 

become more obvious, especially affecting speech and language function. Moreover, the 

location of brain tumors entails broader concerns due to the high probability of 

neurological morbidity following surgical treatment. 

 

 Knowledge about speech and language brain structure went through an 

unprecedented growth due to recent advances in neuroimaging tools and analysis 

methods. These allowed to integrate neuroscience research procedures with clinical 

management. Nowadays, the paradigm of surgical treatment of brain tumors involving 

eloquent brain tissue is to avoid neurological morbidity achieving the maximum tumor 

resection (i.e. the gross resection). Particularly when facing tumors involving the speech 

area, a variety of procedures and techniques have been employed to identify eloquent 

brain tissue during presurgical planning and intraoperatively. Current patient 

management comprises the use of brain mapping techniques. However, their influence on 

treatment varies depending on the neurosurgery department’s experience and methods 

developed from their own translation clinical studies. 

 

 The present work was conducted to obtain the third cycle of academic education 

degree from Faculdade de Ciências Universidade de Lisboa (Portugal). The main purpose 

of this thesis was to develop experimental conditions for patients with brain tumors 

involving speech-related regions to either detect or preserve such function. Knowledge 

and tools based on neuroimaging techniques and neurophysiological methods were used. 

This thesis is divided into four sections where speech and language function was 

evaluated using tractography and connectivity neuroimaging methods during speech 

processing, and using an accelerometer-based method for speech recording. The 

introductory chapters review each section’s background and methodology, discussing 

how it may influence current clinical practice. Experimental conditions developed along 

the three sections focused on reconstruction of anatomical axonal bundles using diffusor 
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kurtosis imaging, graph-theory connectivity analysis using functional magnetic resonance 

imaging and detection of language disturbances with an accelerometer and a conventional 

electromyography apparatus. Functional magnetic resonance imaging was performed in 

Sociedade Portuguesa de Ressonância Magnética (Hospital da Cruz Vermelha, Lisboa) 

and the experiments were performed either in Neurosurgery Department at Hospital 

Garcia de Orta (Almada) or in Electromyography unit (Neurology Department) of the 

Hospital Clinic of Barcelona. 

 

This thesis aspires to help clinicians and graduate students, serving as a reference to 

complement patient evaluation in presurgical and intraoperative stages regarding speech 

and language brain function. 

 

Joao Leote  
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ABSTRACT 

 
 Speech processing can be disturbed by primary brain tumors (PBT). Improvement of 

presurgical planning techniques decrease neurological morbidity associated to tumor resection 

during awake craniotomy. The aims of this work were: 1. To perform Diffusion Kurtosis Imaging 

based tractography (DKI-tract) in the detection of brain tracts involved in language; 2. To 

investigate which factors contribute to functional magnetic resonance imaging (fMRI) maps in 

predicting eloquent language regional reorganization; 3. To determine the technical aspects of 

accelerometric (ACC) recording of speech during surgery. 

 

 DKI-tracts were streamlined using a 1.5T magnetic resonance scanner. Number of tracts 

and fiber pathways were compared between DKI and standard Diffusion Tensor Imaging (DTI) 

in healthy subjects (HS) and PBT patients. fMRI data were acquired using task-specific and 

resting-state paradigms during language and motor tasks. After testing intraoperative fMRI’s 

influence on direct cortical stimulation (DCS) number of stimuli, graph-theory measures were 

extracted and analyzed. Regarding speech recording, ACC signals were recorded after evaluating 

neck positions and filter bandwidths. To test this method, language disturbances were recorded 

in patients with dysphonia and after applying DCS in the inferior frontal gyrus. In contrast, HS 

reaction time was recorded during speech execution. 

 

 DKI-tract showed increased number of arcuate fascicle tracts in PBT patients. Lower 

spurious tracts were identified with DKI-tract. Intraoperative fMRI and DCS showed similar 

stimuli in comparison with DCS alone. Increased local centrality accompanied language 

ipsilateral and contralateral reorganization. ACC recordings showed minor artifact contamination 

when placed at the suprasternal notch using a 20-200 Hz filter bandwidth. Patients with dysphonia 

showed decreased amplitude and frequency in comparison with HS. ACC detected an additional 

11% disturbances after DCS, and a shortening of latency within the presence of a loud stimuli 

during speech execution 

 

 This work improved current knowledge on presurgical planning techniques based on 

brain structural and functional neuroimaging connectivity, and speech recording.  

 

Key-words: Speech; Language; Brain Tumor; Awake craniotomy; Presurgical planning 
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RESUMO 

 
 A função linguística do ser humano pode ser afetada pela presença de tumores cerebrais 

(TC) A melhoria de técnicas de planeamento pré-cirurgico diminui a morbilidade neurológica 

iatrogénica associada ao seu tratamento cirúrgico. O objetivo deste trabalho é: 1. Testar a 

fiabilidade da tractografia estimada por difusor de kurtose (tract-DKI), dos feixes cerebrais 

envolvidos na linguagem 2. Identificar os fatores que contribuem para o mapeamento linguagem 

por ressonância magnética funcional (RMf) na predição da neuroplasticidade. 3. Identificar 

aspetos técnicos do registo da linguagem por accelerometria (ACC). 

 

 A DKI-tract foi estimada após realização de RM cerebral com 1.5T. O número e percurso 

das fibras foi avaliado. A RMf foi adquirida durante realização de tarefas linguísticas, motoras, e 

em repouso. Foi testada influência dos mapas de ativação calculados por RMf, no número de 

estímulos realizados durante a estimulação direta cortical (EDC) intraoperatória. Medidas de 

conectividade foram extraídas de regiões cerebrais. A posição e filtragem de sinal ACC foram 

estudadas após vocalização de palavras. O sinal ACC obtido em voluntários foi comparado com 

doentes disfónicos, após estimulação do giro inferior frontal, e após a adição de um estímulo 

sonoro perturbador durante vocalização. 

 

 A tract-DKI estimou um elevado número de fascículos do feixe arcuato com menos falsos 

negativos. Os mapas linguísticos de RMf intraoperatória, não influenciou a EDC. Medidas de 

centralidade aumentaram após neuroplasticidade ipsilateral e contralateral. A posição 

supraesternal e a filtragem de sinal ACC entre 20-200Hz demonstrou menor ruido de 

contaminação. Este método identificou diminuição de frequência e amplitude em doentes com 

disfonia, 11% de erros linguísticos adicionais após estimulação e diminuição do tempo de latência 

quando presente o sinal sonoro perturbador. 

 

 Este trabalho promoveu a utilização de novas técnicas no planeamento pré-cirúrgico do 

doente com tumor cerebral e alterações da linguagem através do estudo de conectividade 

estrutural, funcional e registo da linguagem. 

  

Key-words: Linguagem; Tumor Cerebral, Planeamento pré-cirúrgico, Craniotomia Acordada. 
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SECTION A: INTRODUCTION, INSTRUMENTATION AND METHODOLOGY 

CHAPTER I 

 SPEECH AND LANGUAGE FRAMEWORK 

 
Complex brain functions are now systematically studied using a whole-brain network perspective 

(i.e. axonal pathways between functional regions) after evolving from a paradigm structure-

related function. A progressive disruption of the brain neuronal networks is caused by primary 

brain tumors (PBT), such as gliomas representing a significant health problem worldwide. 

Current studies estimate between 30,000 and 35,000 new cases of PBT per year in United States 

of America and an incidence of 5.0 per 100.000 in Europe.1 

 

Overall an increase in incidence was noted related in part to the advances in neuroimaging and to 

a higher access to health care system in non-industrialized countries.1 However, the prognosis 

and survival of patients remains poor, depending on the histological type and age of presentation. 

Tumors with high malignancy cells are refractory to almost all modalities of treatment. In fact, 

the median survival time varies from 18 months for patients with a high malignancy tumor (i.e. 

glioblastoma multiforme) to 10 years for patients with a low grade malignancy tumor (i.e. 

astrocytoma).1 . Surgical intervention is a common initial therapy mainly for reduction of tumor 

burden, control of seizures, relief of neurological deficits and mass effect.  Most surgeons aim to 

achieve the gross tumor resection defined by the enhancing tumor volume and regionally 

infiltrated brain identified by magnetic resonance imaging (MRI) sequences. Anatomical scans 

are commonly used for tumor volume delineation based either in contrast-enhanced images after 

peripheral contrast injection or in fluid-attenuated inversion recovery images. Gross tumor 

resection is non-curative but has previously been correlated with longer progression free survival 

and improved quality-of-life.1 

 

Recent advances in neurosciences allowed a technology expansion in neurosurgery departments 

improving the cortical and subcortical mapping of eloquent brain tissue. Techniques such as: 

transcranial magnetic stimulation (TMS); tractography derived from diffusion weighted magnetic 

resonance imaging; functional magnetic resonance imaging (fMRI) at the preoperative period; or 

direct cortical stimulation (DCS); neuro-navigation; and monitored tumor resection in the awake 

patient at the intraoperative time; permit to delineate tumor margins with greater acuity. In 

addition, cortical mapping (CM) techniques allow to identify redistribution of eloquent areas after 

cortical reorganization, known to be induced by slow growing low-grade gliomas. Overall the 
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availability of these techniques has allowed tumor resection closer to healthy surrounding brain 

regions and vascular structures.  

 

The relevance of each technique for the patient treatment management remains inconsistent across 

studies, depending on the function aimed to be mapped and the experience of the neurosurgical 

team. Therefore, there is no worldwide consensus. In fact, most of the protocols used to 

implement a specific technique evolved from “home-made” research studies done at some point 

along the clinical practice. 

 

This thesis presents an introductory speech and language background comprising a summary of 

the multiple works performed to test different experimental conditions. Along this volume, the 

term speech refers to how sounds and words are produced (i.e. articulation, voice and fluency) 

whereas language refers to the words used and how we use them to share ideas (including 

meaning, syntax and phonological connotation). Before describing the experimental conditions, 

a review of the instrumentation and methodology used to study speech and language is provided 

in more detail (section A). It combines different methods used to study speech and language such 

MRI techniques as diffusor tensor imaging (DTI) and kurtosis tensor imaging (DKI) for white 

matter pathways reconstructions (tractography) and fMRI with conceptual approaches 

incorporating maps calculated from the general linear model and effective connectivity using 

graph-theory. Moreover, TMS and DCS were used to study causal interactions within the 

language network and accelerometer (ACC) based speech recording. The aim of this thesis was 

to develop preoperative and intraoperative methods used to map speech and language within the 

brain tissue. 

Speech processing and production 

 
Eloquent cortex is defined as a region indispensable for certain cortical functions.2 Current 

knowledge about language function define a framework with distinct neural circuits and regions 

involving a high order network.3 The language network classically consists in an area controlling 

expressive (i.e. Broca’s area) and receptive aspects of language (i.e. Wernicke’s area) connected 

by white matter axonal bundles. The dual-stream model described by Hickok and Poeppel (2004)4 

to explain speech processing gained support in the last decade and is now generally accepted 

(figure 1). This perspective evolved from the traditional Wernicke–Lichtheim–Geschwind 

“house” model, which suggests a center that stores the sound-based representations of words with 

two pathways projections, one to the center that stores the meanings of words and another to the 

center for speech planning and production.3,5 Speech perception is initially made in cortical 

superior temporal regions and further comprehension processing projects to temporal regions 
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(ventral stream) while auditory to motor coding and speech production projects to tempoparietal 

and frontal regions (dorsal stream). These brain functional areas are connected via inferior fronto-

occipital fasciculus, middle longitudinal fasciculus, and inferior longitudinal fasciculus for 

semantic processing, and via superior longitudinal fasciculus for phonological processing, 

respectively.6 In fact, the dorsal stream was previously defined as the pathway connecting the 

posterior frontal and superior temporal lobes described by Burdach and later confirmed by 

Dejerine who referred to the pathway as Burdach’s arcuate fasciculus (AF).3 AF are known to 

connect directly Wernicke’s area with Broca’s area, and to connect indirectly Broca’s territory 

with the inferior parietal lobule (anterior segment) and the inferior parietal lobule with Wernicke’s 

territory (posterior segment).7 Ontological development of human language may be related with 

dorsal stream maturation. Early leftward asymmetry of the AF is already present in early life.8,9 

 
Figure 1.1 – The dual stream model of speech processing adapted from [6]. The ventral stream is 
responsible for speech perception whereas the dorsal stream is known to be involved in speech production. 
aMTG - Anterior middle temporal gyrus; aITS - anterior inferior temporal sulcus; pIFG - Posterior inferior 
frontal gyrus, pITS - Posterior inferior temporal sulcus; PM - precentral motor area; pMTG – Posterior 
middle temporal gyrus; Spt - Sylvian parietal temporal region (left only); STG – Superior temporal gyrus; 
STS – Superior temporal sulcus. 

 

1. Tractography  

Speech processing white matter pathways studies are based either in axonal bundles characterized 

after human brain dissection or in vivo non-invasive tractography assessed from MRI. Anatomical 

pathway connections are perceived using diffusion weighted imaging (DWI) which measure the 

random motion of water molecules and through DTI, its three-dimensional orientation is 

estimated.3 The disconnection of white matter tracts may produce permanent neurologic deficits 



32  

and therefore surgeons increasingly incorporate tractography in routine operative planning. The 

main tracts reconstructed were the corticospinal tract (CST) and language processing involved 

pathways (including AF). In patients with brain neoplasms, tractography results may be 

interpreted as the following: signal with altered position (displacement); and loss of signal i) with 

normal tract positions (increased water diffusion i.e. edema) ii) with tract interruption (such as in 

tumor infiltration) and iii) with corresponding fiber destruction. 

 

In section B, a study is presented describing the estimation of tracts using DKI as an extension to 

DTI, to which it is also compared. Thereafter, healthy subjects were recruited to develop an MRI 

protocol able to estimate kurtosis metrics using a conventional 1.5T scanner. Applicability in 

patients with PBT at the presurgical planning stage evaluating CST was also assessed. DKI-based 

tractography (DKI-tract) of CST and AF was performed and compared to DTI-based tractography 

(DTI-tract) in patients with PBT. The purpose was to verify if DKI and DTI-based motor and 

language streamlined tracts showed quantitative or qualitative (i.e. interpretation of tract patterns) 

differences in presurgical planning. The estimation of tracts was made using MATLAB 

(Mathworks, USA) using algorithms previously developed to guarantee a short time period 

dispended in data processing (see chapter II for further details). These experiments tried to cover 

the limitations of DTI-tract in patients with brain neoplasms which infiltrate cerebral white mater 

parenchyma, imposing a complex microscale architecture. Thus, the value of DKI-tract to depict 

false negative tracts (not streamlined by DTI) compromising the evaluation of anatomical brain 

connectivity and explaining possible neurological symptoms was assessed. 

 

2. Brain functional language mapping 

Functional MRI provides high spatial resolution maps of brain function by measuring changes in 

cerebral blood flow as a surrogate for neuronal activity. Behavioral tasks (paradigms) are intended 

to be performed by subjects in the magnetic resonance (MR) scanner in order to localize 

functionally specialized regions that activate in response to a specific aspect of behavior. In 

patients with PBT, successful surgical treatment is somewhat dependent on the determination of 

eloquent cortical areas, predicting deficit in cognitive (such as language) or sensorimotor 

functions. Furthermore, asymmetries in the activation pattern mainly in language function 

indicates the lateralization which may facilitate the localization of a functional deficit zone. fMRI 

of language processing aims to anticipate language function regions to minimize postoperative 

language deficits. Moreover, it may be integrated with other imaging modalities for preoperative 

planning.10  
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Speech and language mapping with non-invasive fMRI at the presurgical stage helps surgeons to 

plan the tumor resection. However, fMRI does not enable to distinguish essential from 

participating language areas. Thus, DCS is considered the gold standard for accurate brain 

language mapping while the patient performs language tasks during asleep-awake-asleep surgery 

(i.e. awake craniotomy). This anesthesia modality allows to awake patients to perform behavioral 

tasks after using a combination of local anesthetic field block and short-acting general agents. 

DCS during glioma awake craniotomy resulted in 2% persistent language deficit 6 months after 

surgery, in a series of 250 patients with low grade gliomas.11 However, the efficiency of these 

anesthesia protocol in patients with high grade gliomas remains to be studied. 

 

Invasive stimulation of the human brain provides unique opportunities to study fundamental 

processes with a high temporal resolution. DCS of the brain was found to be safe and current 

practice suggests its use for language mapping while the patients with PBT perform language 

tasks as during presurgical fMRI studies. Intraoperative language tests usually consist in counting 

or picture naming tasks (PNt) which test the integrity from visual stimuli interpretation to name 

generation while the surgeon stimulates the cortical surface. Essential language sites are usually 

localized to spatially discrete areas in DCS mapping compared to the broader regions identified 

by fMRI. Moreover, fMRI’s acuity to detect areas with language function in comparison with 

DCS in patients with left perisylvian tumors has been associated with a lower sensitivity (about 

30%) and high specificity (about 90%). In contrast, for brain areas without tumor but with 

language function, fMRI showed a sensitivity and specificity of about 60% in comparison with 

DCS.16  

 

In section C, speech and language connectivity was investigated through fMRI and DCS. The 

purpose of the section was to investigate: i) the influence of presurgical language functional 

methods on the technical aspects of DCS and ii) the value of graph theory based connectivity 

analysis of language to map network reorganization after glioma regrowth and iii) the possibility 

to detect functional language areas using resting state fMRI (rs-fMRI). 

 

In chapter VI, the impact of methodological issues of imaging processing, language task selection, 

the surgeon’s attitude in DCS  are debated. Patients with PBT were recruited to perform either 

multimodal cortical language mapping (mCM) with DCS and navigated fMRI or electrical 

cortical language mapping (eCM). The goal was to perceive the influence of the fMRI data from 

three language paradigms on practical aspects of the DCS. The scope of the developed 

experiments was to record if such data availability decreased the number of stimuli given 

intraoperatively, the number of after discharges, seizures and the time dispended for CM. In 

addition, the correspondence between fMRI and DCS language mapping was assessed. 
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i. Language network connectivity  

 

Current data shows that language epicenters (or “hubs”) encompass other frontal, temporal, 

parietal, and occipital regions in the left and right hemispheres in a wide-ranging network. 

Interaction patterns observed in the brain are far from regular and far from random. MRI offers 

the possibility to map interactions such as observed in other technological, social and biological 

systems, leading to the development of the statistical mechanics of complex networks and 

measures.17 

  

White matter fibers do not have a function on its own, but their lesion causes structural and 

functional changes in connected grey matter areas. Moreover, localization of functional brain 

areas is possible through task-based fMRI. The integration of both types of knowledge allows to 

study functional (and effective) connectivity. Similarity of the BOLD signals from different brain 

regions is likely to mean that the regions are passing on information.18 Thus, in order to study 

connectivity, current methodology often looks at spontaneous fluctuations in the signal when 

there are no specific cognitive demands for the subject. Connectivity perspective is based on the 

construct that a higher oxygen consumption occurs by a self-organized framework processing 

(i.e. group of interconnected areas) if a subject adopts a rest posture in comparison with an active 

posture (i.e. performing a task). Such spontaneous fluctuations of brain activity present a low 

frequency signal between 0.01-0.08 Hz which can be depicted by fMRI due to low concentration 

of deoxyhemoglobin during a rs-fMRI.19,20 

 

rs-fMRI helps to understand the brain’s intrinsic architecture and the level of communication 

whereas task-specific fMRI relies on a difference in the MRI signal between an active and a rest 

state considered as baseline. In presurgical planning, rs-fMRI could be a viable alternative to task-

based fMRI in brain tumor operative planning due to the short scan duration and absence of 

cognitive demands in patients unable to collaborate during fMRI scans. 

  

In chapter VII, a small group of patients with PBT involving language related areas were followed 

since the diagnose to tumor recurrence after receiving surgical treatment. A graph analysis was 

made using task-based fMRI at the presurgical stage. Connectivity measures were extracted from 

language related areas and were compared to task fMRI and DCS results, to understand language 

functional reorganization during tumor development. The purpose of this experiment was to 

perceive the relation of the connectivity measures from language regions (defined by DCS) and 

to recognize how these changes from task fMRI and DCS results.  
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A continuum graph analysis21 was performed in chapter VIII but using rs-fMRI. Presurgical 

neuroimaging data from patients with PBT was retrospectively analyzed using a data driven 

approach after defining a region of interest using DCS results from language functional areas. A 

mixture of voxel and node-based analysis was performed to perceive if the functional language 

areas could be identified without using a task paradigm during the fMRI presurgical study. The 

goal was to test if the graph theory method could identify relevant language-related areas at the 

presurgical stage in non-cooperative patients during rs-fMRI. 

3. Speech recording 

Speech production is part of speech processing and involves the language dorsal stream within 

the frontal brain regions which are responsible for muscles activation and phonation. Clinical 

assessment of speech is based on patient history and comprehensive physical examination. 

However, reliable and objective analysis of the speech is also an essential part of a physical 

examination. Objective measures of phonatory ability are helpful in the treatment of patients with 

voice disorders and in assessing the results of surgical therapies.22, 23 

 

After the initial use of kymograph and oscillography to perform physiological measurements of 

speech, engineering developments led to the use of digital frequency analyzer and sound level 

meters. Current methodology used for speech recording in voice laboratories involves high 

quality microphones, amplifiers, acoustically shielded booths with sound-absorbent walls and 

dedicated software to manipulate speech acoustics.23, 

 

Conventional computer driven analysis is used to generate a waveform (i.e. amplitude by time 

display) which consists in a sum of frequencies with different amplitudes and phase relations from 

the acoustic signal. Spectral analysis of frequency and amplitude are often performed from short 

segments of prerecorded voice samples to extract phonation measures. However, waveforms can 

also be generated by measuring vocal tract vibration with transducers such as electromyographic 

signal or another time-varying signal able to be transformed into voltage variation.23, 24 Laryngeal 

waveforms can also be generated using an ACC placed over the patient’s throat transforming 

vocal tract vibration into a signal waveform. ACC recordings provide signals that are relatively 

free of contamination by resonance effects of nonlaryngeal structures and that are less costly, 

despite their lower specificity and lower accessibility to reproduce speech during a taped session. 

However, when patients complain of harsh or hoarse voice, an important clinical decision must 

be reached about its pathological or functional aetiology. Therefore, the major applications of 

automatic, low budget, and sensible methods to detect frequency and amplitude speech variations 

are i) priority assessment and referral of patients for laryngeal examination by specialists, ii) 

diagnostic support with acoustic signal quantification and iii) monitoring of speech changes over 
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time (i.e. radiotherapy, surgery, speech therapy).24 Therefore, ACC recordings made in the 

neurological field using conventional (available) equipment such as electromyography (EMG) 

apparatus can be a useful clinical tool. However, such recordings made using these electronics 

(amplifiers, electrodes types, vocal tract position) remain to be studied. 

 

In section D, a PNt was used in healthy subjects and patients in order to evoke word pronunciation. 

Different experiments were developed focusing on the articulatory network for speech 

production. The aim was to develop a speech recording method useful in presurgical and 

intraoperative stages of the current patient management which would be able to detect an evoked 

disruption of the language dorsal stream. To study the effects on speech production, language 

disturbances were induced by brain stimulation techniques. 

 

In chapter IX, ACC based recordings were studied in more detail in healthy subjects. The 

descriptive experiments intended to understand the technical and physiological factors 

influencing the ACC recordings of the vocal tract vibration using a conventional EMG equipment. 

ACC signals were decomposed into parameters such as latency to phonation, amplitude, duration 

and frequency. Furthermore, technical aspects (such as position and bandwidth filtering) were 

studied and reliability was tested. Experiments in patients with infectious laryngitis were also 

made in order to investigate deviation in ACC parameters from healthy subjects. 

 

In chapter X, the ACC recording method developed was used to detect language disturbance 

evoked by repetitive and a navigated TMS (r-nTMS). The stimulation was used to perturb 

neuronal activity and disrupt speech processing at inferior frontal gyrus (IFG). Navigation across 

subject brain anatomical scans was possible after co-registration of structural MRI scans with a 

TMS coil using a based stereotactic method. Moreover, an ACC based speech recording 

methodology was used in the intraoperative theatre to record language disturbances evoked by 

DCS while patients performed a PNt after awaked from sedation. 

 

Along this journey studying speech production, a set of experiments focused on understanding 

speech execution were also developed and described in chapter XI.  Speech execution is 

performed as a voluntary motor movement in contrast to speech production (with previous 

cognitive processing). Therefore, modified versions of PNt with random versus known picture 

were showed to healthy subjects whereas a loud sound was randomly presented with picture 

presentation. The goal of this chapter was to demonstrate that for speech execution, cognitive 

processing does not occur if the subject is able to anticipate a word to be pronounced. For speech 

recording the ACC based method developed was used.  
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Finally, concluding remarks concerning the development of the themes approached along this 

work are provided. The aim of this final chapter is to promote future lines of investigation on each 

theme. 
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CHAPTER II 

NEUROIMAGING AND SPEECH PROCESSING 

Magnetic Resonance 

1. Basic principles 

MRI is a non-invasive method that enables soft tissue imaging of the human body and metabolic 

processes allowing to diagnose conditions of people of almost any age. An image is generated 

using protons and their magnetic properties. The term magnetic refers to the use of magnetic fields 

whereas resonance refers to the need to match the (radio) frequency (RF) of an oscillating 

magnetic field to the frequency of the nuclear spin (i.e. circular motion of the axis of rotation in 

relation to another fixed axis) in a tissue molecule.26 

 

MRI takes advantage of the abundance of water constituting up to 90% of the human tissue. 

Hydrogen is a single-charged spinning nucleon with an orbiting negative electron. The balance 

and opposite charges within its structure forms a dipole exhibiting electromagnetism proprieties 

(i.e. intrinsic magnetic moment). Hydrogen has just one proton in its nucleus (i.e. odd mass 

number) imposing a net spin or an angular momentum in addition to the conventional atomic 

nuclear spin. These characteristics enable to maximize the amount of available magnetization in 

the body.27  

 

When hydrogen atoms are exposed to a static magnetic field (B0),  some of the intrinsic magnetic 

moments of the nuclei align parallel with the magnetic field (in the same direction), while a 

smaller number of the nuclei align anti-parallel to the magnetic field (in the opposite direction).27 

The alignment of these magnetic moments produces a significant net magnetization vector  that 

is used in for clinical MRI. At high field strengths fewer nuclei have enough energy to join the 

high-energy population with an anti-parallel direction to the stronger B0 field, resulting in a 

higher magnetization vector.27 

 

When the magnetization vector deviates from the B0 direction (i.e. following an excitation for 

example), it will start moving around B0 in a type of motion called precession, which causes the 

tip of the magnetization vector to follow a circular path around B0. This (precessional) path has 

a speed (frequency) which depends on both the B0 field intensity and on the specific nucleus. The 

term precession (motion) reflects the interaction between the spinning magnetic field and the mass 

of the proton.27 The precession angular frequency (ω0) for the proton magnetic moment vector 

is given by the Larmor equation: 
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ω0 = γB0                 (2.1) 

 

where γ is a constant called the gyromagnetic ratio (MHz/T). This ratio expresses the relationship 

between the angular momentum and the magnetic moment of the active nucleus. It is specific to 

each nucleus and it is expressed as the precessional frequency at 1 Tesla (T). The unit of 

precessional frequency is megahertz (MHz) and the γ of hydrogen is 42.57 MHz/T. Since each 

element has its own γ, this allows to specifically image hydrogen and ignore other magnetic active 

atoms in the body.27  

 

The RF pulse at the resonant frequency (Larmor frequency) of the precessing hydrogen nuclei 

changes the proton energy through nuclear resonance producing: 1. Deviation angle (flip angle) 

of the net magnetization vector from previous B0 aligned vector with a magnitude that depends 

on the amplitude and duration of the RF pulse (i.e. transverse magnetization plane); and 2. The 

same precessional path position is imposed to the hydrogen nuclei.27 Therefore, the nuclei 

resonance imposes a transverse plane magnetization vector that is in phase and precesses at the 

Larmor frequency. This resonance leads to an RF emission that is the primary MRI signal received 

by the MR coils. The signal amplitude decreases with time as the proton spins begin to dephase 

and to longitudinal transverse magnetization, returning to the equilibrium condition and 

alignment with B0 field, respectively (i.e. free induction decay).28 

Image reconstruction is performed by correlating a series of signal measurements with the spatial 

locations of the different sources. The RF signal received, suffers a two- or three-dimensional 

Fourier transformation which converts a graph of signal intensity versus time, into a spectrum, a 

graph of signal intensity versus Hertz (Hz).26,28 If an additional external magnetic gradient is 

added to the field, the spatial location of the received RF signals can be estimated. Thus, across 

the sample of RF signals, a varying signal frequency is described according to: 

 ω(x) 	= 	γ(B0 + +. G(x))              (2.2) 

where x denotes the spatial coordinate along the direction of the gradient of the added field. 

Overall, the spectral components received have spatial information (K-space matrix) offering the 

possibility to reconstruct the physical object (in an image).26, 28 

2. Image contrast 

The process by which spins lose energy and return to an equilibrium state after receiving an RF 

pulse, is called relaxation. During this process, an increase of the longitudinal net magnetization 

occurs (i.e. recovery), and at the same time, nuclear spins lose their coherence (same precessional 
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position), decreasing the amount of transverse magnetization (i.e. decay). Hence, the recovery of 

the longitudinal magnetization is described by a process termed T1 recovery and the decay of 

transverse magnetization is called by T2 decay, respectively. The former relates to the energy 

exponentially released to the surrounding atoms with a recovery time constant called T1 

relaxation time after applying a 90ª RF pulse. The latter relates to an exponential decay of coherent 

transverse magnetization, with a decay time constant called T2 relaxation time, which takes up 

the time required for 63% of the transverse magnetization to be lost.27  The brightest pixels in an 

image originate from a high amplitude and coherent transverse magnetization vector, which 

depend on tissue characteristics.26 Thus timing parameters are used to enhance contrast after an 

RF pulse. The time between two RF pulses is known as repetition time (TR) and determines the 

amount of longitudinal relaxation (T1 relaxation) that is allowed to occur before the signal is read. 

In contrast, echo time (TE) is the time interval from the RF to the signal peak detected by the coil. 

This determines how much decay of transverse magnetization (T2 relaxation) is allowed to occur 

until the signal is read. Hence, the magnitude and timing of RF pulses are set based on the 

relaxation time constants for enhancing tissue contrast.27 

T1 and T2 weighted images depend on the tissue proprieties because physiological factors such 

as inherent energy of the tissue, space within molecules and molecular Larmor frequency 

influence the relaxation times of the atoms. When energy transference within excited atoms 

occurs, the longitudinal relaxation time is shorter (i.e. spin-lattice time), whereas transference 

efficiency is greater when atoms share a similar Larmor frequency. In addition, packed atoms 

tend to dephase more rapidly and show a shorter T2 decay.27 T1-weighted images were used in 

this work as anatomical or structural scans. For tap water, T1 is about 2500 ms whereas for fat 

T1 can be as short as 200 ms and for white matter tissue it can be as long as 500 ms (at a 1.5 T 

static magnetic field). Relevant for T2-weighted images, water has a relaxation T2 of 2500 ms, 

and white matter tissue shows a T2 of 100 ms. Additionally, the time from an RF pulse to the 

signal decay after the loss of spin coherence is called T2* decay and depends on the T2 decay and 

on the presence of magnetic field inhomogeneities. Inhomogeneities are areas within the magnetic 

field that do not exactly match the external magnetic field strength. These areas influence the 

precessional frequency of the surrounding atoms and their relative rate of 

acceleration/deceleration which causes also an exponential and fast spin dephasing. Therefore, 

the signal decay occurs in a faster way, decreasing the level of available signal which may 

compromise the MRI image quality. 
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3. Echo and gradient echo pulse sequence 

In order to increase signal amplitude and to sensitize the signal to the microscopic magnetic field 

inhomogeneities, signal echo may be evoked. 27 In this thesis, T1 and T2* weighted images were 

acquired using an echo produced after the application of magnetic field gradients. 

An echo gradient pulse sequence uses an RF excitation which flips the longitudinal net 

magnetization by any angle (i.e. flip angle). Thus, when a flip angle other than 90° is used, only 

part of the longitudinal magnetization is converted to transverse magnetization, which precesses 

in the transverse plane and induces a signal in the receiver coil. After the RF excitation, the signal 

starts to decay and the magnetic moments to dephase. In order to avoid this, an additional 

magnetic field is produced by a gradient. Magnetic field gradients are generated by coils of wire 

situated within the bore of the magnet. This gradient field is superimposed with the B0 field, so 

that the magnetic field strength along the axis of the gradient coil is altered in a linear way, but 

the middle of the axis  of the gradients (magnet isocenter)  remains at the field strength of the B0 

field. The application of a gradient induces a polarization of the magnetic moments according to 

the direction axis of the applied gradient. Therefore, the precessional frequency of the spins 

increases if alongside with the applied gradient direction (axis) and decreases if following the 

opposite direction. The precessional frequency increases when the magnetic field increases and 

decreases when the magnetic field decreases. 

In order to obtain an echo within the magneton axis, two gradients of opposite polarity must be 

applied to equalize accrued phase. The first gradient will promote a speed up of the nuclear 

magnetic moments in one end (along gradient direction) of the magneton, and the second a speed 

up in the nuclei at the opposite side. This sequence allows to measure protons signals (transverse 

net magnetization) in a shorter period of time, because the flip angles used are less than 90º 

degree. With low flip angles, full recovery of the longitudinal magnetization occurs sooner than 

with large flip angles. The TR can therefore be shortened without producing saturation. However, 

short scan periods come with the presence of additional “extrinsic” magnetic field inhomogeneity 

whose effects cannot be eliminated (i.e. T2’ effects). The total relaxation is termed T2* (combined 

T2 and T2’) and in gradient echo imaging this type of weighting is termed T2* weighting.27,28  

To obtain a T1 weighted image using a gradient pulse sequence, neither the fat nor water vectors 

must have had time to recover full longitudinal magnetization. To avoid full recovery, the flip 

angle must be neither large (more than 70ª) nor very small (less than 20º) and the TR should be 

short (less than 50ms), so that the fat and water vectors are still in the process of relaxing when 

the next RF is applied. In contrast, to obtain a T2* weighted image, the differences in the T2* 

times of the tissues are maximized and the differences in the T1 times are minimized. To 
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maximize T2* decay, the TE is long (more than 25ms) so that the fat and water vectors have had 

time to decay sufficiently to show their decay differences. To minimize T1 recovery, the flip angle 

is small and the TR long (more than 1000ms) - enough to permit full recovery of the fat and water 

vectors.26,27,28 

 
In sections B and D, volumetric and three dimensional (3D) T1 weighted images were acquired 

using magnetization prepared rapid gradient echo technique. A sequence with the following 

parameters was used: repetition time = 1880 ms; echo time = 3.09, inversion time= 1100, 256 x 

256 matrix, pixel width = 130, flip angle= 15º and a 1 × 1 × 1 mm3 voxel size.  

In section C, fMRI experiments were conducted using a higher static magnetic field (3 Tesla), 

and included a volumetric T1-weighted acquired using a turbo field echo sequence which 

consisted in 160 slices with a repetition time = 11 ms, echo time = 4.6 ms, 256 × 256 matrix, pixel 

width = 142,  flip angle =8º, FOV= and also using 1 × 1 × 1 mm3 voxel size.  

The strength of magnetic field influences the Larmor frequency at which the protons precess and 

the signal-to-noise ratio (SNR). RF signals show a quadratic growth with B0 strength but are also 

accompanied with a linear growth of noise.27 A static magnetic field of 1.5 Tesla was used for 

sections B and D. In contrast, section C fMRI experiments were made using a 3 Tesla magnet. 

 

Diffusion Weighted Imaging 

 
Gradient diffusion is based on Fick’s first law, which relates molecular motion (J), in which flow 

(from high to low concentration environments (C) ) to the diffusion coefficient (D), intrinsic 

propriety of the medium (dependent on the temperature, size of the particles and on the 

microstructural features of the environment). This concept enabled to explicit the relationship 

between the mean-squared displacement (<x2>) of Brownian (molecular) motion during a 

diffusion time (Δ) and the diffusion coefficient (D) mentioned in Fick’s first law.29 

 

< +/ >	= 	2DΔ			               (2.3) 

The microscopic random thermal Brownian motion of water molecules in the human body can be 

inferred through DWI. The diffusion coefficient has been measured for many body fluids (mm2/s). 

The sensitivity of a given MRI sequence to diffusion (termed b), depends only on gradient 

magnetic fields, is computed for MR images (s/mm2 ).30 In order to describe water diffusion, an 

echo must be produced by a diffusion gradient, which consists in energizing at least one of the 

three gradients used in spatial localization (i.e. encode gradients: frequency, phase and readout). 
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The readout echo train may consist of spin echoes (generated by a train of 180° RF pulses) termed 

single shot spin echo or a train of gradient echoes termed echo planar imaging (EPI).  

Either sequences begin with an excitation pulse and is followed by EPI readout of the gradient 

echoes which in this scenario, lead to images acquisition within one TR. To achieve this, each 

echo is phase-encoded by a different slope of gradient. A high amplitude magnetic field gradient 

switch is needed, evoking a train of echoes combined with rapid signal sampling of the echo’s 

envelope. After a single RF pulse, the phase encoding gradient waveform consists of a string of 

short blips, whereas the frequency encoding gradients are turned on allowing signal acquisition 

following each blip. The acquisition data into k-space starts with the read gradient pulse, which 

moves the k-space sampling path from left to right (encoded by read-out gradient) whereas the 

blip pulse shifts the path up one row (phase-encoded gradient). Subsequently, an opposite polarity 

read gradient pulse is applied moving the path from right to left and the process goes on.31 For 

performing such sequence, rise and fall times of approximately 100 µs and gradient magnetic 

fields exceeding 25 mT/m are required. Caution is needed because rapidly changing magnetic 

field (dB/dt) may result in nerve stimulation through magnetic induction, leading to muscle 

contraction. 

 

In section B, DWI were acquired with 64 or 32 non-collinear gradient sensitizing directions using 

b-values of 0, 1000, and 2000 s/mm2 with a spin echo EPI sequence with the following 

parameters: repetition time = 5800 ms, echo time = 107ms, 518´518 acquisition matrix 

resolution; pixel bandwidth = 1275 Hz, with a 3×3×3 mm3 voxel size. Whereas for connectivity 

analysis, made in section C experiments, DWI were acquired with 32 non-collinear gradient 

sensitizing directions using b-values of 0 and 1000, s/mm2 with a spin echo EPI sequence with 

the following parameters: repetition time = 8400 ms, echo time = 65ms, 320×320 acquisition 

matrix resolution, pixel bandwidth = 3000Hz, with a 2×2×2 mm3 voxel size.  

 

 

1. Diffusion tensor imaging 

The most common method used to estimate the water molecules motion with a three-dimensional 

orientation is provided by DTI. The diffusion-weighted signal (S) and the non-weighted signal 

(S0) are related according to:  
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where bij is the b-matrix and Dij the diffusion tensor.30 The b-matrix effectively replaces the b-

value and is calculated based on the diffusion gradients in the acquisition sequence (b-vectors). 

The principal eigenvector of the diffusion tensor corresponds to the direction of maximum 

diffusivity depicting the dominant diffusion axis in each voxel.32 The diffusion tensor comes in 

the following form:  

 

A =
A++ A+B A+B
AB+ ABB AB+
AC+ ACB ACC

                 (2.5) 

 

Each diffusion gradient direction enables to estimate water diffusion along that gradient 

direction.32 Therefore, the precision when estimating the diffusor tensor increases with the amount 

of gradient directions, but this also leads to longer acquisition times; a minimum amount of 6 

different non-collinear gradient directions are required to estimate Dij. 32,33 

 

Water molecules within the brain move mainly in the direction parallel to axonal bundles resulting 

in a anisotropic diffusion in regions of compact white matter tracts. Anisotropic diffusion within 

tracts can be described by a tensor aligned along the direction of greater diffusion.32 Its main axis 

represents the main diffusivity direction, the eccentricity of the ellipsoid representing this tensor 

relates to the degree of anisotropy and its symmetry and length show the distance travelled as a 

result of diffusion. Therefore, after DT estimation, rotational invariant parameters may be 

calculated based on the eigenvalues of the DT. Metrics such as mean diffusivity (MD), fractional 

anisotropy (FA), axial diffusivity (AD) and radial diffusivity (RD) yield information used to infer 

on the microstructures present in each voxel.30 

 

FA traduces the anisotropy inherent to each voxel ranging between 0, which means the diffusion 

is isotropic, and 1, which means that the diffusion happens in one direction only. In brief, to 

calculate the FA, the eigenvalues of the diffusion tensor must be calculated first. By convention, 

the first eigenvalue λ1 gives the AD, and reflects the magnitude of diffusion along the principal 

component of the diffusion ellipsoid. Whereas the eigenvalues λ2 and λ3 are used to calculate the 

RD, reflecting diffusion along the other two components of the diffusion ellipsoid. Therefore, 

voxels where white mater tracts with one direction are predominant associated with FA values 

closer to 1.30, 32 

 
DTI is based in some assumptions. The model uses a Gaussian distribution to describe the water 

diffusion motion within the biological tissues. Nonetheless, the high complexity of the brain 

structures shows a sharper and non-Gaussian water motion resulting in imprecise fiber 

estimation.30 Furthermore, DTI assumes only one fibre population per voxel of the brain image. 
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However, currently it has been estimated that at least 30% of the brain voxels contain at least two 

different crossing fibre populations. Consequently, voxels with multiple fibres are assigned lower 

FA (anisotropy intrinsic to each voxel) than the real one.33,34 To mitigate this limitation, several 

models are currently available to estimated diffusion within the brain. These approaches use either 

extended or refined models with multi-shell acquisitions (i.e. multiple b-values) which are often 

compatible with the deterministic methods available for brain fibre tracking.35 

2. Diffusion kurtosis imaging 

DKI was developed to address the DTI limitations ensuring a multi-shell acquisitions suitable for 

clinical use. DKI abandons the Gaussian model by including a kurtosis statistical measurement 

which calculates the degree of deviation from a Gaussian distribution. Furthermore, DKI 

successfully addresses the crossing fibres’ issue showing increased sensitivity for fiber 

detection.36,37 DKI is also compatible with the clinical routine with mean acquisition times of 5 

minutes with 3 b-values, slightly increased when compared to those of DTI (mean acquisition 

time of 3 min with 2 b-values).36 The kurtosis tensor (KT) is a 3´3´3´3 matrix and allows a 

characterization of the non-Gaussian diffusion. To estimate such a tensor, at least 15 non-collinear 

diffusion gradients must be applied with at least three b-values. The DKI studies in this work 

used a constrained linear least square method to estimate KT. This estimates plausible 

biological values besides finding the optimal solution that minimizes the sum of squared 

differences error.36 The signal acquired by the receiver coils is quantified using: 
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where Dapp and Kapp are the apparent diffusion value and kurtosis value along a spatial direction 

(n):36-39 
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Invariant rotational metrics can also be extracted in a similar way to the diffusor tensor (DT), in 

order to characterize diffusivities along the structures. A common metric (Mean Kurtosis - MK) 

uses the mean value of kurtosis along the three main axes. In contrast, FAK measures kurtosis 

anisotropy and is close to 1 when there is a value of kurtosis (along the principal direction) that 

is substantially larger than the other two, and close to 0 when all three values of kurtosis are 

similar to each other.37,38 
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3. Tractography  

DT and KT information on the direction of diffusion may be used to perform fibre tract 

reconstruction. The aim of tractography is to determine intervoxel connectivity based on the 

anisotropic diffusion of water. Deterministic methods are based on the assumption that the 

principal eigenvector is parallel to the dominant direction of the fibre, integrating information 

from neighboring pixels to define smooth trajectories. Such methods start in one point and 

consequently follow the diffusion path through the main diffusivity direction for each voxel, given 

by the DT’s greatest eigenvalue.30,33 However, DTI-based assumptions (see above) may introduce 

both false positives and false negatives tract connections in DTI-based tractography 

reconstruction.33 

 

DKI-based tractography (DKI-tract) was recently studied36-38 due to its ability to estimate a forth 

order tensor, and contributing to better spatial characterization of tissue microstructure. The first 

method to reconstruct fibres from DKI was based on the diffusion orientation distribution function 

that characterizes the spatial orientation of the displacement’s distribution (i.e. water diffusion).39 

However, an algorithm based on kurtosis maxima was recently shown to detect multiple fibre 

populations within a voxel.40 

 

In section B, CST and AF fibres were streamlined using DKI based kurtosis maxima tractography. 

Currently, DKI applications increased in literature due to the greater sensitivity to microstructural 

brain tissue.36, However, white matter fiber reconstructions using DKI are yet few in numbers 

probably because of their i) own limitations (greater sensitivity  to multi-compartmental model 

parameters that may lead to instability when reconstructing white mater fibres); and ii) lack of 

routine protocols applicable to the clinical environment.39 In spite of DKI be an advantageous 

method for studying the structural organization in a healthy brain,39 studies on the influence of 

pathological neoplasms in kurtosis metrics remain sparse.37 

 

In order to perform tractography from DWI, data preprocessing must be made to handle image 

artifacts. This arise from head motion, physiological factors, Nyquist ghosting from timing errors 

between sampling and gradient application, eddy currents (from high amplitude gradient 

switching). For this purpose, a careful data preprocessing was made, and a constrained fitting 

method was used to estimate DKI based fibres. 

 

For DWI data processing and reconstruction of white matter fibres, the united DKI (UDKI) 

toolbox (v1.2) based in Matlab (MatlabWorks, USA) was used.41 Non-brain tissues were removed 

from all DWI volumes with the brain extraction tool (BET), and eddy current correction was 
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made, using the  FMRIB Software Library (FSL; v.4.2).42 For MRI noise reduction, DWI data 

were smoothed with a Gaussian kernel with full width half maximum of 2.5 mm. Afterwards, DT 

and KT estimates were obtained by fitting the DWI data to the DKI model (see above) using an 

constrained linear least squares fitting approach. Standard MD and FA maps were then estimated 

and fibre direction estimation obtained from the KT.  Fibre direction was directly estimated after 

defining the average perpendicular kurtosis along the spatial direction. In order to visually inspect 

and validate the tractography results, a 3D tractography visualization software named TrackVis 

(www.tracvis.org; v0.64) was used.43 In section B of this thesis, a clinical routine protocol for 

DKI based fibres estimation was developed (chapter IV) and a comparison between DTI based 

tractography using the same methodology was tested (chapter V).  
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Functional Magnetic Resonance Imaging 

 
T2* weighted images are closely related to T2-weighted ones, as both reflect relaxation of the 

transverse magnetization. The T2* relaxation time combines the real T2 of tissue plus the effect 

of magnetic field inhomogeneities (see above).30 Gradient echo or multi echo approach may 

acquire a series of signals at different TE for T2 quantification, in order to analyze the distribution 

of different water compartments within brain tissues (i.e. such as in vessels or in myelin). In 

presurgical planning, T2* weighted images were used to provide functional information about 

brain regions activated during task and rest periods. The contrast mechanism (i.e. BOLD contrast) 

reflects a complex interaction between blood flow, blood volume, and hemoglobin oxygenation.44 

At the microscopic level, a neuron receives input through dendrites generating action potentials 

which propagate through axonal tracts to other cells, resulting in a localized increase in blood 

flow. Neuronal activity may be measured by either looking at their firing rate or by measuring the 

summation of the synchronized post-synaptic activity.44 Current knowledge correlate the BOLD 

signal more strongly with post-synaptic activity than firing rate. Thus, neuronal post-synaptic 

activity reflects the release of vasoactive substances in which effective vasodilators are likely to 

increase blood flow at local gray matter with oxygenated blood (neurovascular coupling).44 The 

magnitude increase of blood flow during cognitive or sensorimotor tasks, contrasts with the 

subject’s brain at a resting-state or low-level control state.10 

In each voxel, the MR signal reflects the proportion between oxyhemoglobin (negligible effect 

on T2 relaxation due to hemoglobin diamagnetic proprieties) and deoxyhemoglobin (which 

accelerates the rate of T2 relaxation due to iron paramagnetic proprieties).44,45 Thus, after a 

hemodynamic demand from brain activity, deoxyhemoglobin forms (reducing MRI signal 

intensity) and consequently oxygenated inflowing of blood displaces the deoxyhemoglobin. By 

other words, during activity, blood flow to the cortex increases, causing a drop in 

deoxyhemoglobin, which results in a decrease in dephasing and a corresponding increase in signal 

intensity. However, the change in MR signal is small, and to obtain an acceptable SNR, an average 

over multiple repeat trials is performed.10 

Cognitive tasks such as used to evaluate speech processing consists in a 0.5-1% signal change 

with a latency of 0.5-1.5s (and with a peak 4-8s after stimuli).45  Such time scale to depict BOLD 

signal is one of the drawbacks of the technique, because it is a long time compared with that of 

neural firing (milliseconds).46 In this thesis, for conduction tasks during MRI signal acquisition, 

a block paradigm was selected. It consists of alternating cycles between the task (active state) and 

the breaks (rest state). These alternating cycles consisting in trials and rest periods were repeated 

for 5 times enabling better statistical power due to acquiring more images per acquisition and 
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allowing signal averaging.10 Once pairs (active vs rest periods) of BOLD images have been 

acquired, highlighted images were produced using the sets of baseline and with stimuli. Thus, 

they are co-registered with each individual T1 weighted anatomic scans. Alternatively, an event-

related stimulus was used to perform a single event task (e.g. finger taping or mouth movement 

task) that has shorter duration and higher hemodynamic response.  

For testing speech processing, we selected a verbal semantic decision task (VSDt), syntactic 

judgment. In the sentence processing task, the subject was instructed to interpret the meaning or 

to detect a syntactic error. We also used a verb generation task (VGt), where the patient was 

instructed to generate a verb in response to a noun. The tasks were showed on a screen mounted 

over the MRI head-coil and the responses were given by a button press. This high demand tasks 

were contrasted with baseline recordings which consisted in a simplified cognitive task where the 

participant had to perform a symbol search task. Two distinct symbols had to be found in a random 

letter string. Motor paradigms of the hand (finger tapping) and mouth (opening and closing jaw 

movements) were also used, however due to high imaging contrast (BOLD response amplitude 

of 5%), just 8 blocks were acquired. 

In contrast to task-specific paradigms, the localization of brain regions involved in a given 

function may be performed by comparison the BOLD signals between regions when the subject 

was in rs-fMRI. In section C, resting periods of 150 volumes were also used acquired along 14,65 

minutes. T2* weighted imaging was acquired using a gradient echo sequence with the following 

parameters: TR= 2000ms, TE= 23ms, flip angle= 90º degree, 128 × 128 acquisition matrix 

resolution, and 3 × 3 × 3 voxel size mm3 with a gap of 0.5mm. 

1. Noise in fMRI sequences  

Functional brain regions results depend on data acquisition settings, preprocessing algorithm and 

connectivity analysis approach.18 A drawback of gradient echo images is that with the increased 

magnetic field susceptibility and induced artifacts become more prominent with the use of 

increasing echo time values. The noise characteristics of fMRI data can pose a great challenge for 

the analysis process because MRI BOLD signal represents less than 2% or 3% of the total MRI 

signal.10 Noise is originated by subject physiology factors, subject movements (structured noise) 

while some artifacts result from the scanner hardware.46 

The majority of the hardware artifacts are easily avoided (RF noise or ghosting), but some need 

to be addressed during preprocessing. These artifacts occur as a result of inhomogeneities in the 

static magnetic field in the brain and are the following: scanner drift, very slow change in the 

baseline BOLD signal over time; distortions, as spatial warps in the image; and drop out, of the 

MR signal in certain anatomical regions. In addition, structured noise has its origin from 
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physiology factors (i.e., breathing) and movement of the subjects while they are in the scanner. 

Taking a breath results in small movements of the chest and abdomen, resulting i) head motion, 

and ii) increased susceptibility artifact due to chest air variation and consequent influence in the 

B0 field. These are depicted in image by aliasing of the MR signal (i.e., spread over all sampled 

frequencies). Head motion due to subject movement may be more problematic because it affects 

the data with spatial misalignment from one volume to the next, and with partial volume effects, 

spin history, and varying field inhomogeneities. However, dedicated algorithms have been 

developed for fMRI data preprocessing. 

2. fMRI data preprocessing 

A stable trade-off must be selected to achieve acceptable fMRI scans spatial resolution without a 

negative influence in noise and consequently on data analysis. Data analysis included motion and 

distortion correction, high pass filtering, spatial smoothing and specific noise reduction 

processing allowing BOLD MR signal isolation and analysis. 

In section C, fMRI data preprocessing was done using either BrainVoyager (v.2.8, Brain 

Innovation, Maastricht, The Netherlands) for task-specific fMRI,47 or using functional 

connectivity toolboxes, such as multimodal modal imaging brain connectivity analysis (v.1.0, 

MIBCA) toolbox,48 and CONN toolbox (v.18.1)49 developed in Matlab (Mathworks, USA). With 

these tools, DICOM files were either converted into “fmr” data or into nifti data format, in 

BrainVoyager and in Matlab-based toolboxes using the dcm2nii function available in the 

MRIcron package,50 respectively. For task-specific fMRI scans, slice time correction was applied 

using sync interpolation and the order of slice scanning was considered as ascending interleaved. 

Mean intensity adjustment was performed with a cubic spline, 3D motion correction with trilinear 

interpolation, spatial smoothing with a Gaussian full-width-at-half-maximum (FWHM) filter of 

7 mm. For drift removal, a linear trend removal of low frequency was used consisting in a 

nonlinear drift of 3 or less cycles (0.0063Hz) per time course for the block design. Then, a low 

pass Gaussian temporal filter with FWHM of two data points was applied.47  

T1 weighted images were also corrected for spatial intensity inhomogenities. In addition, spatial 

transformations were combined and applied to transform the images into Talairach standard 

space. The two affine transformations and isovoxel scaling transformation were concatenated to 

form a single 4 ´ 4 transformation matrix.47 For each voxel coordinate in the target (Talairach) 

space a piecewise affine “Un-Talairach” step was performed, followed by application of an 

inverted spatial transformation matrix. Consequently, the computed coordinates were used to 

sample the data points in the original 3D space using sync interpolation. For 3D visualization, the 

brain was segmented from surrounding head tissue which was removed. fMRI data were then 
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normalized followed by the application of the same transformation steps as performed for the 3D 

anatomical data set. This step resulted in normalized 4D volume time course data which was 

coregistered with the subject’s 3D anatomical data set.47 

For the calculation of the contrast, covariates of interest were used for hemodynamic frequency 

response prediction and sampling.10,47 An average representation of the MR signal across healthy 

subjects was implemented using Statistical Parametric Mapping (SPM from Welcome 

Department of Imaging Neuroscience, London, UK),50 as a third party tool of the BrainVoyager 

software, for pattern prediction of neural activity evoked by the experiment in a single voxel (i.e., 

univariate statistical technique). Therefore, the results from each patient after applying a 3D 

motion correction and a brain mask to the brain tissue were introduced as predictors consisting in 

3 linear translation factors and 3 rotational factors in comparison with the data from the null 

hypothesis (i.e. experimental block with rest volumes).  

The statistical fixed threshold was calculated using a false discovery rate with an alpha of 0.05.  

This intended to estimate a true-positive brain region for the eloquent function tested with a 95% 

confidence interval controlling the proportion of false-positive voxels present within a single map. 

Instead of controlling the false-positive rate at a map-wise level.10 Correction for multiple voxels 

comparisons was also made to ensure that positive activations were only considered if surpassing 

the threshold. Statistics were implemented also taking into account the presence of noise and the 

consequential low temporal frequencies. Therefore, statistical analysis was conducted using Keith 

Worsley and Karl Friston’s “modified” (1995)52 general linear model instantiated in SPM.51 In 

chapter VI, BOLD activation map was calculated with the simultaneous activation in at least two 

out of three language tasks used during fMRI. This “final” map was registered with anatomical 

scans which were implemented in an optical based surgical navigation system (StealthStation, 

Medtronic) to perform navigated Cortical Mapping (CM) procedures. This system is based on the 

satellite navigation and have two infrared cameras with a fixed relationship in space which detect 

passive markers (i.e. spherical reflectors) and calculate distance through triangulation method.53 

In chapter VI, we aimed to perceive the influence of navigated multiple language tasks BOLD 

activation on DCS.  

MIBCA was used for performing connectivity analysis either using task-specific fMRI (Chapter 

VII) of rs-fMRI scans (Chapter VIII) due to is ability to aggregate different processing steps in 

one tool.48 In addition, for DTI data preprocessing analysis was used the dwidenoise function of 

MRtrix,54 and for rs-fMRI, the denoising function and a seed-based analysis function of the 

CONN toolbox.49  

MIBCA uses third party software, such as FSL,55 Freesurfer,56 Diffusion toolkit,43 and SPM50 to 
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perform the data processing.48 T1 weighted images processing consisted in BET42 and then a brain 

mask was created using FSL’s function. Sequentially, the Freesurfer function recon-all was 

applied, consisting in spatial alignment of the subject’s brain to a standard space 

(MN1_152_1mm), which generated transformation matrices. These were used to transpose each 

region of interest (ROI) into the DWI and fMRI space. Then, this data was non-linearly registered 

to the anatomical images and the align of the parcellated ROIs was made. The brain segmentation 

and parcellation was made using the Havard-Oxford brain atlas.57 

For DWI data processing, additional eddy current motion correction was made after applying 

BET. Denoising of DWI data were made using dwidenoise,54 which estimated a noise map by 

exploiting data redundancy in the primary component analysis domain based on Marchenko 

Pastur distribution.58 The DT was then reconstructed using dti_recon of Diffusion Toolkit43 which 

computed the following maps: main eigenvector, apparent diffusion coefficient, FA and b0. 

Subsequently, the dti_tracking function was used to deterministically streamline fibres with n 

interpolated streamline method of fixed step-length. In addition, the spline_filter function was 

used to smooth the final tract. Between pairs of ROIs segmented in anatomical scans, the number 

of fibers, mean fiber length and mean fiber orientation were calculated, generating 3 different 

matrices, of which only the matrix of the number of fibers is defined as the structural connectivity 

matrix.48 

fMRI data preprocessing performed with MIBCA was carried out using the FSL function, FEAT 

(FMRI Expert Analysis Tool).55 The processing involved the following steps: MCFLIRT was 

used for motion correction,59  slice-timing correction was applied using Fourier-space time-series 

phase-shifting; non-brain removal using BET; spatial smoothing using a Gaussian kernel of 

FWHM 8 mm; 4D data intensity normalization using a single multiplicative factor; and a high 

pass temporal filtering based on Gaussian-weighted least-squares straight line fitting, using a 

sigma of 50s. Then, after extraction of functional time series data from each ROI, statistical 

processing was made by calculating Pearson correlation between each pair of ROIs’. For the rs-

fMRI data (Chapter VIII), the CONN toolbox data preprocessing algorithm was used. CONN data 

preprocessing also included some already mentioned steps for fMRI time series: spatial 

preprocessing, slice-timing correction, realignment, coregistration, normalization, spatial 

smoothing and segmentation. In addition, this algorithm dealt with MR signal noise which was 

implemented to increase the validity and the robustness of functional connectivity MRI analysis. 

An anatomical aCompCor strategy60 is used to estimate a user defined number of orthogonal time 

series. By using principal component analysis of the multivariate BOLD signal within each of 

these noise ROIs. Therefore, it allows the possibility to define temporal confounding factors that 

may arise from indirect sources of noise (i.e. respiration cycles within a subject sessions), or from 
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BOLD signals obtained (white matter and CSF masks) ROIs. For each defined temporal 

confounding factors, first- and higher- order derivatives of the associated time series, and 

regression from the BOLD time series at each voxel were made and the resulting residual time 

series were band-pass filtered (0.009 to 0.08 Hz).49  

3. Functional connectivity 

Fine-scale connectivity occurs between neurons in local circuits in multiple adjacent cortical 

layers consistent with segregated subcolumnar cortical structures.18 Selective activation of local 

areas via microstimulation triggers sparse patterns of activity when using a large-scale recording 

of multiple brain units.61 Therefore, recent methods were adapted to study connectivity using rs-

fMRI and are now available. They aim to detect similarities among distinct regions of the brain 

inferring connectivity. The problem of inferring connectivity between neurons may be described 

by the following equation:62 

R = 	 R; SQ                 (2.9) 

S denotes the digital form of spike trains, of N neurons during an interval with length T. The 

paradigm of connectivity aims to identify the set of neurons, πi, out of the N neurons observed 

that affect the firing of the neuron i, or Si, in a statistical sense. S assumes a digital form of spike 

train with a firing range width D (usually 1–3 ms). This form assumes that at time m, Si (mD) = 1 

indicates a spike while Si (mD) = 0 indicates no spike.  Therefore, functional connectivity refers 

to the statistical dependence observed between the neuronal spike trains. This can result from the 

presence of a synaptic link between the neurons or it can be observed when two unlinked neurons 

respond to a common driving input. Effective connectivity refers to the causal relationships 

governing this dependence and involves identifying the pre- and post-synaptic neurons in the 

observed mixture activation.61-63 

The methods available to study functional connectivity based on rs-fMRI20 can be divided into 

voxel-based (such as seed-based correlation analysis) and node-based methods (like graph theory 

analysis).64-65 In this thesis, both methods were used in chapters VII and VIII. 

Seed-based correlation analysis (SCA) aims to obtain a whole brain map that describes the 

strength of functional connectivity of each voxel in the brain with the (seed) ROI. Such methods 

are used to make group-level analysis in order to compare the spatial organization of large-scale 

resting state networks. The node-based method used in Chapter VII defines a set of regions in the 

brain and looks at connections between these regions, but does not fully address how integration 

of information is structured between distinct functional regions (i.e. strength of connections).  
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In chapter VIII, a SCA were performed using the CONN toolbox. To define seed ROIs, 

information about cortical surface positive DCS sites for motor and language function were 

gathered from surgical navigation system and cortical brain surface photographs. These were 

defined in each subject anatomical scans with a 6x6x6 mm3 (see chapter III). Seed-to-voxel 

analysis consisted in computing the temporal correlation (bivariate correlation) between the mean 

BOLD signals from a given ROI to all other voxels in the brain. Consequently, it was applied a 

statistical fixed threshold for the bivariate correlation maps and was calculated a false discovery 

rate with an alpha of 0.05 corrected for multiple voxels comparisons. The resulting activation 

maps were superimposed with connectivity fMRI matrices originated by MIBCA, and using the 

BrainConnectivity toolbox (incorporated as third-party software in MIBCA),21 graph theory 

measures were extracted from significantly correlated brain regions (p< 0.05) using the 

coordinates of the correlation maps superimposed in atlas-based data-driven from fMRI matrices.  

Node-based methods investigate connections defined as edges, between a larger number of 

functional regions defined as nodes (spatially smaller).17,21 Data from fMRI are converted in 

weighted or unweighted matrix. In the former, a correlation is made to calculate matrix edges and 

subsequently thresholds are applied converting it into a binary matrix where 20% of the strongest 

connectivity edges are retained. The latter uses the original and unthresholded data of the 

network.64 In order to describe properties of large or whole-brain networks the data can be 

represented in the form of a graph.65 The graph theory-based approach relies on the perspective 

that brain macroscale networks are topologically organized in a non-trivial manner (e.g., small-

world architecture and modular structure).65 Therefore, a virtual graph represents a network where 

nodes are connected by edges, and are organized within in a specific module (such as cognitive 

system). From this network, metrics may be extracted revealing quantitative measures which may 

characterize the underlying organizational mechanism.  In chapter VII, graph theory measures 

were extracted from task-specific fMRI data, from an atlas defined brain regions involved in 

language function and analyzed from the DCS perspective. Whereas, in chapter VIII, the 

connectivity metrics were extracted from rs-fMRI data, from regions defined by SCA from DCS 

positive sites for language function. 

4. Functional connectivity data analysis 

Functional connectivity analysis was made by calculating a correlation matrix for every ROI pair 

combination using the Pearson correlation within BOLD time series data.49 Statistical threshold 

was applied for a significance level of 0.05 with Bonferroni correction. The correlation results 

were organized in a fMRI matrix studying connectivity and to perform graph theory analysis.49 

Further, binary matrix (weighted data) was generated using also the number of fibers (from DWI 

data) and functional correlation coefficient with p-values < 0.05 using fMRI. For each image 
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modality (DWI, fMRI and hybrid matrix), the mean of graph theory metrics was calculated using 

a third party Brain connectivity toolbox.21 In addition, individual ROI graph theory measures were 

also calculated using unweighted matrix analysis.  

In this thesis, a small range of graph theoretical measures were selected according with the 

hypothetical definition of each measure and to the experience from other authors and contributors 

to this work. Such metrics may be divided in segregation, functional integration and centrality 

measures. Segregation refers to the degree to which network elements form separate clusters 

(functional related brain areas) and correspond to clustering coefficient. A high clustering 

coefficient means that if nodes A and B are both connected to node C, they are also likely to be 

connected to each other.21 Node degree is defined by the number of other nodes it is connected 

to. Nodes with a degree that is larger than the average degree in the graph are called hubs.65 

Functional integration measures refers to the capacity of the network to become interconnected 

and exchange information; it is defined by the characteristic path length (shortest path between 

nodes) coefficient. Whereas global efficiency is inversely proportional to the average minimum 

path length (i.e., one divided by mean path length), and is a measure of the efficiency of the graph 

as a whole.  

 

Centrality measures consists in relevant brain regions (such as hubs) that often interact and 

facilitate functional integration in network resilience to a insult. Therefore, they are based in the 

construct that central nodes participate in many short paths within a network controlling network 

information. The participation coefficient assesses the diversity of interconnections of individual 

nodes within a specific network (module). A node with a low participation coefficient is also 

called a provincial hub facilitate the modular segregation whereas a node with high participation 

coefficient (connector hub) facilitate intermodular integration. Another centrality measure is 

betweenness centrality, defined as the fraction of all shortest paths in the network that pass 

through a given node.21 Despite of providing local and long range connectivity information, an 

important challenge is to find meaningful ways to characterize brain networks such as language 

for current practice use (see chapter VII and VIII).61    
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CHAPTER III 

BRAIN STIMULATION AND SPEECH RECORDING 

 

Direct cortical and electrical stimulation 

 
Invasive stimulation of the human brain provides unique opportunities to study fundamental 

processes with high temporal and spatial resolutions. The first electrical stimulation of the human 

brain was done by Roberts Bartholow (1874) but it was Penfield (1930s) who defined detailed 

maps of the homunculus on the primary motor and sensory cortex in patients with epilepsy.67 The 

speech areas were described later and included anterior frontal areas, posterior temporal areas and 

superior parietal language areas. The purpose of the mapping procedure is to reliably identify 

cortical areas and subcortical pathways involved in motor, sensory, language, and cognitive 

functions.2,67 In this thesis, DCS was used in Section C and D during intraoperative experiments 

for language mapping function. 

1. Electricity principles and stimulation device 

Conventional intraoperative neuromonitoring equipment is furnished with constant current and 

voltage stimulators. To understand such difference, basic electricity principles must be evoked. 

While MRI techniques are based on reorientation of positively charged nucleus particles named 

protons, electrophysiological techniques rely mainly in the negatively charged particles orbiting 

around the nucleus, the electrons. Materials that allow electrons to move freely are known as 

conductors like metals such as cooper, silver and platinum. Therefore, an amount of charge 

(Coulomb) is composed by approximately 6.24×1018 electrons.68 In order to produce movement 

of electrons through a conductor, an electromotive force is needed (Voltage). This electromotive 

force results from a fundamental property of physics, which is that oppositely charged particles 

attract each other. Thus, when a difference in voltage exists between two points, the excess of 

electrons will move to the point with least electrons. Electron movement itself (current) may be 

measured in amperes (1 Coulomb passing a point in a conductor in 1 second). Resistance opposes 

the flow of electrons. Examples of resistance to electron flow are non-conductive particles such 

as rubber, ceramic, etc. The intensity of current I can be calculated using Ohm’s law: 

T = U
V
                 (3.1) 

where E is the voltage from the battery (an electromotive source of electrons) and R is the 

resistance. A circuit also has a “reservoir” of current that is ideally a true electrical zero (connected 

to the earth).69 The electric charges move from the positive side of the battery to the negative 

(deficiency), but electron flow occurs from the negative to the positive point.  
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Electricity is created by attaching a coil (a conductor shaped as a loop) to a mechanical rotation, 

with the coil placed perpendicular in a strong magnetic field.70 As the conductor rotates in the 

magnetic field, electricity is generated and flows to an attached device. If current always flows in 

the same direction, it is named direct current, which describes electrons flow through a conductor 

to an electrical device and back to the power source.69 Alternating current is used in wall sockets 

in hospital offices to provide energy to biomedical devices. In such case, electrons follow the path 

of a sine wave, flowing first in one direction and then reversing in the opposite direction. The 

current reverses polarity many times a second (cycles per second in Hertz). However, this energy 

source is not applied directly to human tissue.69 

 

A more complex electrical circuit also takes into account capacitance (the property of a circuit 

which allows it to store an electrical charge) in which the amount of charge stored is proportional 

to the voltage across the circuit. Inductance is the property of an electrical circuit that causes it to 

oppose any change in current. This generates a magnetic field around the conductor, induced by 

the current. Inductive and capacitive reactants to current flow directly oppose each other. 

Impedance incorporates the total opposition to current flow in a circuit, including resistance, 

capacitive reactance, and inductive reactance. Impedance (measured in Ohm’s) is equal to 

resistance in circuits with no inductance or capacitance or in circuits where inductive reactance 

equals capacitive reactance.69 

 

The stimulators available in clinical practice produce a direct current either by delivering an 

adjustable voltage across the stimulating electrodes independent of the stimuli current (constant-

voltage stimulator), or by delivering an adjustable current through the stimulating electrodes, 

essentially independent of their impedance (constant-current stimulator). In electrical cortical 

mapping, the latter is used, because when using the latter method, a decrease in impedance can 

dramatically increase the stimulation current.2,70 

2. Current, local potentials and stimulation parameters 

In section C and D, electrical stimulation of the brain tissue was applied with a handheld bipolar 

stimulator probe which has a cathode and anode side by side (DCS).70,71 Current flow occurs from 

the anode (positively charged) to the cathode (negatively charged).  Due to that, the extracellular 

space beneath these two points suffers changes in current: inward, i.e., hyperpolarizing near the 

former, and outward, i.e., depolarizing near the latter. The current between the probe ball tips 

spreads in a laminar fashion. Assuming the brain as i) a medium with only one conducting 

material and ii) in the absence of time variations in the electric signal (quasi-static condition), the 

electrical field in a volume conductor is represented as:70 
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∇	. X∇	Y = 0		                     (3.2) 

∇	= 	 Z
Z[
\ + 	 Z

Z]
^ + 	 Z

Z_
`               (3.3) 

where  a
→

 is the gradient vector, X is the electrical conductivity and V is the scalar electric potential 

(Voltage) in unit vectors in the 3 planes.71 Current density is the ratio of the charge that flows in 

1 second through a surface perpendicular to the flow, divided by that surface area. The SI units 

for current density, electric field and conductivity are amperes per square meter (A/m2), volts per 

metre (V/m), and siemens per metre (S/m), respectively. The relevance of the current density for 

calculating the electrical field in the brain comes from the fact that, in the quasistatic regime, the 

amount of charge reaching a small volume in a given time interval must be equal to the amount 

of charge leaving it.71 Assuming a uniform conductivity from (3.2), results from Laplace equation 

state: 

X. cZ
Jd
Z[J

+ ZJd
Z]J

+ ZJd
Z_J

e = 0              (3.4) 

In (3.2), V = Vo reflects the applied voltage at the point of contact of the electrode and in (3.3) a 

derivative of the scalar potential is zero at all other points. Therefore, the electrical field problem 

through Ohm's law may be stated as: 

f = −X Zd
Z[

                   (3.5)  

where J is the current density, V is the scalar voltage potential, X is the electrical conductivity and 

x is the position.70 Therefore, because the electrical field can be derived from the scalar potential: 

g = −a
→
Y                (3.6) 

The current density may also be calculated from the electrical field as  

f = X. g                (3.7) 

where J is the current density,  is the conductivity and E is the electrical field.  

Experiments based on these assumptions showed that bipolar stimulation technique produces a 

maximal current density below the 1mm spherical metal electrodes of 0.05 A/cm2, if spaced by 

5mm when using a 10mA intensity current. Therefore, the current density decreases with 

increasing distance from the stimulation electrode. Stimuli are more effective when the 

stimulation electrodes are aligned transversally to the axon. However, because the electrical 

resistance is rather unpredictable (resistance of the pia mater is not measurable after a few minutes 
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of air exposure) and of high value (gray matter resistance is about 4–6 times greater than in white 

matter), constant-current stimulation is used.70  

The current applied evokes a potential difference at the local neuronal membrane, which may 

origin an action potential. The neuron membrane is continually bombarded with 

neurotransmitters, which produce either excitatory postsynaptic potentials or inhibitory 

postsynaptic potentials of varying duration. When the membrane potential reaches its threshold 

(needing around 20mV), an action potential is generated.71Briefly, local potentials result from the 

flow of current through the membrane with a change in channels that are open or closed in 

response to a chemical agent, mechanical deformation or an applied voltage.72  

Synaptic potentials occur through either a depolarization or hyperpolarization mechanism. After 

chemical molecules enter the synaptic cleft, depolarization may result from increased 

conductance of i) sodium (fastest process) or potassium (slowest process) channels, ii) both 

sodium and potassium channels and iii) calcium channels. Local potentials may be generated 

either in soma, dendrites or axonal body of neurons and in addition show unique characteristics 

in transferring electrical information without decreasing signal amplitude.72 The local potential is 

a graded potential and its signal is proportional to the size of the stimulus and hence they may be 

summated. Most synaptic potentials range from 10 to 15ms in duration, and the longer the 

duration, the greater the chance for temporal summation (generator cell integrates signals that 

arrive at different times). In addition, spatial summation may occur within a few millimeters 

around the neuron area in which the local potential is generated. Simultaneous application of a 

second stimulus near the first results in spatial summation of the potentials in the border zones.72 

Generator potentials occur primarily by the opening of both sodium and potassium channels and 

increasing conductance of both ions leads to an action potential if the local potentials´ voltage 

overcome the neuron threshold. This is defined by the membrane excitability, in which suddenly 

many sodium channels open. In this way, information can travel long distances without being 

lost. Their all-or-none feature also allows coding of information as frequency, rather than the less 

stable measure of amplitude.72  

The ion flux and diffusion under an electrical field (from synapse) may be described by converting 

flux (molecules diffusion) in electrical current density when multiplied by the number of charges 

in each mole (number of ion molecules) using the Nernst–Planck equation (not describe here).68 

In ion diffusion term of such equation, current arises the movement of an ion under the influence 

of an electric field. An example, for sodium may be stated as: 

fShij = klShi µSh +	µi g				            (3.8) 
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the ion type is designated by the subscript Na and K, while the superscript e signifies that the 

current is due solely to an electric field, F the Faraday constant, and µ	 the ion mobility. Assuming 

that conductivity (X) is proportional to ionic concentration, hence using the Ohm’s law, ion’s 

conductance may be calculated as follows:68 

X = klShi µSh +	µi 	             (3.9) 

For brain mapping, a low frequency paradigm has been established, consisting of the application 

of short pulse trains with frequencies of 50Hz in Europe (Penfield technique).73 The individual 

pulse is rectangular and either monophasic or biphasic. Lower intensity is needed to evoke an 

effect if anodal current is used (from anode to cathode). Experiments from motor cortex 

stimulation showed that excitatory postsynaptic potentials produced after an anodic stimulus are 

not only accumulated, but also enhanced by the pulse sequence.12,13 In humans, conduction of the 

pyramidal fiber tracts is slow in 90% (thickness of 1–4µm) and fast in only 1.7% (thickness 11–

22µm). Between 60 to 94% of the fibers are myelinated, and show conduction velocities between 

of 50 to 80m/second. However, this only represents about 20% of the fifth layer of the primary 

motor cortex (Betz cells). Therefore, using a high-frequency pulse sequence (around 250Hz), not 

only direct waves from pyramidal cells stimulation are recorded, but also additional indirect 

waves (transmitted to pyramidal cells through intracortical connections), particularly after the 

third stimulus of the sequence.74  

Bipolar stimulation pulses have 0.3-0.5ms duration and alternating polarity with first phase being 

anodal and then cathodal. The charge applied to the brain using a biphasic pulse is twice as that 

applied using the same current but with a monophasic pulse.73 The current entering the cortex via 

the electrode elicits an electrochemical reaction that alters tissue pH and leads to organic 

oxidation, impairing cellular homeostasis through changes in intra- and extracellular 

concentrations of K+ and Ca++. The maximum stimulation intensity should not exceed 

40µC/cm2/phase and is commonly limited to 20mA.73 DCS of the brain was found to be safe with 

intermittent cortical stimulation being carried out over several days and not resulting in any 

cortical damage.13 

3.  Stimulation probe  

The use of a bipolar probe with 2 tips separated by 6–10mm has become standard. An 

interelectrode distance > 10mm favors the activation of large pyramidal tract neurons. This creates 

an electrical field in which the current density is more homogeneous and the electrical field lines 

between both poles are close to parallel. Alternatively, a monopolar probe with a frontal reference 

electrode can be used. Given the same stimulation intensities, a monopolar probe provides a 

homogeneous radiant spreading electrical field, which leads to lower current densities in the area 
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surrounding the reference electrode, but the probability of stimulating nervous tissue at a more 

distant site increases.75 

 

DCS and awake craniotomy 

 
Current evidence recommends using DCS for language mapping while the patients perform 

language tasks after sedation withdrawal (asleep-awake-asleep anesthesia protocol). Language 

mapping with DCS remains the gold standard technique for language localization11 This assumes 

greater relevance specially in the setting of a tumor that induces neuronal plasticity. Awake 

craniotomy surgery increases gross total resection with less neurological language deficits.11,13 

Once the scalp, skull, and dura are opened, sedation wears off so that the patient may cooperate 

with behavioral testing.  

 

In this thesis, intraoperative language tests consisted in counting, PNt (which tests the integrity 

from visual stimuli interpretation to name generation) and non-verbal semantic association tasks 

(NVSDt) carried out while the surgeon stimulates the cortical surface.13 The threshold of action 

(intensity) was stablished before language mapping. DCS was applied to the motor cortex (i.e. to 

the primary motor and the ventral precentral gyri) with intensity increases in 0.5mA steps, while 

the patient carried on a counting task until speech arrest was detected (i.e. anarthia). In language 

mapping, patients were asked to simultaneously perform a movement of flexion and extension of 

the contralateral arm while doing a PNt or NVSDt. For PNt, the same set of pictures was used in 

all experiments in this thesis (section C and D), either in the presurgical planning, intraoperative 

testing or laboratory speech recording (section D). Pictures of object nouns consisting of one to 

two syllables were presented each 4s. Subjects were instructed to use the phrase “this is a ...” 

before saying the object’s name during intraoperative testing. In addition, the NVSDt consisted 

in a palm-three test where the subject had to choose a picture semantic related to the presented 

object. This test was used for presurgical planning and some intraoperative testing (section C). 

 

The stimulation of an area essential to language function induced several forms of alterations  due 

to disrupting the normal neuronal firing, from speech arrest to paraphasias.73 All sites were 

stimulated at least 3 non-consecutive times and the following responses were defined as either: 

(1) positive brain region: a region for which DCS evoked language disturbances such as 

paraphasia, hesitation, anomia or speech arrest regardless of the error type; or a (2) negative brain 

region: a brain region that, having undergone at least 2 stimulation trains, did not evoke speech 

deficits. However, while paraphasias are easily identified due to the phonological or semantic 

form of the error, speech arrest may occur due to the following mechanisms: i) stimulation of a 
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positive area evoking responses in muscles used for speech production (i.e. anarthria) as occurs 

in the primary motor area; ii) stimulation of a negative motor area responsible for speech 

production such as the IFG or in the supplementary negative motor area (anterior to 

supplementary area); iii) brain stimulation which elicits distracting symptoms such as visual or 

auditory; iv) alteration of consciousness, as it occurs during partial seizures (i.e. possibly after 

discharges); v) and stimulation of an area with language processing function.13,14,71 Therefore, 

such mechanisms must be excluded before ascribing language function to the stimulated cortex. 

Electrocorticography or scalp electroencephalogram was used to detect paroxysm activity evoked 

by DCS (i.e. after discharges). After their detection, cortical surface irrigation with cold ringer 

lactate and a pause in stimulation were sufficient to promote their disappearance in the reported 

experiments.  

 

Language network from fMRI maps are known to be influenced by methodological artefactual 

image acquisition and processing, paradigm selection and statistical approach used. Therefore, 

correspondance between DCS and fMRI incluiding sources of bias were discussed during section 

C in chapter VI. 

 

Transcranial magnetic brain stimulation 

 

Experiments involving TMS of brain structures are designed to establish the relationship between 

a cortical area and a behaviour by measuring the behavioural consequences of transiently altering 

neuronal firing in the stimulated site.25 TMS may be used to stimulate neuronal activity and evoke 

a motor response (i.e. motor evoked potential) or to inhibit neuronal electrical activity to disrupt 

cognitive processing (such as speech arrest).25 TMS delivers non-invasively, highly effective and 

painless magnetic stimuli (1 to 2 Tesla) to generate supra-threshold current in the brain. The 

current intensity discharged over the skull depends on the magnetic strength field, which induces 

a perpendicular electric field through the skull, resulting in an electric current in the cortex.75  

1. Transcranial electrical current density and conductivity 

As stated before, the electrical stimulation exerts a force on charged particles and sets the free 

ones, particularly ions, in coherent motion. In contrast to DCS, electrical properties of the tissues 

that lay between the TMS coil and the depolarized neurons can be described in terms of their 

electrical conductivity and relative permitivity.75 TMS coils use a low frequency to generate 

electrical current with an approximately constant conductivity. However, brain tissue conductive 

properties differ from site to site, which may alter the distribution of the electrical field, whereas 
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permittivity may be neglected.76 The scalp is mainly made of three different tissue layers: skin, 

fat and muscle. The stratum cornea shows high resistive properties, 2 x 10-5S/m, whereas skin 

deep layers show a high conductivity with an average value of about 0.30S/m. Fat tissue has a 

low conductivity with an average value of 0.036S/m and muscle tissue an average of 0.131S/m. 

The skull is again made of three layers: two outer cortical layers that enclose a central, cancellous 

bone. The cortical layers have a lower conductivity and the latter, inner layer, has an anisotropic 

conductivity with an isotropic value of 0.0056S/m and brain to skull conductivity ratio between 

40:1 and 20:1.76 Cerebrospinal fluid has a value of 1.79S/m at 37ºC, which is constant in the range 

10Hz to 10kHz, whereas cortical grey and white maters have a homogenous and isotropic 

conductivity. These show an average value of “isotropic” conductivity between 0.161S/m and 

0.450S/m in the frequency range of 1–10kHz for grey matter and about 0.18S/m for white mater.76 

Therefore, due to different electrical conductivities and heterogeneity, significant effect occurs 

on the electric field distribution during stimulation.75-77  

 

After applying an electrical field, electrical charge accumulates at the interfaces between tissues 

and gives rise to a secondary electrical field that also contributes to the total electrical field. The 

secondary electrical field is generated by the charged interface density points which have the same 

direction as the applied electrical field in the low conductivity tissue, against the high conductivity 

electrical field. These accumulations are greater when the electrical field is applied perpendicular 

to the brain tissue. A steady state is reached after about 10µs in which the amount of charge 

reaching the interface is equal to the amount leaving it (resistive propriety).75-76 In order to 

estimate the electrical field distribution in brain tissue with TMS, which uses low frequency from 

direct current to 10kHz, several of the following approximations are implied: i) quasi-static 

condition which consists of neglecting the propagation effects of the electrical field (because 

electromagnetic wavelength in TMS is much larger than the dimensions of the human head), ii) 

the effect of the magnetic field produced by the currents in the tissue is negligible iii) the 

capacitive effects are also neglected and the tissue is treated as purely resistive. Therefore, when 

using rTMS (see chapter I ofr further details), the temporal variation of the electrical field is 

approximately the same defined in the pulse sequence.13,77 

 

TMS induced currents are limited to the head and considering a heterogeneous medium, charge 

tends to flow tangentially from high conductivity tissues to the boundaries of low conductivity 

tissues (such as the scalp-air boundary).76,78 A heterogeneous medium with various tissue 

interfaces imposes some difficulty to estimate electrical field distribution. The current density 

was found to be highest in the high-conductivity region and the electrical field highest in the low-

conductivity regions.78 In addition, anisotropy was found to have a small effect on both the site 

and intensity of stimulation. In an anisotropy medium, the radial component of the electrical field 
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was found to be not necessarily zero at the interfaces’ boundaries, whereas the current density 

was. Such findings support that the presence of the interface could lead to the activation of 

neurons that run parallel and close to the interface.77,78 In contrast do DCS, electrical field does 

not decrease monotonically with depth, but is determined by the conductivity of the different 

tissues and by the shape of their boundaries. Stimulation is more effective in depolarizing neurons 

if the electrical field is parallel to them, tangentially to the skull in the gyri or in the sulci.76 

2. Coils figure and position  

In order to produce a transcranial electrical current to the brain, wires are shaped into a coil figure 

aiming to evoke a perpendicular magnetic field.76,79 The TMS hand held coils have many shapes 

that vary according to the target structure´s depth. In section C, chapter X, we used a figure-of-

eight coil to stimulate the motor cortex and the IFG because it allowed to further focus our 

stimulation.79 Focality refers to the ability to limit the high intensity region to a small target 

volume. This double coil has the capacity to evoke a stronger magnetic field tangentially to both 

coils and perpendicular to the line joining the centers of the two wing coils.79 The induced 

electrical field results from the sum of the field from both circular coils and decreases rapidly 

with distance.76 For monophasic pulses, a lowest threshold stimulation for the motor cortex is 

achieved when the coil points in the posterior-to-anterior direction, approximately perpendicular 

to the central sulcus.80 

 

The distribution of the electrical field is also influenced by the position of the coil. For motor 

cortex stimulation, the best position results from adjusting the coil according to motor evoked 

potential amplitude.80 For language mapping, the coil is usually positioned in relation to the 

standard reference point Cz.81 In order to optimize coil position, optical surgical navigation was 

used, allowing for i) coregistration of scans to more accurately determine the delivery of 

navigated TMS pulses (nTMS), and ii) optimal coil orientation to the brain surface. 

 

In section D, healthy subjects had an MRI scan for three dimensional (3D) T1-weighted image 

acquisition (1mm3 isotropic voxel). Thereafter, DICOM data was transferred to the navigation 

system (BrainSight, NeuroConn, EUA) and 3D skin and curvilinear reconstructions were made. 

The magnetic coil of the TMS equipment (Magstim Rapid, UK) was calibrated in the navigation 

system in order to provide the orientation and direction of the coil. For brain stimulation, the coil 

was placed tangentially to the scalp over the motor area at an angle of 45° to the midsagittal plane 

with the handle pointing laterally and posteriorly, thus generating a monophasic pulse with 

posterior-to-anterior direction in the brain. The theoretical center of stimulation was extrapolated 

from the coil position and projected onto the cortical surface at an angle of 90° by the navigation 

software. Stimulation intensity was specified as a percentage of the maximum stimulator output. 
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A single-pulse navidated TMS was used to determine the active motor threshold recorded from 

felt pad electrodes (rectangular shape, 2 x 6.5mm, separated by 25mm) placed on the right first 

interosseous. This threshold was defined as the minimum stimulus intensity capable of eliciting 

a motor evoked potential greater than 50uV at rest in at least half of ten consecutive trials.80 At 

such threshold, the electrical field in the cortex is estimated to be about 90V/m for monophasic 

pulses. Thus, between 90% and 110% of the resting motor threshold (RMT) was used to define 

the threshold for stimulation of the ventral precentral gyri as in intraoperative testing for language 

region mapping. For this purpose, a repetitive nTMS pulse protocol (r-nTMS) was used consisting 

of a train of 5 pulses at 20Hz. The r-nTMS pulse train was automatically triggered by an electronic 

trigger at the same time as the visual stimulus was presented for PNt during speech processing. 

3. Stimulus waveforms 

Physiologically, with motor cortex TMS, motor evoked potentials are generated after axon 

stimulation rather than cell body stimulation.77 Axons are more excitable at the point where they 

bend out of the magnetic field (parallel to the surface). This is also the point where the change in 

electrical field is the greatest.77 However, the evoked volleys descending in the pyramidal tract at 

the spinal cord level do not result from a direct activation of the pyramidal tract axons (direct 

waves), but of premotor neuronal axons running parallel to the cortical surface, i.e.,  resulting 

from synaptic inputs to cortical motor neurons (indirect waves).77,8. Whether this concept 

generalizes to all areas of the cortex such as those related to speech is currently unknown.81 

However, TMS is directionally specific because its threshold varies according to current direction 

and pulse configuration.  

 

TMS pulses have either monophasic or biphasic configuration such as DCS, which produces brief 

magnetic fields at the orthogonal angles to the coil plane.81,82 Monophasic pulses have a posterior-

to-anterior direction with a duration of 100ms, whereas byphasic pulses have an anterior-to-

posterior direction with about 200–250ms duration. The threshold for the motor cortex is lowest 

when the electrical field is induced in the brain during the initial phase of the waveform, when it 

points in the posterior-to-anterior direction for the monophasic pulse.80,82 In contrast, byphasic 

configuration is more powerful than monophasic (when having the same rise time characteristics), 

and the second phase is more effective than the first one because of the Na+ channels inactivation 

reversal during the hyperpolarizing current.82 Results from motor cortex stimulation show that 

monophasic pulses activate a relatively uniform population of neurons and could, therefore, be 

more effective in producing sustained after-effects.80 In fact, indirect waves are preferentially 

recruited , and present a shorter latency (i.e. 1-3ms before) when using an anterior-to-posterior 

current.79,82 For this reason, section D r-nTMS experiments were carried out using monophasic 

pulses for IFG mapping in order to evoke language disturbances. 
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Subjects were instructed to perform a PNt using pictures of the Snodgrass and Vanderwart 

collection.83 The same picture set was used for the fMRI experiment and intraoperative language 

testing described in chapter II. We selected only pictures with names that are either one or two 

syllables long in Portuguese or Spanish. Subjects were sitting on a comfortable chair, with their 

hands resting on armrests, facing a 15-inch computer screen, placed 1m away from the subject’s 

eyes. The experimental setup was constructed with Presentation® (Neurobehavioral systems, 

U.S.A.), which was used to send a 5V signal to the EMG equipment through a microcontroller 

(Arduino UNO, Italy). The presented pictures consisted of a white frame occupying the whole 

screen with a picture of 8x8inches. The images were shown during 4s, every 4s. The screen was 

left blank between two consecutive images, except for a white “X” letter at the center of the 

screen, which was used as an attention fixation cue. The image presentation served as an 

imperative signal for subjects to name the object represented in the picture, avoiding anticipation 

or misinterpretation errors. Language mapping over the opercular IFG (opIFG) was performed 

using the same r-nTMS system.84,85 The r-nTMS pulse train was automatically triggered by the 

home-made microcontroller at the same time as the visual stimulus for PNt. 

 

Accelerometer based speech recording  

 
Reliable and objective analysis of speech is also an essential part of a physical examination.23 

Phonation is the aerodynamic and acoustic product of a complex vibratory system. Every act of 

phonation is characterized by a certain degree of apparently random variability of the cycle-to-

cycle duration and/or amplitude in pitch periods of the laryngeal periodic pattern vibration. The 

phonatory process begins with the closure of the glottis and the midline movement of the vocal 

folds. Thereafter, when the subglottic air pressure increases to exceed the resistance of the vocal 

folds, air is released producing vibration.86 In this regard, objective measures of phonatory ability 

were described as helpful in the treatment of patients with voice disorders and in assessing the 

results of surgical treatment.24  

 

Current methodology to speech recording in voice laboratories involves high quality 

microphones, amplifiers, acoustically shielded booths with sound-absorbent walls and specific 

software to manipulate speech acoustics.24,87 However, they are often available in a restricted 

number of head and neck departments and cost-effective methods using other transducers to 

quantify phonation have been developed as alternative methods. In section D, an accelerometer-

based method using conventional electromyography equipment is described, aiming to detect 

evoked voice disturbances due pathology after brain stimulation. 
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Breathing, phonation, articulation and resonance are the underlying physiological processes of 

speech production. The vocal tract works like a vibrating column of air, closed at one end. During 

speech production, the air from the lungs causes vibration of the vocal cords and a basic laryngeal 

tone. Thus, supraglottic structures act like resonators producing an acoustic sound such as a 

vowel.86 The natural frequency of the vocal tract vibration depends on the size and shape of the 

larynx, naturally varying with gender and age. It has been found to be between 100 and 500Hz. 

Some microphone speech data of healthy individuals states approximately 120Hz for males and 

225Hz for females, despite age-related variations. Phonation intensity in a conversational range 

is 54dB for males and 51dB for females.22 However, deglutition maneuvers are known to be 

associated with frequencies from  500Hz to 8000Hz in addition to the low frequency 

contamination from involuntary neck muscle activation.22,86 To prevent distortion of the 

neurophysiological phonation signal, the recording system which includes the electrodes, must 

be able to respond to all frequency components, suppressing those that are unrelated to vocal cord 

vibration. 

1. Electromyography equipment  

Every electronic instrument consists of active and passive parts. Active parts are dedicated to 

amplify the biological signal aimed to be recorded (i.e. transistors, integrated circuits) whereas 

passive parts affect the quality of the signal, such as condensers and transformers. Both parts need 

an energy supply to function, predominantly the active parts. EMG was developed to record action 

potentials from nerve, muscle or brain and hardware evolved from this aim88,89 In section D a 

speech recording method using an ACC for detection of the physiological movements of the 

glottis structures was developed in such a way that their disturbance by brain stimulation would 

be detectable. 

  

Descriptions of electrical signals usually refer to the frequency of the waveform.22 These 

descriptions rely on the fact that any arbitrary waveform can be represented as a sum of sine 

waves of various frequencies, amplitudes, and phases.22,90 The compound action potentials 

collected during nerve conduction studies, motor evoked potentials or accelerometer recordings 

are displayed in two dimensions: voltage on the y-axis and time on the x-axis  (Δy/Δx). A Fourier 

analysis can be made to characterize their different components. Therefore, an EMG amplifier 

should have an upper frequency limit of no less than 10,000Hz to ensure a distortion-free 

response.88,89 However, within the recorded signals some undesired frequencies are also included 

(electrical noise) such as a 60Hz power line, nearby electrical equipment or even skin tissue (that 

acts like a low frequency filter). Successful recording depends on the ability to selectively amplify 

the signal of interest approximately 250,000 times while rejecting the unwanted noise. Figure 3.1 

shows a conventional electronic circuit present in a EMG apparatus. 
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2. Electrodes and impedance 

In section C and D, an uniaxial piezoelectric ACC was used to record glottis anterior-posterior 

movements and word pronunciation. The accelerometer is composed by seismic mass attached to 

the housing by an elastic element. After accelerating the structure in the sensitive direction of the 

elastic element, a force is applied causing the elastic element to be distorted.90 

 

 
Figure 3.1 – Instruments and computer-controlled data acquisition and display. After recording a 
neurophysiological signal, follows signal amplification, filtering, conversion to digital values, scaling and 
analysis by the microprocessor, and display of the waveform on a video monitor. Adapted from Gitter et 
al.89 

 

In this case, the elastic element distortion is measured by a piezoelectric sensor which generates 

an electrical signal related to the dynamic change of its shape. This sensor can only directly 

measure time varying forces, and it is, thus, suitable for measuring changes in acceleration.90 The 

relationship between displacement and acceleration is found by combining Newton’s second law 

and Hooke’s law: 

m = O
n
+              (3.10) 

where x is the measured displacement, m is the known mass, k is the spring constant of the elastic 

element, and a is the acceleration. We ensured a sampling frequency rate within the physiological 

range of the fundamental voice frequency (sampling rate of 2000Hz). A ground electrode was 

used as a safety feature and as a low impedance path to drain electric noise away from signal 

transducers.  

Impedance between skin and transducers plays an important role in neurophysiological signal.69 

Transducers and amplifiers act as series of current (voltage) resistances from the biopotentials. 
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The transducers’ impedance must be as low as possible to ensure that most of the voltage will 

reach the amplifier. In addition, an EMG amplifier must have an input impedance higher than the 

transducer´s.88 For example, to detect 99% of the signal, the amplifier impedance input must be 

99 times greater than the transducers impedance. During our experiments, transducers´ impedance 

were carefully maintained above 5 ohms, using skin abrasive. 

3. Amplifiers and filtering 

The signal input to the amplifier consists of five components: the biopotential, the undesired 

biopotentials, the 60Hz power line interference signal, tissue/transductor interface interference 

and noise.88 An adequate design of the amplifier provides rejection of a large portion of the signal 

interferences, which in an EMG apparatus is a differential amplifier. The desired biopotential 

appears as a voltage between the two input terminals (piezoelectric sensor/mounting mass or 

active/reference electrode).90 The voltage measured within such terminals is a preamplified gain 

of 100 to 50,000 times (1 to 10 V) to provide optimum signal quality.89 The gain or amplifier 

sensitivity relates the input voltage to a display scale (e.g., 1mV/cm). A low sensitivity amplifier 

reduces waveform duration and increases the waveform take off (i.e. leading to longer latencies). 

Frequency response (or sampling rate) should also be greater than the physiological range of 

frequencies in order to avoid waveform distortions.88,89 The preamplifier should also eliminate 

most of the signals interfering with the biopotential measurements.91 For this purpose, a 

differential amplifier will invert and amplify the signal from one reference terminal and add it to 

the amplified signal from the active terminal. Thus, the interference signals detected in the two 

electrodes, cause approximately the same potential at both inputs (common mode signal).92 The 

common mode signal can be rejected by using the common mode rejection ratio (CMRR). This 

method increases the SNR by rejecting interference signals, after ensuring that the desired 

biopotential affects only the active terminal.92 The CMRR is a function of frequency and source-

impedance unbalance; expressed in decibels, the common mode rejection is 20 log10 CMRR. The 

rejection of the common mode signal in a biopotential amplifier is both a function of the amplifier 

and the source of signal at both terminal transducer impedances (Z1 and Z2). In an ideal 

biopotential amplifier with Z1 = Z2, the input impedance (Zin) is equal to Z1-Z2. With an infinite 

CMRR the output voltage (Vout) results from the biopotential signal voltage (Vbio) multiplied by 

the amplifier gain (GD).88 However, a real biopotential amplifier output results from a desired 

differential biosignal output, an undesired component from an incomplete CMRR of the 

interference signals and an undesired source impedance unbalance (allowing a common mode 

signal to appear as a differential signal).88,89 Such output voltage can be defined as:92 

Yopq = rIYs;o +
tudv
wHVV

+ rIYx 1 − z{|
z{|}z~�zJ

          (3.11) 
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where the ground electrode provides a reference potential to the amplifier with a common mode 

voltage (Vc).  

In addition to transducers and electrical interferences, noise is also generated by the amplifier and 

the connection between biological source and amplifier. As mentioned above, the total source 

resistance of this system circuit causes thermal voltage noise with a root mean square (rms) value 

of:9 

gÄnÅ = 	 4`ÉÑ6Ö             (3.12) 

where k = Boltzmann constant, T = absolute temperature, Rs = resistance in ohms, and B = 

bandwidth in Hz.  Each amplifier also brings up inherent noise which derives from the internal 

voltage noise source and the voltage drop across the source resistance (caused by an internal 

current noise generator). Therefore, high SNR requires the use of very low noise amplifiers with 

acceptable sampling rates.89 The range of frequency components contained in a neurophysiologic 

potential can be defined by their own frequency bandwidth. The purpose of the high pass and low 

pass filters is to i) eliminate interference signals like electrode half-cell potentials and preamplifier 

offset potentials and to ii) reduce the noise amplitude. Low-frequency filters remove low-

frequency, slowly changing components of a waveform whereas high-frequency filters remove 

the high-frequency rapidly changing components.89 About 30% of the 10Hz activity is attenuated 

(amplitude decrease) if a low pass filter of 10Hz is applied. Additionally, the filter changes the 

phase of a signal passing through which may be interpreted as a time delay occurring in that 

particular frequency component. In chapter IX, technical aspects of speech recording based 

4. Digital electronics 

The essence of digital storage is that any waveform can be characterized by a list of numbers.88 

The process of converting a waveform to a number list is done in an analog-to-digital manner, 

and the waveform reconstruction from numbers uses the reverse process.88 The waveform and the 

number list are completely equivalent due to the sampling theorem, stating that a continuous-time 

signal can be completely recovered from its samples if, and only if, the sampling rate is greater 

than twice the signal bandwidth.89,91  An aliasing phenomenon takes place when the sampling 

frequency is lower than twice the signal frequency, leading to waveform distortion (the sum of 

the low frequencies with half signal frequency components).91 Such sampling rate defines the 

temporal resolution long the monitor´s horizontal axis of the waveform, whereas vertical (axis) 

resolution is defined by integers allowed. In other words, a sampling rate of 128Hz will capture 

128 point in a second to represent the waveform along the horizontal axis. Integers (from 0, 1, 2, 

and 3) cover 25% of the entire range of the vertical resolution. Numbers are represented in bits, 

therefore a 2 bits resolution means the use of four integers.89 The reconstructed waveform would 
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only have four possible voltages and a staircase waveform configuration. Digital representation 

of waveforms allows signal processing techniques such as rectification, filtering (such as for the 

power line), averaging or others used to interpret the waveforms.88,89 Computer programs can 

automatically determine the neurophysiological signal´s latency (time resolution) and amplitude 

(vertical sensitivity) values.  

 

The speech recording industry has developed since the use of analog tape voice recordings to the 

use of digital frequency and sound level meters of improved voice laboratories.24 However, 

instrumental factors related to the equipments used to acquire physical vocal vibration signals 

impact the acoustic signal. In addition, descriptive and experimental conditions must be assessed 

before clinical use when using less costly hardware. In section D, ACC measures such as 

amplitude and frequency were used to assess speech word pronunciation in patients with vocal 

cord pathology and PBT. 
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SECTION B: BRAIN MOTOR AND LANGUAGE AXONAL PATHWAYS 

CHAPTER IV 

RECONSTRUCTION OF WHITE MATTER FIBRE TRACTS USING 

DIFFUSION KURTOSIS TENSOR IMAGING AT 1.5T. 

 

Introduction 

 

The first MR scanners used for advanced imaging had a field of 1.5T and are still widely 

employed nowadays.93 Among such applications are DTI and DKI, used for studying tissue 

microsctructure.94 A recent report found that 3T systems provide similar ability to estimate 

kurtosis measures when compared to 1.5T systems.95 The higher discrepancy of 10% was found 

in the estimation of kurtosis fractional anisotropy reflecting the effect of the signal noise. 

However, no study had yet assessed the feasibility of reconstructing white matter fibres using 

DKI at 1.5T. 

 

In this study, we tested whether DKI can provide clinically acceptable whole-brain tractography 

reconstructions at 1.5T in both healthy volunteers and brain tumor patients. In particular, we 

wanted to investigate if it could enable to detect high curvature streamlines in the CST. Study of 

the pyramidal fibers is fundamental in presurgical planning to avoid motor deficits and these 

fibers or tracts characteristics are well documented in literature. 

 

Methods  

1.  Subjects and patients 

Eight healthy volunteers (two males, mean age 22, ranging from 20 to 26 years old) and three 

patients (2 males, mean age 27, ranging from 24 to 30) diagnosed with brain astrocytoma were 

recruited for an MRI scan (Figure 4.1). The study was approved by the hospital’s ethics committee 

and prior informed written consent was obtained from each individual.   

2.  Magnetic Resonance Imaging Protocol 

A 1.5T Avanto (Siemens, Erlangen, Germany) MRI scanner with a 12-channel head receiver coil 

was used. A standard MRI protocol was acquired in all patients including T1-weighted images, 

pre- and post-contrast, diffusion-weighted images and T2-weighted images with fluid inversion 

recovery.96  DWI were acquired using a single shot spin echo EPI sequence (further details in 
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chapter II) along 64 non-collinear gradient sensitising directions using b-values of 0, 1000, and 

2000 s/mm2. 

 

3.  DWI Preprocessing and DKI processing 

The preprocessing was detailed in Chapter II. Briefly, all images were corrected for 

motion,97 eddy current geometric distortions,59 and non-brain tissues were removed39 

using FSL.55 In order to estimate the DT and the DK for all DWI data, an in-house 

developed toolbox named UDKI was used.41 The toolbox processes included: spatial 

smoothing with a Gaussian kernel with FWHM of 1.5 mm;  DK estimation was done by 

fitting DKI’s model to the DWI data using linear constrained least squares and DK 

estimates of fiber directions were done using the maximum kurtosis method. Finally, 

tractography was processed using the brute force algorithm, as described by Neto-

Henriques and colleagues.41 

 

Tracking was performed in regions with FA greater than 0.2 and with a maximum curvature of 

35º between principal eigenvectors in adjacent voxels. The tractography results were visualized 

using Trackvis (http://www.trackvis.org/).43 

 

4.  Data reduction and statistical analysis 

Whole-brain tractography was performed and its metrics computed (streamline count, voxel 

count) in all subjects using Trackvis. We isolated the CST by seeding from the cerebral peduncles 

and the motor pre-central gyrus, using anatomical images and FA maps to evaluate its course in 

all subjects. We also extracted the CST size for comparison between pathological and healthy 

hemispheres. The Mann-Whitney U-test was used for comparisons between the pathologic and 

healthy hemispheres of the patients (a significance level of p=0.05 was chosen). In order to 

observe the mass effect produced in the reconstructed fibre bundles by the tumor, we calculated 

the distances between the CST fibre tracts and the brain midline along the z-axis, using FSLView. 

From these, the highest distance was extracted, for both the pathologic (p) and healthy (h) 

hemispheres, and the deviation index (DI) was calculated, as defined by: 

 

AT = 	 Üjá;Dq;oM	Ü;ÅqDMxj	à �(Üjá;Dq;oM	Ü;ÅqDMxj	E)
Üjá;Dq;oM	Ü;ÅqDMxj	à }(Üjá;Dq;oM	Ü;ÅqDMxj	E)

                        (4.1) 
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Results 

1.  MRI processing protocol and tractography 

Figure 4.1 shows representative examples of structural T1, EPI, FA and DK invariant metrics 

maps of a healthy subject and of all patients. Whole-brain tractography and isolated CST size for 

a healthy subject and patients can be found in figure 4.2. No significant differences in size were 

found between healthy and patient groups, in either whole-brain or CST, despite a tendency being 

observed for the number of depicted voxels (figure 4.2B; p=0.069). In figure 4.2C are showed the 

delineated CST of a healthy subject and patients. 

2. Analysis of the highest deviation region 

The DTI and DKI metrics extracted from the highest curvature point of the CST are summarized 

in table 4.1. The DI was significantly larger in pathological hemispheres (p=0.0013). Mean FA 

values and their asymmetry indices were significantly higher (p=0.01), as well as the radial 

diffusivity (p=0.026) in healthy subjects when compared to patients. None of the DKI metrics 

showed significant changes in the group comparison, except for the mean kurtosis asymmetry 

index which was higher in patients (p=0.04).  

 

Table 4.1 – Diffusion metrics, asymmetry index and deviation of delineated corticospinal tracts 

Patients FA MD b AD b RD b MK b AK b RK b DI 

1 0.2 (0.4)a 0.9 (0.1) 2.3 (0.1) 1.3 (0.1) 1.0 (0.04) 0.7 (0.02) 1.1 (0.1) 0.17 

2 0.3 (0.2) 1.1 (0.1) 1.7 (0.2) 1.4 (0.1) 1.0 (0.03) 0.6 (0.01) 1.2 (0.2) 0.12 

3 0.2 (0.4) 0.9 (0.2) 1.6 (0.2) 1.4 (0.2) 0.8 (0.04) 0.5 (0.01) 1.0 (0.1) 0.14 

Mean±S
D 0.23*±0.0

6 (0.24)* 
0.96±0.1
1 (0.009) 

1.8±0.1
0 

(0.008) 

1.3*±0.1
5 (0.18)* 

0.89±0.1
1 (0.14)* 

0.60±0.0
5 (0.09) 

1.14±0.1
1 (0.07) 

0.14*±0.0
3 

Healthy 
subjects  

Mean±S
D 

0.54±0.03 
(0.04) 

0.86±0.0
6 (0.002) 

1.7±0.1
0 

(0.006) 

0.8±0.09 
(0.05) 

 

1.08±0.1
0 (0.02) 

0.84±0.1
2 (0.03) 

 

1.28±0.3
2 (0.03) 

0.02±0.03 

FA – Fractional anisotropy; MD – Mean diffusivity; AD – Axial diffusivity; RD – Radial diffusivity; MK – Mean kurtosis; AK – 
Axial kurtosis; RK – Radial kurtosis; DI –  Deviation index of corticospinal tract; SD – standard deviation. a The values between 
parenthesis refer to the asymmetry index in comparison with the contralateral hemisphere.b  Diffusivities are presented in units of 
10-3 mm2/s. * Statistically significant (p<0.05) differences for evaluated parameter values between healthy subjects and patients. 
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Figure 4.1 – Transverse T1-weighted images (T1), echo planar images (EPI), fractional anisotropy (FA) 
maps and diffusion kurtosis invariant metrics (AK: axial kurtosis; MK: mean kurtosis; RK: radial kurtosis) 
maps of a healthy subject and patients with gliomas. In patients, anatomical scans (T1) were contrast-
enhanced. Note the distortion of the fibres with cranial-caudal direction (i.e. colored in blue) produced by 
the tumor in the pathological hemispheres.  

 

 
Figure 4.2 – Mean tract sizes for whole-brain (A) and corticospinal (B) tractography of healthy subjects 
and patient groups (error bars translate standard deviation). Statistically significant differences in tracts and 
voxel numbers between groups were not found despite the smaller standard deviation in patients’ 
corticospinal tract (CST) size. Representative streamlines of CST are also presented (C). Note the 
pronounced mass effect imposed by the tumor presence in CST’s and their close proximity. 

R 
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Discussion 

1. DWI acquisition and tractography 

The white matter streamlines in healthy subjects using DKI has already been reported,39,41,94,98,99 

showing improvements from DTI. However, previous studies were conducted using 3T scanners. 

We acquired DKI using a 1.5T scanner, and assessed whether tractography reconstruction is 

affected by the inherently lower SNR. The protocol used in both healthy and tumor patients is 

compatible with most clinical departments. 

 

Although, many studies point towards the use of several b-values for the DK tensor 

estimation,39,41,98 clinically compatible DKI sequences with just 3 b-values have also been 

suggested. However, none had previously been studied in a 1.5T system. Marrale and colleagues 

(2015)94 suggested the use of 32 directions to estimate DKI metrics at shorter scan times. Our 

protocol used 64 directions, as the higher number of directions increases spatial discrimination of 

the diffusion profile, relevant for a better characterization of complex tissues.33,34 Additionally, it 

can help to mitigate the effects of the lower 1.5T SNR. 

 

2.  Effect of brain neoplasm in DK-based tractography 

In order to assess if the distortion produced by the tumor affected the number of reconstructed 

tracts, we compared the size of whole-brain tracts and CST of patients to those of healthy 

volunteers. We found no statistical differences between the groups. However, due to the small 

sample size, these results cannot be generalised. In fact, the number of depicted voxels in CST 

showed a tendency to be diminished in patients (fig. 4.2B). 

 

The presence of a brain tumor causes histological distortion and consequently increases the brain 

microstructure complexity.100 Thus, the CST is most likely to be stressed by mass effect at its 

highest deviation region.101 Therefore, we analysed the highest curvature point of CST as a higher 

tissue complexity could affect the DTI/DKI metrics performance and consequently their ability 

to reconstruct fibres. 

 

We found a significantly increased DI in patient’s due to mass effects similar to previous DTI 

tractography studies34,101 and significantly decreased mean kurtosis in patients, compatible with 

an increased Gaussian diffusion behaviour which was not observed in healthy subjects (table 4.1).  

This hypothesis is supported by the presence of edema surrounding the tumor lowering mean FA 

values.102 We also found increased radial diffusivity in patients, which was expected due to the 
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presence of low grade gliomas with minor neurological involvement and preserved white matter, 

despite the possibility of some myelin degradation.100 

 

We show that at the highest deviation region, the DTI metrics are more affected than DKI metrics, 

as supported by the higher proportional decrease of mean FA values in comparison with mean 

kurtosis values in patients (decrease of 0.31 vs 0.19, respectively; table 4.1). This leads us to 

believe that in the deviation region, DTI’s ability to accurately reconstruct fibre tracts is limited. 

In turn, DKI-based tractography is resilient to this phenomenon, due to DKI’s ability to better 

characterize complex microstructures.36,39,41,98,99   

 

Although, the FA values are also influenced by the spatial resolution of the acquired diffusion 

weighted images. DTI based tractography in a 1.5T scanner for clinical setting, uses higher 

isotropic resolution (about 2 mm3 voxel size) with smaller acquisition matrix (between 96 to 128) 

and smaller echo time (less than 70ms)33 than those used in this work. During DWI acquisition, 

susceptibility effects lead to errors in phase encoding and consequently image distortion in the 

phase-encoding direction of EPI.17 To minimize this source of errors, decrease of slice thickness 

and number of echoes by using a smaller acquisition matrix and high receiver bandwidth will 

reduce echo spacing and the inhomogeneity field.30 Tractography is highly dependent on the 

spatial resolution and signal-to-noise quality. In our work DTI extracted metrics may be 

underestimated due to a diffusion data acquisition optimization for estimation of DKI metrics. 

However, the balance between greater sensitivity to resolve crossing fibers within a pathological 

microstructure and optimized DTI performance remain to be studied. This equilibrium should be 

defined through the relevance of the delineated tracts to surgical planning and decision. 

 

For presurgical planning, distance between the tumor and tracts is of most interest, in order to 

avoid neurological morbidities. However, this observation remains to be further analysed and 

tested using direct electrical stimulation, comparing the distance between the point of stimulus 

and the tracts delineated by DTI and DK-based tractography. 

 

Conclusion 

 
In conclusion, the present study reports the feasibility of the DK-based tractography method in 

patients with brain gliomas, reconstructed from DWI acquired at 1.5T with a readily-available 

MRI acquisition protocol.  
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CHAPTER V 

KURTOSIS TENSOR BASED TRACTOGRAPHY IN PATIENTS 

WITH PRIMARY BRAIN TUMORS: AN EXPLORATORY STUDY 

COMPARING DETERMINISTIC METHODS 

 

Introduction 

 
Brain lesions such as PBT involving or near the eloquent motor areas are associated with high-

risk surgical procedures that may potentially lead to permanent motor disability.103 The evaluation 

of water diffusion has been used to track the white matter pathways through the diffusion tensor 

model using MRI.104,105 DTI-tract assumes an unrestricted environment where the diffusion 

displacement probability follows a Gaussian model, assuming furthermore that there is at most a 

single fiber population within each voxel. However, these assumptions have been shown not to 

be valid in most of the brain.106  

 

Recently, DKI-tract has been described by Lazar et al. (2008),39 Jensen (2014)36, and Neto-

Henriques et al (2015)41, demonstrating improved crossing-fiber resolution in comparison with 

DTI-tract in healthy subjects. The DKI model seems to more closely describe water diffusion in 

biological tissues than DTI since it can account for complex tissue architectures which lead to a 

deviation from the Gaussian behavior.107  Taking into account that PBT tend to evolve through 

disintegration of brain parenchyma producing edema and anatomical distortion, the method’s 

increased sensitivity to altered tissue microstructure could depict white matter fiber bundles not 

obtained with DTI-tract. In fact, Neto-Henriques et al (2015)36 already showed that within a voxel, 

DKI-tract streamlined crossing fibers in healthy subjects not observed with DTI-methods. 

However, DKI based tractography PBT remain to be studied in order to evaluate if the 

pathological parenchyma influences the fibre estimation. DKI-tract of CST using a low magnetic 

field (1.5T) was recently described in three patients but a comparison with DTI-tract was not 

provided (further details see chapter IV).107 Moreover, other white matter tracts with high 

angulation at their anatomical course remain to be evaluated. 

 

The aim of this study was i) to compare DKI-tract’s performance to streamline white matter tracts 

with DTI-tract ii) to evaluate if DKI-tract depicts additional fibres with different courses to those 

streamlined by DTI-tract in patients with PBT using routine MRI protocols. 
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Methods 

 
Patients with a new onset of focal neurological symptoms, diagnosed with gliomas involving or 

near motor pathways, were selected within 2016 at Hospital de São José (Lisboa, Portugal). The 

selection criteria for these patients was the localization of the brain tumor or presence of edema, 

cortically or subcortically, within 2.5cm of anatomical motor landmarks, subjects without cardiac 

pacemakers and without prosthesis incompatible with MRI. The study was approved by the 

hospital’s ethics committee and a written informed consent was obtained from each subject. 

 

1.  MRI Protocol.  

All MRI scans were performed in the context of presurgical planning examinations. A 1.5T 

Siemens MRI scanner and a 12-channel whole-head receiver coil were used. The scanning 

protocol was described in the chapter IV. At the end of the scanning protocol, and in order to 

enhance the lesion margins, gadolinium contrast agent was injected and another volumetric T1-

weighted sequence was acquired.96 DWI was acquired using 64 directions in all healthy subjects 

and in half of the patients, and 32 directions in the rest of the patients (table 5.1). Parameters and 

pulse sequence details were described in chapter II. 

 

2.  DWI preprocessing and tractography. 

DWI preprocessing was briefly resumed in chapter IV. In order to estimate the DT and the DK 

for all DWI data, the UDKI was also used40 and tracking was also performed in regions with FA 

greater than 0.2 and with a maximum curvature of 35 degrees.108 After whole-brain fiber-

estimation with DTI and DKI-based tractography algorithms, the results were also visualized 

using Trackvis.43 

 

Seed ROI were then defined in each hemisphere in order to delineate two white matter tracts: the 

CST and the AF. For the CST, ROI were defined as seed at the point in the cerebral peduncles 

with the highest concentration of vertical fibers targeting a ROI placed at frontoparietal cortical 

surfaces. The goal was to include the motor and sensory fibers of the CST allowing for the motor 

fibers’ deviation due to anatomical distortion by the brain tumor. The tracts were identified as 

CST only if, as well as connecting the two ROI, a route could be visualized reaching the cortical 

motor region. Whereas for the AF, seed and intermediate ROI were defined in superior, middle 

and inferior temporal gyri targeting an ROI located at the level of post-central gyrus 

bilaterally.109,110 The ROI placement was guided by anatomical images and defined in FA maps. 

The decision process and placement of the ROI was performed by two contributors (J.L and H.F). 
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After the definition of the ROI for DTI-tracking, these were imported for DKI-tracking to avoid 

ROI placement variability. 

 

In the case of the patients, each lesion was segmented and dilated so as to define a surrounding 

ROI with 10% percent of the lesion. Thus, streamlines targeting the surrounding tumor ROI using 

as corresponding seed ROI of CST and AF. The goal was to evaluate the presence of tracts in the 

direct vicinity of the lesion (figure 5.1). Standard directional color-coding was used to aid in the 

visual inspection of the tractography results, so as to identify the expected cranio-caudal or medial 

to lateral direction of the delineated tracts. We inspected the anatomical course of these fibers and 

in a consensus between two contributors (J.L and H.F), decided if they were compatible with CST 

and AF. The term “false-positive” was used when the reconstructed pathways were considered 

not to be anatomically compatible reconstructed tracts, while the term “false-negative” was 

employed when a method failed to track any fibers compatible with CST or AR. 

 

In order to compare each patient CST and AF in pathologic (p) and healthy hemispheres (h), we 

calculated an asymmetry index (AI) for each tract parameter. The AI set into relation by: 

 

Yâ4äãå	çT = | áoPpnj	à �(áoPpnj	E)
áoPpnj	à }(áoPpnj	E)

|                                            (5.1) 

 

The CST and AF analysis, and AI’s calculation were also obtained in healthy subjects 

hemispheres (left vs right) with the intention of demonstrating the difference between patients 

and healthy subjects (i.e. control group). 

3.  Data reduction and statistical analysis 

CST and AF size (streamline count and tract volume (ml) and their respective standard deviation) 

were calculated using Trackvis. DTI and DKI metrics and their standard deviation were obtained 

at the strongest deviation of CST in patients and a mean of the same metrics were calculated in 

healthy subjects. Statistical inference (SPSS Inc., Chicago USA) was made applying either the 

Kruskal-Wallis test for comparisons between methods and the Mann-Whitney U-test used for 

comparisons between the pathologic and healthy hemispheres of the patients (a significance level 

of p=0.05 was chosen), respectively.  
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Results  

 
This study was undertaken in six patients (mean age 36 years old, range from 24 to 64), who had 

been diagnosed with primary brain tumors near motor pathways, including astrocytomas (n=4), 

oligodendroglioma (n=1), and oligoastrocytoma (n=1). The demographic data of patients are 

summarized in table 5.1. Just one patient presented high grade cancer cells (patient 2). In patient 

1 and 3 the neoplasm already involved or compressed CST leading to presurgical neurological 

deficits. In order to compare the tractography results, 8 right-handers, healthy subjects (three 

males, mean age 24, range from 20 to 26) were recruited to perform MRI. 

 

Table 5.1 – Demographic characteristics of patients with brain tumors. 

Patient Gender Age Hemisphere Location Symptoms Histological 
finding 

DWI 
acquisition 
directions 

1 Male 24 Right Frontotemporal Disarthria 
 

Astrocytoma 64 

2 Female 28 Right Frontoparietal 
 

Seizures Anaplastic 
Astrocytoma 

64 

3 Female 34 Right Frontal Hemiparesis  Oligodendroglioma 64 

4 
 

Male 30 Left Frontal Seizures Astrocytoma 32 

5 
 

Male 39 Right Frontal Seizures Oligoastrocytoma 32 

6 
 

Female 64 Left Frontal Seizures          Astrocytoma 
 

32 

 
 

 
Figure 5.1 – A) Axial and coronal views of the region of interest used in the patient number 2, placed 
around the previously demarked tumour, and corresponding to 10% of its volume. Note that the ROI were 
delineated only once in each subject. B) Corticospinal tract  and arcuate fascicle (C) streamlined  in a 
healthy subject using  diffusor tensor tractography (right image) and kurtosis tensor maxima tractography 
(left image). 

1.  Images acquisition and tractography.  

On average, MRI acquisition per patient took 34 minutes (ranging from 24 to 41 minutes) 

including gadolinium injection in all patients. In half of the patients it was possible to acquire 

DWI with 64 diffusion directions; this lead to an increased acquisition time of 10 minutes in 

comparison with DWI with 32 directions (mean examination time of 39 minutes versus 28 

minutes). Each patient DWI sequence acquisition took 6min58s. Image analysis was performed 

in about 7 hours for each subject (i5 Core 2.9GHz processor with 4GB RAM), including whole-
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brain tractography based in DTI and DKI methods, identifying the CST and AF in the healthy 

hemispheres and isolating the fibers in the vicinity of the brain tumor in pathological hemispheres. 

The full analysis took, on average, 2.8 hours for each subject with DTI-tract and 4.7 hours for 

each DKI-tract method. 

2.  Diffusion tensor and kurtosis tensor tractography   

The CST and AT was streamlined in all subjects using both deterministic methods; tract number 

and volume are presented in table 5.2. In figure 5.1 an example of the reconstructed CST and AR 

in healthy subject was showed using both methods. Patients CST’s subdivided by tractography 

method were showed in figure 5.2 and tracts in the vicinity of the tumor were also showed (i.e. 

targeting surrounding tumor ROI). To evaluate CST fibres, a qualitative inspection of the 

anatomical course was performed and a low number of false-negatives were identified when using 

the DKI-tract in comparison to DTI-tract. A higher number of tracts CST were depicted in 

pathological hemisphere by DKI-tract for CST (p=0.005, table 2) in comparison with DTI-tract. 

Mean tract number and a high AI were obtained in patients using the DTI-tract in comparison 

with healthy subjects group (p=0.023).  

 

Within patients, no differences in CST parameters were identified between those which used 64 

directions and 32 directions DWI (p=0.26). The AI showed no differences in DTI-tract of DKI-

tract of the CST. In three patients (patient 1, 3, 5), the DKI-tract depicted motor fibers were either 

not delineated (patient 1, 5) or more closely related to the tumor (patient 3) in comparison with 

DTI-tract. The additional CST pathways were located posteriorly in patient 1 and medially in 

patient number 5 (fig.5.2).  

 

The AF streamlined by DKI-tract showed a high number of tracts and volume in healthy subjects 

than DTI-tract (p=0.01). Additionally, the AF depicted in left hemispheres were larger (table 5.2) 

than those depicted in right hemisphere with a high AI (p=0.022). In patients, also more 

voluminous tracts were obtained by DKI-tract in pathological hemispheres in comparison with DTI-

tract (p=0.025 for tracts number; p=0.032 for tract volume). However, despite significant, a smaller 

AI were obtained in AF parameters when using DKI-tract in comparison with DTI-tract. In figure 5.2, 

were demonstrated the AF of patient 1, 4, and 5 where DKI-tract depicted tracts not streamlined by 

DTI-tract.  
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Table 5.2 – Volume, tract number and asymmetry index (between parenthesis) of the corticospinal tract 
and arcuate fascicle delineated by diffusion tensor (DTI) and kurtosis tensor (DKI). 

 

 
 
 

Patients 

Corticospinal tract Arcuate fascicle 

Tract number Volume (ml) Tract number Volume (ml) 

DTI DKI DTI DKI DTI DKI DTI DKI 

1 106 510 26.4 42.7 128 134 21,2 27,2 

2 227 801 33.4 46.3 97 288 21,2 34,4 

3 399 478 40.0 45.2 29 136 14,3 21,3 

4 381 393 56.4 34.4 34 239 15,3 38,3 

5 452 365 55.5 47.2 44 243 15,5 34,2 

6 190 373 38.9 41.6 23 76 9,2 16,4 

Mean±SD 293±137* 

(0.19) 

487±164* 

(0.01) 

41±12 

(0.15) 

42.9±5 

(0.01) 

59±18* 

(0.55)* 

186 
±82* 

 (0.31) 

17±6  

(0.19) 

28±9* 

(0.17) 

Healthy 
subjects 

Mean±SD 

448±58 

(0.06) 

412±131 

(0.02) 

43.3±9 

(0.05) 

41.6±5 

(0.01) 

218±106* 

(0.19)* 

325±97* 

(0.24)* 

36±15 

(0.16)* 

45±9 

(0.25)* 

The values between parenthesis refer to the asymmetry index in comparison with the contralateral hemisphere. 
*Statistically significant differences for evaluated parameter values between healthy subjects and patients. 
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Figure 5.2 – Left image: Corticospinal tract of patients 1, 3 and 5 delineated by diffusor tensor (DTI-tract) and kurtosis tensor tractography (DKI-tract). The tumor is highlighted 
in red. Note the anatomical course and increased density of streamlines delineated by DKI-tractography near tumour margins. Right Image: Arcuate fascicle streamlined by 
DTI-tract and DKI-tract. In patient 1 and 4, note the anatomical course of arcuate fascicle since the superior and middle temporal gyri to frontal lobe by DKI-tract not depicted 
by DTI-tract.  
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Discussion  

 
The quantification of molecular water motion in the range of micrometers through MRI diffusion 

imaging made it possible to map the white matter tracts in vivo.111 To evaluate the usefulness of 

DKI-tract based on kurtosis maxima in a clinical setting and compare it with DTI-tract, CST and 

AF tractography were studied in a group of patients with PBT. To our knowledge, the comparison 

between DTI and DKI-tract performance in presurgical planning of patients with gliomas and the 

streamline of AF using a DKI method remained to evaluated. Fibre tracking with DKI-tract 

showed a high number of streamlined tracts in both CST and AF in comparison with the DTI-

tract. The performance of both methods was similar in healthy subjects suggesting a negative 

influence by the brain neoplasm in DTI-performance. 

1. Images acquisition and tracts reconstruction.  

The tested tractography methods have different requirements regarding the number of diffusion 

directions sampled and the maximum b-value. This has implications both on the acquisition time, 

which depends on the number of diffusion volumes (equal to the number of directions times b-

values), and on the attainable spatial resolution as higher b-values (higher contrast) result in lower 

SNR. In this work, the protocol performed used three b-values (0, 1000 and 2000 s/mm2), with 

64 and 32 different gradient directions evaluated and took about 40 minutes to be done.  Although 

there was a penalty in acquisition time and spatial resolution, since this is more demanding than 

typically used in conventional DTI-tract (two b-values, 0 and 1000 s/mm2, and 30 directions), it 

enabled the use of a more complex diffusion model, the DK tensor, accounting for diffusion 

restriction or tissue complexity.112 While most studies used at least 5 b-values to perform DK 

tensor estimation, clinically-compatible DWI sequences with 3 b-values had been suggested to 

enhance the applicability of this method.108, Despite the small sample, there were no significant 

differences in the CST parameters and metrics extracted from 64 directions DWI acquisition in 

comparison with 32 directions DWI. Therefore, with our methods we were able to delineate the 

CST and AT either through DTI or DK methods (table 5.2).  

 

The relatively lower performance of DTI-tract can in part be related to lower resolution DWI data 

acquired using voxels with isotropic 3 mm resolution in comparison with typically used in DTI-

tract (2 to 1 mm isotropic).113 In addition, slightly high echo time and low matrix resolution were 

used allowing susceptibility effects to produce echo planar imaging distortion. If the influence of 

such artefacts for DTI-tract is higher than for DKI-tract are unknown. Additionally, we tried to 

mitigate such distortion during imaging preprocessing imaging. 
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The time for reconstruction of the tracts was 2 times longer for DKI-tract than DTI-tract using a 

personal computer and therefore this can be considered as a disadvantage of the methods. 

Although, the tools used for tracts reconstruction (i.e UDKI)40 were simple to use and already 

reported as reliable tool in literature.113  

2.  Corticospinal and arcuate fascicle tractography.  

DTI-tract does no predict reliably the fibre population direction in voxels with two or more 

intersecting populations. Our results, showed a smaller CST and AF size estimated by DTI-tract 

in patients in comparison with healthy subjects group. According with other studies,34,106 such 

low performance is more evident within the presence of a brain neoplasm due to histological 

distortion and axonal bundles compression.114  

 

In our study, we hypothesised that the DKI-tract method would be more sensitive to these 

microstructure changes improving the delineation of fibres at high level of complexity.36  

Additionally, we used a recent DKI tractography method to estimate fibres’ directions based on 

the assumption that the maxima of the kurtosis are distributed perpendicularly to the direction of 

well-aligned fibres.41 Quantitatively, CST and AF was higher when estimated through DKI-tract 

in comparison with DTI-tract (table 5.2). Moreover, tracts influenced by the presence of the brain 

tumor also showed an asymmetry of DTI-tract of CST parameters in comparison with control 

hemispheres. However, the delineation of AF showed a high asymmetry between left and right 

hemispheres in healthy subjects. These results are consistent with those reported in the literature 

which demonstrated that the left AF has twice the volume of the right AF.109 Such asymmetry 

was still affected by the low performance of DTI-tract showing higher AI than in AF delineated 

by DKI-tract. Additionally, the AF volume estimated using DKI-tract were slightly smaller to 

those estimated using diffusion imaging spectrum.109 

  

DKI-tract was also able to streamline fibers in vicinity of the tumor which had not been identified 

by DTI-tract (false-negatives) in three patients either in CST (patient 1, 3, 5) or AF (patient 1, 4, 

5). These fibers were compatible with pyramidal and arcuate pathways as determined by their 

anatomical course.109,114 The DKI-tract performance may be explained by the ability to estimate 

non-Gaussian behavior of water diffusion providing indices of tissue heterogeneity with better 

characterization of the spatial architecture. However, kurtosis maxima are able to estimate 

direction of fibres crossing at high intersection angles within a voxel with low angular errors.41 A 

high sensitivity to resolve fibres within voxels with complex microstructure (i.e. tumor edema) 

may explain the delineation of AF fibres in the vicinity of the tumor (fig 5.2). 

Although, a larger, more homogeneous groups with direct cortical stimulation should be studied 

in order to electrophysiologically map the viability of the CST and AF pathways reconstructed 
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using the DKI-tract methods. Moreover, the location and distance from tumor margin to CST 

should be investigated to test the functionality of such motor fibres.114 However, the absence of 

language disturbances (in patient 4 and 5) suggest a functional AF despite of the presence of 

anatomical distortion. 

 

Conclusion 

 
The present study reports the usefulness of the kurtosis-based tractography method in the clinical 

setting, where it is essential to ensure acceptable scanning times. Our results suggest that DKI-

tract may be advantageous to estimate fibres for presurgical planning in the presence of gliomas 

in comparison with conventional DTI-tract.  
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SECTION C: SPEECH AND LANGUAGE CONNECTIVITY PROCESSING 

CHAPTER VI  

IMPACT OF NAVIGATED TASK-SPECIFIC FMRI ON DIRECT 

CORTICAL STIMULATION 

Introduction 

 
Awake craniotomy enables communication between the patient and the clinician for assessing 

cognitive functions while the surgeon performs brain mapping and tumor resection. As stated 

before, glioma surgical treatment with an asleep-awake-asleep anesthesia protocol improves 

precision for gross tumor resection within brain functional boundaries.115,116 Awake craniotomy 

with DCS is the gold standard treatment for tumors involving eloquent brain areas.117 However, 

selection criteria to perform this surgical protocol is based on the patient’s qualitative aptitude to 

collaborate during cognitive tasks evaluated by presurgical neuropsychological tests. Overall, 

patients seem to tolerate this procedure well, but some report an unpleasant feeling of concern 

interpreted as anxiety and pain starting mostly from the middle of the surgery, partly due to 

language disturbances evoked by DCS.4 Moreover, CM with DCS has also been associated with 

a high number of intraoperative seizures118 and increases the total duration of the surgery in 

comparison with general anesthesia.116 Thus, this protocol could impose further challenges such 

as patient fatigue and longer rehabilitation time.119  

 

To improve patient comfort without compromising CM performance, the practical aspects of DCS 

should be addressed, aiming to increase efficiency by shortening its duration, the number of 

stimuli for which patient collaboration is required, and the number of intraoperative seizures.118 

In fact, approximate locations of eloquent cortical brain regions are already available from 

presurgical language task-specific fMRI.120  

 

The BOLD effect drives the signal obtained with fMRI and this technique can be used in 

presurgical planning in order to minimize language disturbances resulting from surgery.121,122 

However, the benefits of navigated fMRI (nfMRI) data to identify the resection boundaries remain 

debatable. In fact, language-specific task fMRI may misidentify or misallocate the fundamental 

brain regions involved in language function due to the lack of sensibility and specificity16 showing 

a limited influence on patients’ quality of life.123 Efforts have been made to deal with this problem 

by introducing multiple language task paradigms.124 Together with the continuous improvements 

in spatial resolution of the fMRI acquisitions,45 multi task fMRI might provide valuable 
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information in mapping eloquent locations. However, the application of this technique in the 

context of brain tumor resection is limited due to the lack of neurovascular coupling in the affected 

regions.125,126 This precludes any attempt to use fMRI as a sole tool in CM, where DCS is routinely 

used. Nevertheless, fMRI might hold pertinent information which could be useful in CM of brain 

tumor patients.  

 

In this study, we incorporated fMRI results in the navigation system to inform DCS planning 

when performing CM, evaluating their impact on the number of stimuli delivered, stimuli 

duration, total time dedicated to DCS, and the number of observed seizures. We hypothesize that 

the extra “online” information available to the surgeon, given by a nfMRI, regarding the presence 

or absence of language function will add value to DCS. Our goal was to investigate if presurgical 

fMRI data acquired using multiple language paradigms could contribute to increased efficiency 

of DCS during CM. 

 

Methods 

 
Patients with gliomas involving or near the language network including motor areas were selected 

for awake craniotomy between 2016 and 2018 at Hospital Garcia de Orta (Almada, Portugal). 

The selection criteria of the patients enrolled were the following: lesions less than 20 mm apart 

from language brain regions or pathways as evaluated by presurgical MRI; absence of aphasia 

evaluated clinically and by neuropsychological language tests (i.e. the patients were excluded 

given an error rate greater than 50% of the trials in any given test) and without cardiac 

pacemakers. The patients were randomly selected to perform multimodal CM with DCS and 

nfMRI (i.e. mCM) or to undergo CM using only electrical DCS (i.e. eCM). For the allocation of 

the patients into each group, a simple randomization method was used. One of two contributors 

(JL and CV) in the presence of another (HF) would roll a die just once, and if an odd number 

appeared facing upwards, the patient was allocated to the mCM group. The Ethics committee of 

Hospital Garcia de Orta gave its approval for conducting this work and prior informed consent 

was obtained from all participants. 

1.  Clinical evaluation 

Neurological examinations were carried out the day before surgery, 48 hours after surgery, and 

in consultation regime, 3 to 6 months after hospital discharge. In addition, a battery of 

neuropsychological tests was performed in the two weeks prior to surgery. For language 

assessment, a PNt, NVSDt using a pyramid and palm tree test, and a VGt adapted to the 

Portuguese population were performed.16 These tests consisted in a total of 80 trials of PNt, 55 of 
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NVSDt and 35 of VGt that patients were asked to perform as quickly as possible. During awake 

craniotomy, patients performed PNt and NVSDt with the same pictures shown in presurgical 

evaluation. 

 

2. Presugical MRI data acquisition  

MRI examinations were performed two weeks prior to the surgery. A 3 T Philips MRI scanner 

(Philips, Netherland) was used, equipped with an 8-channel head receiver coil. A standard MRI 

protocol was acquired in all patients.96,128,129 The volumetric T1-weighted sequence was followed 

by block design BOLD fMRI. The latter sequence was acquired during language and motor tasks 

already described in chapter II. Briefly, three language tasks were used: VSDt, syntactic 

judgment, and VGt. Semantic and syntactic paradigm tasks were conducted in 10 design blocks 

divided in 6 experimental (i.e. test), 2 baseline tasks and 2 rest periods for a total of 160 volumes. 

The VGt was designed in 8 blocks consisting of 4 experimental, 2 baseline tasks and 2 rest period 

for a total of 112 volumes. Baseline recordings were made with a simplified cognitive task (i.e. 

high-level baseline): the participant had to perform a symbol search task, where two distinct 

symbols had to be found in a random letter string. The motor task consisted of two paradigms: 

one based on opening and closing the mouth and the other based in finger tapping. These data 

were recorded in 8 blocks consisting in 4 experimental and 4 rest periods for a total of 80 volumes. 

For fMRI data, preprocessing was done using BrainVoyager (v.2.8, Brain Innovation, Maastricht, 

The Netherlands) as described in chapter II.47 The BOLD and significant activation maps 

calculated from the general linear model were superimposed and the regions activated by at least 

two paradigms were defined to be incorporated into the anatomical brain scans (T1-weighted 

scan) used in intraoperative procedures.  Series of language paradigms tasks were excluded and 

repeated if the patient’s collaboration was not considered to be acceptable by a neurologist (author 

ML). The calculated activation maps were used to assess the dominant hemisphere for language 

function. The lateralization index was calculated using the data from each activated voxel (i.e. 

level of activation) with the following formula:  

 

!"#$%"&'("#')*	'*,$- = 	 (0123	4536743689	:4;<=6>?3	4536743689	:4;)(0123	4536743689	:4;A=6>?3	4536743689	:4;)   (6.1) 

 

If the lateralization index was ≥ 0.10, the patient was considered to have a left-dominant 

hemisphere and if it was ≤ 0.10, right-dominance was considered.130 
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3. CM during surgery 

Intraoperative mapping was performed by the same surgeon (author CV) using DCS (Inomed 

Medizintechnik, ISIS IOM System, Germany). Stimulation parameters, probe and current was 

detailed in chapter III. Recording of muscle burst activation was done in contralateral mentalis, 

biceps, abductor policis brevis, tibial anterior and abductor of the hallux muscles using 13mm 

subdermical needles. To detect epileptic seizures and monitor possible inhibition of adjacent 

cortical areas, a surface electroencephalogram was recorded with 4 channels distributed around 

the craniotomy limit. For DCS, all sites were stimulated at least 3 times (non-consecutive) and 

positive or negative brain regions for language function were defined. Threshold of action were 

defined while the patient performed a counting task which preceded language mapping to 

establish a stimulation intensity. Language disturbances were assessed by the same 

neuropsychologist that performed the presurgical evaluation.  

 

Cortical gyri of frontal and temporal lobes were evaluated using neuroanatomical landmarks and 

nfMRI data (in the mCM group) incorporated in a navigational system (StealthStation, Medtronic, 

USA). The nfMRI data of the combined language paradigms was used to inform and modulate 

the effort dispended (time and number of stimuli) for DCS at a specific brain region. For example, 

within a brain region without nfMRI activation, the surgeon applied only one stimuli (instead of 

two) before categorizing it as a negative region for language function. On completion of CM, the 

localization of stimulation effects was based on the assumption that the stimulation is strongest 

in the tissue in contact with the electrode of the probe used for DCS. The stimulating electrode 

was localized by transferring the location of positive sites to the navigation system with the 

navigation pointer.  

 

4. Anesthesiological procedure 

The standard physiological parameters were monitored during anesthesia and sedation.131 

Analgesia and sedation was maintained by continuous infusion of remifentanil and propofol. The 

depth of analgesia and sedation was monitored using the Ramsay sedation scale targeting a score 

of 5:  weak response to pain stimuli. Additional bolus doses were administered immediately 

before incision of the scalp and dura to adjust analgesia to the pain level of the surgical stimuli. 

Local anesthesia with lidocaine or ropivacaine was also done in skull-pin placement, along skin 

incision and dura. Intravenous antiepileptic drug loading was done in all patients with 1000 mg 

of levetiracetam. Analgesia and sedation were discontinued for about 10 minutes before 

intraoperative neuropsychological testing and CM. Baseline analgesic infusion was continued. 

The goal during this phase was to achieve a sedation score of 2: awake and alert. After CM, the 
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surgery continued with tumor resection before reaching its margins, then the depth of sedation 

was increased and a laryngeal intubation was carried out for hemostasis and closure. 

 

5. Data reduction and analysis 

For statistical purposes, we considered the patients enrolled for the mCM as the test group and 

eCM as the control group. Performance of patients in presurgical neuropsychological language 

tests was quantified as a percentage of correct answers in the total trials per task. Patients who 

provided 50 to 80% of correct answers in a test were identified as having a low performance. A 

subgroup analysis (lower vs higher performance) between groups was performed to identify a 

possible lack of aptitude to collaborate in language tasks. 

 

Intraoperative data for each group and task performed, as the number of cortical stimuli given to 

the patient, the time of stimulation, the total time required for CM and the frequency of seizures 

or after-discharges was recorded. Mean and standard deviation for presurgical language tests and 

DCS parameters were calculated and compared between groups. An independent t-test was used 

after testing for normality with Shapiro-Wilk test and variances of homogeneity with Levene’s 

test. Statistical analysis was performed using SPSS Statistics (v.24, IBM, USA). A p-value lower 

than 0.05 was considered statistically significant.  

 

DCS and fMRI data from positive mapping responses and activated brain regions, respectively, 

were displayed on a cortical surface using a cortical parcellation system.132 A correspondence 

analysis between modalities was done considering a positive correspondence region when the 

DCS probe delivered a stimulus at a point which included an fMRI activation within a 2-mm 

radius. 

 

Results 

 
In figure 6.1 is shown the presurgical MRI axial scans and in table 6.1 the demographic 

characteristics, tumor specifications, and presurgical performance of the patients in the 

neuropsychological tests. Thirteen patients were enrolled for mCM (patients 1 to 13) and eight 

for eCM. Patients 12 and 13 received a second surgery due to tumor recurrence, which were 

performed with mCM, 51 and 8 months after the first surgery, respectively. The mean age of the 

mCM group was 47 years old (y.o.) with a standard deviation (SD) of 9 y.o. in comparison to 51 

y.o. (SD = 12 y.o.) for the eCM group. The most common presentation was seizures (62% of the 

patients). All lesions were located within the left hemisphere. About 31% of patients in the mCM 

group and 50% in the eCM group presented tumors with high-grade cancer cells located in the 
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frontal lobe. Oligodendroglioma was the most common tumor histology (33%) and in one patient 

showed high grade cancer cells (table 6.1).  

 

Patients in the mCM group showed an overall lower performance in PNt and VGt (87% SD = 

16% in PNt, 82% SD = 15% in VGt) in comparison to the eCM group (91% SD = 6% in PNt; 

87% SD = 5% in VGt), albeit not significantly. In NVSDt, the performance in mCM was higher 

than in the control group (94% SD = 8% in mCM and 90% SD = 8% in eCM), without statistical 

significance. Patients 4, 5, 6 and 10 were considered to have a low performance. This subgroup 

of four patients showed significantly lower performances in PNt (67% SD = 16%) and VGt (69 

% SD = 21%) in comparison to the other patients of the mCM group (p= 0.020 and p=0.030, 

respectively) and to the control group (p=0.004 and p=0.010, respectively). 

 

Preoperatively, six patients presented language disturbances (patients 6, 7, 9, 10, 17, and patient 

13 before the second surgery) which partially resolved after a five to seven days cycle of oral 

steroids (dexamethasone 18 mg/day).103 Patients 6 and 7 also presented a contralateral 

hemiparesis. Forty-eight hours after the surgical procedure, three patients displayed aggravated 

language and motor function and two aggravated motor function (table 6.1).  Six months after 

surgery, three patients died due to tumor recurrence (patients 4, 6, and 7). Regarding neurological 

deficits between 3 to 6 months after surgery, two patients maintained an aphasia (patients 13 and 

17), and patients 14 and 18 a mild right hemiparesis and central facial palsy, respectively. 

 

 
Figure 6.1 – Axial magnetic resonance imaging scans (one per patient, in numerical order from left to right 
and top to bottom) showing the position of their lesions (indicated by arrows). Different image contrasts 
were selected according to tumor malignancy in order to better depict the tumor location. Illustrative scans 
comprise either gadolinium-enhanced T1-weighted images or T2-weighted images with fluid inversion 
recovery (patients: 3, 8, 12, 13, 17, and 18). 
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1. Cortical brain mapping. 

CM was done after awaking the patients and before initiation of tumor approach or resection. A 

brief interview was made to each patient regarding age, current month, year, and spatial 

localization to guarantee the awake state (i.e. Ramsay sedation grade 1 or 2). DCS was performed 

only in the left hemisphere. In figure 6.2 are shown the evaluated parameters extracted from CM 

with mean and confidence intervals of 95% of mCM, eCM, and mCM with lower performance 

groups. 

 

In the mCM group, CM was completed in 11.5 minutes (SD = 2.9 min) with a total delivered 

stimulus duration of 30.2 seconds (SD = 4.9 s) for motor function and 56.7 seconds (SD = 4.6 s) 

for language function. The number of stimuli delivered for motor mapping and CM intensity 

identification was 11 (SD = 3) with a mean duration of 2.2 s (SD = 0.4 s). For language mapping, 

15 stimuli (SD = 5) with 3.6 seconds (SD = 0.7 s) duration were required. In eCM, CM was 

performed in 12.2 minutes (SD = 4.4 min) with duration stimulus delivered of 29.5 seconds (SD 

= 5.5 s) for motor function and 59.9 seconds (SD = 3.1 s) for language function. For motor 

mapping, 15 stimuli (SD = 4 s) were given with mean duration of 2.4 seconds (SD = 0.7 s) and 

for language mapping 16 stimuli were required (SD = 4 s) with 3.9 seconds (SD = 0.9 s) mean 

duration. The mean intensity used in mCM groups was 4.4 mA (SD = 1 mA) in comparison to 

4.0 mA (SD = 1 mA) used in the eCM group. No significant differences were found in any of the 

parameters between mCM and eCM. In two patients per group (patient 4, 6, 14, and 16), after-

discharges were identified during CM and cold Ringer’s lactate solution was applied directly to 

the brain. No patient presented intraoperative seizures. 

2. Navigated fMRI in DCS 

All mCM patients were right-handed, attended at least 4 years of primary school (table 6.1) and 

just 26% were monolingual (patients 6, 10, 14, 15, and 17). All patients used their mother 

language in presurgical and surgical language tasks (i.e. Portuguese). The positive sites of DCS 

and fMRI are displayed in figure 6.3, making use of the cortical system described in Corina et al. 

(2005)132 with color-coded diagrams. 

 
fMRI data acquired after hands or mouth movement activated bilaterally the precentral gyrus in 

all the patients. In seven patients, the ventral precentral gyrus was bilaterally activated also by 

mouth movement. Additionally, DCS of the left hemisphere ventral precentral gyrus evoked 

hesitations during counting (i.e. anarthria) in 11 patients while motor bursts were evoked in 

contralateral muscles after stimulation of the precentral gyrus (fig. 6.3).  
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Table 6.1 – Demographic characteristics of patients (Pt) that received cortical mapping. 
Neuropsychological performance in language cognitive tests is shown as a percentage of correct answers. 
Neurological morbidity (unchanged or aggravated) before hospital discharge in relation to presurgical 
status is presented. 

 

Bursts in mentalis, abductor pollicis brevis and biceps brachi muscle were evoked with DCS from 

medial to dorsal precentral gyri according to the motor homunculus. However, DCS at middle 

precentral gyrus evoked anarthria and interruption of contralateral arm movement in 6 patients. 

Thus, a correspondence of 100% for precentral gyrus and of 63% for the ventral precentral gyrus 

was identified. 

Left hemisphere language lateralization was identified in 61.5% of the patients. Patient 11 showed 

a right hemisphere lateralization. Patients 4, 6, and 8 showed a bilateral activation during language 

tasks. The activation maps for mCM with simultaneous brain activated regions in the three 

paradigms were used in 61.5% of the patients.  

 
 

Pt Gender Ag
e 

Symptom Locatio
n 

Histolog
y 

Education 
(years) 

PN  
(%) 

NVSD
T (%) 

VG 
(%

) 

Presurgical vs Postsurgical 
Motor Language 

1 Female 35 Seizure T A 9 96 95 80 - - 

2  Male 31 Seizure F OD >13 96 100 94 
- - 

3 Male 46 No I A 9 94 93 91 
- - 

4 Male 57 Seizure T GBM 12 68 100 83 
- - 

5 Male 58 Seizure F OD  >13 89 98 77 
Aggravated - 

6 Female 56 Aphasia F; I GBM 7 53 73 57 
Aggravated 

7 Male 52 Aphasia  F GBM 9 96 93 86 
Aggravated 

8 Female 51 No F OD 9 94 96 94 
- - 

9 Female 40 Seizure  I NGT 12 98 98 86 
- - 

10 Male 54 Seizure F OD  4 76 89 80 
- - 

11 Female 46 Aphasia F OD A 12 95 95 91 
- - 

12 Male 

50 Memory loss 

P A  

>13 96 95 89 
- - 

52 No >13 96 95 90 - - 

13 Female 

38 

Seizure T A  

12 94 98 89 -  

39 12 94 98 80 
Aggravated 

14 Female 66 Headache T GBM 4 74 71 69 
Aggravated - 

15 Male 61 Seizure T OD 4 81 81 80 
- - 

16  Male 40 Seizure F A A 9 98 96 91 
- - 

17  Male 68 Seizure P GBM 4 96 87 91 
- Aggravated 

18 Female 61 Seizure F; T OD  >13 94 95 89 
Aggravated - 

19 Male 48 Seizure F A A 10 94 95 91 
- - 

A – Astrocytoma, A A – Anaplastic Astrocytoma. F – Frontal, GBM – Glioblastoma, T- Temporal, I – Insular, P- Parietal, NGT – 
Neuroglial tumor, NVSDT – non-verbal semantic decision task, PN – picture naming task, OD –Oligodendroglioma, OD A – 
Oligodendroglioma Astrocytoma, “ –“ unchanged or improved 
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Figure 6.2 – Direct cortical stimulation (DCS) parameters mean (symbols) and 95% confidence intervals 
(error bars) for 9 patients enrolled in multimodal cortical mapping (square) and 4 patients of the same group 
but with lower performance in presurgical language tests (triangle). Comparisons were performed with 
corresponding parameters from 8 patients enrolled for cortical DCS mapping used as a control group 
(losangle). Total DCS duration in minutes per group are shown using black symbols. Note the statistically 
significant difference (*) between the lower performance patient group and the control group in the total 
DCS duration (p=0.02). 

 

In Figure 6.4 is shown an example of mCM used in patient 13’s second surgery before resection 

of the recurrent tumor. A correspondence between nfMRI and DCS positive responses was found 

in the opIFG (i.e. brain region labeled with number 4), and in the posterior part of the superior 

temporal gyrus (i.e. number 6). DCS was performed in these gyri while the patient performed a 

PNt which evoked speech arrest and anomia, respectively. However, a lack of correspondence 

was seen in the middle part of the superior temporal gyrus (i.e. number 5), while semantic 

paraphasia was evoked by the DCS.  

 

In the mCM group, the fMRI language paradigms activated the opIGF (in all patients, fig. 6.3), 

and the posterior superior temporal gyrus (STG ;in 10 patients), with a correspondence with DCS 

of 84% and 70%, respectively. Conversely, language mapping function in brain cortical areas 

around these gyri was more dispersed in both fMRI and DCS (figure 6.3). A correspondence of 

66% and 30% was found in the supramargincal gyrus (SMG) and in the middle part of STG, 

respectively. In two patients (8 and 11), no positive responses were evoked with DCS during these 

tasks. 
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Figure 6.3 – Diagrams illustrating color-coded frequency of cortical activation sites in patients enrolled for 
multimodal cortical mapping using functional magnetic resonance imaging (fMRI) and direct cortical 
stimulation (DCS). Left column: fMRI activation maps using finger tapping and mouth movement (top) 
and language cognitive tasks (bottom). Right column: positive DCS sites for motor function at contralateral 
hand and face muscles (top) and for language function evoking language disturbances. 

 

 
 

Figure 6.4 – Example of cortical mapping performed in patient 13 during the second surgery after tumor 
recurrence. Left: photograph after direct cortical stimulation (DCS) was performed with the assistance of 
navigated task-specific functional magnetic resonance imaging (fMRI) results. The following labels were 
used to demonstrate: 1 – ventral precentral gyrus in which anarthria was evoked during the counting task; 
2 – contralateral mentalis and 3 – abductor policis brevis muscle burst activation at the precentral gyrus; 
during the picture naming task at 4 a speech arrest was evoked, paraphasias at 5 (middle part of the superior 
temporal lobe) and  anomia at 6 (posterior part of  the superior temporal lobe). Right (top to bottom): 
activation maps shown in white were extracted from mouth and hand movement paradigms (top). Data 
from three language tasks were also shown (middle and bottom). Note the mismatch between DCS and 
fMRI in the site labeled as “5” (bottom). 
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Discussion 

 
CM of eloquent brain functions remains useful in the clinical setting for planning surgical tumor 

resection to avoid further neurological morbidity.122,123 The patients recruited suffered from high 

grade gliomas in more than one third of the cases implying a rapidly progressive 

pathophysiological mechanism. We aimed to test if allied intraoperative modalities of CM (i.e. 

nfMRI and DCS) could reduce the effort spent on DCS in awake surgery, reducing patient 

discomfort. To our knowledge, the practical impact of having prior nfMRI data on DCS during 

CM remained to be studied. Our work showed that having this information did not reduce the 

DCS duration, the total number or duration of stimuli delivered to patients, nor the number of 

after-discharges. However, the duration of CM in patients who showed a low performance in 

presurgical neuropsychological tests was reduced when using nfMRI in combination with DCS. 

 

 The ultimate goal of using presurgical planning with fMRI is to predict postoperative language 

deficits by assessing the risk of such deficits and minimize their severity.121,122,133,134  fMRI relies 

on the BOLD effect, which is based on the assumption that oxidative metabolism and 

neurovascular coupling leads to an increase in oxygenated blood delivery to task-specific brain 

regions during activation.135 However, this technique may suffer from methodological caveats 

such 1) limited spatial resolution within the region surrounding a PBT,125,126 2) differences in task 

characteristics evaluated during MRI scans acquisition136 and patient performance, and 3) lack of 

understanding of the true predictive value of fMRI activation for language function.133,137  In fact, 

the reported results from studies in which the language outcome was predicted based on 

presurgical fMRI varies widely.16,133,134 Moreover, the specific methodology used by each study 

must be taken into account to reproduce similar results to detect language eloquent cortex.137  

 

In contrast, the implementation of nfMRI data intraoperatively using high-resolution anatomical 

images gave the opportunity for the surgical team to identify the locations of the cortex typically 

associated to language functions. Such intraoperative knowledge can lead to avoiding time-

consuming neurophysiological tests, but its influence on the length of the operation has not been 

directly.138 In our study, the surgeon consulted a map of multi-language task nfMRI activations 

after identifying a negative brain region for motor or language function following DCS. We 

hypothesized that having available this three-dimensional information of the cortical eloquent 

brain could increase the surgeon’s confidence, reducing the number of stimuli required and 

perhaps the intraoperative seizures. However, no differences were seen between mCM and eCM 

groups despite our effort to minimize some methodological caveats like the spatial resolution of 

the technique, the selection of the paradigms used, preprocessing analysis, errors in the co-
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registration of fMRI data into the intraoperative setting, or the reduced spatial accuracy of the 

navigation system.  

1. fMRI acquisition procedure 

The spatial resolution of fMRI is dependent on the brain hemodynamic response and by the 

images’ SNR.125  In our study, fMRI scans were acquired using an echo-planar sequence based 

on T2*-weighted contrast which detects dephasing diamagnetic hemoglobin from active brain 

regions after performing a task.135 The spatial resolution of the MRI signal is influenced by 

baseline venous blood vessel and vessel size.45,125 Therefore, such BOLD signal changes may 

derive physiologically far from the activated grey matter. In addition, within patients with PBT, 

the large vessels’ contribution to the MRI signal is exacerbated due to tumor vascularity.45,125,135 

Moreover, echo-planar fMRI readouts are affected by susceptibility artifacts, distorting the 

geometric location of fMRI BOLD activation regions. This effect, combined with the lower 

spatial resolution of the fMRI, contributes to the mismatch between fMRI and DCS. 138,139 

Although, in our study an estimated location with BOLD activation was used to inform the 

surgeon about the language function influencing the likelihood of repeating the same electrical 

stimulus again.  

 

For language fMRI mapping a variety of paradigms are sensitive to either more expressive or 

receptive aspects of language.124,136 However, these paradigms are not classically used 

intraoperatively in awake craniotomy because their complexity hinders the patient’s 

collaboration, and due to technical difficulties in the synchronization of the DCS and the 

presentation of the linguistic task.136 Despite this, an increasing number of paradigms are being 

reported as useful for mapping cognitive functions in awake craniotomy.140-141 In order to decrease 

the influence of the mismatch between linguistic paradigms used during fMRI and DCS, we 

computed fMRI probabilistic maps considering brain regions activated by three paradigms. We 

believed that this method based on the knowledge that some paradigms (i.e. VGt) should activate 

both expressive and receptive brain regions, could reinforce the relevance of the task design 

regardless of the type of stimuli. 124,130 However, qualitative differences within language function 

mapping between fMRI and DCS were found (fig. 6.3) and a higher correspondence of cortical 

brain regions was reported when using the same paradigms.136 

 

Regarding the fMRI acquisition scans, when designing the motor task, we considered that head 

motion could induce spatial distortions with mouth movements. 138,139 Thus, a stable placement of 

the head was ensured, and head motion correction was applied in imaging preprocessing to 

minimize this source of error. In fact, the mapped cortical brain regions for motor function were 

observed to be similar (figure 6.3) between both CM modalities, as supported by other studies.133 
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In the preprocessing steps, smoothing was applied using a Gaussian filter with a FWHM of 7 mm 

to reduce noise and increase sensitivity; this could also have contributed to the displacement of 

the signal depicted by the BOLD sequence.142 To minimize this error, Strappini and colleagues 

(2017) 143 reported that using a Gaussian process with voxel-by-voxel smoothing lead to minimal 

data displacement.  

 

Co-registration to anatomical images showed an accuracy from 1.8 mm to 5 mm based on the 

same methodology used and reported by others.144,145 Moreover, surgical drapes, craniotomy, 

retractors, and increased duration of awake craniotomy are known factors for loss of navigation 

accuracy.142 Preventive actions such as the use of bone markers with a second registration before 

CM were not applied. Yet, CM was performed readily after craniotomy without parenchymal 

brain interventions and the stability of navigation components was ensured. Additionally, we also 

considered a 2-mm radius around the pointer coordinates to establish the correspondence between 

fMRI and DCS. In fact, correspondence in language mapping modalities was similar to those 

previously reported.133 

 

2. Tumor location, grade and neurological involvement 

Gliomas tend to infiltrate the surrounding parenchyma and to migrate across the brain. Thus, an 

a hodotopy approach by surgeons lead to a wider search for impaired neurological functions 

intraoperatively. Furthermore, about one third of each patient’s group presented high grade 

tumors which develop rapidly, increasing the risk of seizures118 and resulting in higher 

neurological morbidity.115  

In the mCM group, four patients showed a lower performance in presurgical language tests and 

in this group CM total duration was smaller than in the eCM group. We hypothesize that this 

result was due to the surgeon’s decision to proceed with the tumor resection having into account 

the systematic errors in language tasks instead of doing a more efficient CM with nfMRI’s 

assistance. Moreover, a comparison between lower performance patients enrolled to eCM was 

not performed. In fact, during CM, after identification of errors in language tasks without applying 

DCS, the patients were engaged into spontaneous conversation for language function mapping. 

This task demands a lower cognitive load, which was not evaluated in fMRI paradigms, and lower 

stimulus-language task synchronization, explaining the surgeon’s decision to stop the CM with 

DCS. Additionally, the surgeon focused more in negative cortical regions after DCS than in 

positive nfMRI regions probably because of an unconscious preference for DCS (i.e. gold 

standard method) for brain eloquent function mapping.73,103 Patients with lower performance in 

presurgical neuropsychological language tests also showed rejected test blocks during fMRI data 
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acquisition in language paradigms (ad hoc analysis not quantified in results). These less reliable 

fMRI data contributed to the lack of confidence in positive brain regions. Moreover, because these 

evaluations were done within two weeks before the surgery, performance in fMRI was 

qualitatively similar to neuropsychological. 

 

We subdivided presurgical language tests performance arbitrarily considering a lower 

performance if in at least one test more than 20% of answers were given incorrectly. In these 

patients, a maintained clinical aphasia was not present, despite systematic language errors during 

neuropsychological tests. The evaluation of the patient’s aptitude to collaborate intraoperatively 

(i.e. deciding if the cognitive impairment is evaluated during surgery) is crucial and based on a 

subjective clinical decision. Intraoperative communication was therefore reported as the main 

challenge in awake craniotomy failure leading to higher disease progression.146 Despite three 

patients having aggravated language neurological status after surgery, only one showed a lower 

performance in neuropsychological evaluation and had a higher-grade tumor (patient 5). Also, 

the postoperative outcomes were not worse in mCM than for the control group. In any case, 

further criteria should be investigated to define patient’s aptitude to communicate 

intraoperatively. 

 

Presurgical fMRI language cortical mapping is used worldwide to avoid additional neurological 

morbidity.121 Regarding language mapping lateralization with fMRI, consistent results were 

obtained. These were supported by DCS’ failure to evoke language disturbances due to right 

hemisphere dominance (patient 11) and neuroplasticity processes with bilateral hemisphere 

activation (patient 8).  

The DCS was helpful to identify motor function in all patients and language function in 84% of 

the patients. Even in those with bilateral and right hemisphere language processing, DCS evoked 

anarthria when applied to the ventral precentral gyri (i.e. motor language pathways) during the 

counting task. Analysis of motor function showed that it was consistently mapped by nfMRI and 

DCS with higher rate of concordance as expected.16, 133  

 

Language mapping by DCS showed predominance for the inferior frontal gyri in comparison to 

superior temporal gyri, yet with smaller prevalence in comparison with nfMRI results (fig.6 3). 

The predominance of evoked language disturbances after frontal lobe DCS is explained by a 

higher neurological morbidity due to tumor location in the majority of the patients.  Further 

involvement of the parenchyma increased the intensity needed to evoke a language disturbance.73 

Additionally, tumor location led to the surgeon’s tendency to deliver more stimuli in regions 

around the tumor to define the resection boundaries.  
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Correspondence analysis within CM techniques of language function was 84% for the inferior 

frontal gyri and 70% for the superior temporal gyri, similar to those reported in the literature.133,147 

Lower correspondence was seen in areas mapped with verbal language tasks addressed in fMRI 

(i.e. such as the posterior middle frontal gyri) and not intraoperatively. Moreover, when using a 

fixed threshold to construct activation maps in fMRI, tumor malignancy and angiogenesis could 

impose decreased BOLD contrast through higher local cerebral blood. 45,125,135 In fact, brain tumor 

resection guided by indirect localization of active brain regions has been associated with 

mislocalization of functional brain areas additionally to the drawbacks discussed above.138,139 

3. Limitations 

In our study, DCS was used as a gold standard technique for language cortical surface function 

identification. Despite showing a high specificity and enhancing causality between cortical 

electrical testing and language disruption, the sensitivity of this method remains difficult to 

appraise.137 Moreover, despite our effort to control spatial resolution and increase specificity of 

fMRI language CM using multi-task language tests, intraoperative neurophysiological language 

tests was not the same as done during fMRI.  

 

At a deeper level, the mismatch between fMRI and DCS can also be derived from the violation 

of assumptions behind the BOLD signal. The contrast of fMRI data is based on the neurovascular 

coupling, instead of electrophysiological gray matter activation. This provides us with only an 

indirect measure of brain activity. In the case of brain tumor, the neurovascular coupling is 

impaired in tissues adjacent to the tumor, leading to a loss of task-related contrast. In addition, 

the co-registration of BOLD activation into high-resolution anatomical scans and into navigation 

system impose further activation dislocation. In our study, the randomization process of patients 

could also have suffered from some unbalanced distribution bias because of the small number of 

patients recruited for each group. This led to a small number of low and high-grade malignancy 

tumors with different cognitive reserve reflected in neurophysiological language tests 

performance.  

 

Conclusion 

 
In summary, CM with additional intraoperative information of motor and language tasks data 

acquired with fMRI did not influence the practical aspects of DCS in presurgical planning. 

Patients with lower performance in neuropsychological language tests, on the other hand, showed 

smaller CM duration with nfMRI due to inaptitude to communicate during awake craniotomy 
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CHAPTER VII 

UNDERSTANDING LANGUAGE NETWORK REORGANIZATION 

AFTER GLIOMA REGROWTH: COMPARING CONNECTIVITY 

MEASURES FROM FMRI TO DCS 

 

Introduction 

 
Brain plasticity allows eloquent functions to migrate or be extended to other brain regions during 

an indolent pathological process such as PBT.148 Connectome analysis may provide insights about 

reduction in local and long-range connectivity depending on lesion location.149 Connectivity 

analysis may be performed using a variety of tools. Node-based methods investigate connections 

between functional regions and may provide indirect measures about their “relationship” (i.e. 

graph based theory).150 Although, their clinical interpretation remains to be studied in presurgical 

planning. Further understanding of such measures could for instance show brain regions role in 

eloquent function network within the presence of pathology, helping to avoid permanent 

neurological damage.149 

 

Our hypothesis was that task-specific fMRI-based connectivity analysis provides insight about 

the role of a specific brain region (in this case, language-related areas) within networks distorted 

by a PTB. This knowledge could i) guide the surgeon on how to disrupt its function by DCS and 

ii) help to predict language network reorganization over time until tumor regrowth. Our aim was 

to analyze task specific connectivity measures in presurgical planning in patients with low grade 

glioma. 

 

Methods 

 
We recruited three patients from Hospital Garcia Orta between 2016 and 2018 to undergo awake 

resection of brain tumor involving frontal, temporal and insular regions (table 7.1).  Patients 

selection was done using the same criteria of the previous chapter. Briefly, patients with 

occupying brain lesions within or near (i.e. 2 cm) classical brain language regions or pathways 

and, absence of aphasia (evaluated by neuropsychological language tests) were chosen. The 

Ethics committee of our institution gave its approval for conducting this work and informed 

consent was obtained from all participants. 
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1. Clinical evaluation 

Neurological examinations were carried out preoperatively, in the intermediate post-operative 

period and every 3 months until tumor regrowth. We performed a battery of neuropsychological 

and cognitive tests, and assessed language function with a PNt and NVSDt adapted to the 

Portuguese population.127 The selected language tests were done before surgical treatment, during 

awake craniotomy, before hospital discharge (until five to seven days after surgery) and 

approximately 3 months after surgery. 

 

2. Mapping during surgical procedure 

Intraoperative mapping was performed by direct cortical and subcortical stimulation (Inomed 

Medizintechnik, ISIS IOM System, Germany) for the detection and preservation of eloquent areas 

during awake craniotomy resection. The methodology used was the same as described in the 

previous chapter and in more detail in chapter III. Additionally, to the bipolar stimulation for 

language function mapping, we also mapped motor function with a monopolar probe and using a 

multipulse technique (5 trains of 500ms duration with 250-500Hz, 1-30 mA). Before resection, 

the following cortical regions were mapped with the patient awake: opIFG, orbitalis part of the 

inferior frontal gyrus (orbIFG), triangularis part of the inferior frontal gyrus (trIFG), precentral 

gyrus (PrG), postcentral gyrus (PoG), superior temporal gyrus (STG), middle temporal gyrus 

(MTG) and supramarginal gyrus (SMG). 

 

After defining each patient threshold of action, PNt and NVDt were carried out while DCS was 

applied to define positive and negative brain regions for language function. In addition, cortical 

and subcortical stimulation was performed during tumor resection to preserve language axonal 

pathways. Cortical gyri were also assessed using neuroanatomical landmarks and magnetic 

resonance imaging (MRI) scans using a navigated system (Stealth, Medtronic, USA). 

3. MRI data acquisition and pre-processing 

 

MRI examinations were performed at 2 different time points: 1) in presurgical planning and 2) 

after tumor regrowth. After surgical resection, structural MRI was repeated every 3 to 6 months 

or if patients showed new neurological symptoms.  

 

A 3T Philips MRI scanner (Philips Medical Systems, USA) with an 8-channel head receiver coil 

was used. The scanning protocol was described in the chapter II and recalled to memory in 

previous chapter. Functional MRI based on BOLD contrast was acquired during a language and 

a motor task. The language tasks used during MRI acquisition were VSDt written in a 160-block 
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design structure. As a rest condition, was used the same high-level task, already described, where 

the participant has to perform a symbol search task. The motor task used consisted in opening and 

closing the mouth (i.e motor mouth task – MMT) was compared against rest and also written in 

a block design with a total of 80 volumes. 

 

Table 7.1 –  Patients, tumor characteristics and clinical performance at language tests before and after 
treatment.  

 

For fMRI data, pre-processing was made using BrainVoyager (v.2.8; Brain Innovation, 

Maastricht, The Netherlands)47 (see chapter II). The results of one task were used to calculate 

activation maps using the false discovery rate with an alpha of 0.05. 

 

For connectivity analysis, MRI scans were processed using the MIBCA toolbox.48 Pipeline and 

images preprocessing was described in chapter II. Briefly, in the T1-weighted images, non-brain 

structures were removed using FSL55 and spatial alignment to a standard space was performed 

using Freesurfer recon-all function,56 generating transformation matrices. These matrices were 

used to transpose the analyzed gyrus as a ROI into the fMRI space. After non-linearly data 

registration, the brain was segmented using the Harvard-Oxford brain atlas. Consequently, fMRI 

data preprocessing was corrected for motion and slice-timing using Fourier-space time-series 

phase-shifting. For such imagens, non-brain removal, spatial smoothing (Gaussian kernel with 

FWHM of 8mm),  4D data intensity normalization, high pass temporal filtering was made. After 

extraction of functional time series data from each ROI, statistical processing was made by 

calculating Pearson correlation between each ROI, organized into a matrix for each patient. Using 

each patient matrix, mean of preselected graph theory metrics were calculated using a third-party 

Brain connectivity toolbox.8 

 

The connectivity metrics extracted were the following: node degree, betweenness centrality, 

participation and clustering coefficient  (see chapter II to further description) were extracted from 

thirty brain atlas-based regions (i.e. fifteen at each hemisphere).57 Connectivity metrics were 

defined as: Node degree –  number of links connected to a brain region; Betweenness centrality 

Pt Gender Age 
1st 

sympt
om 

Locatio
n Histology RE 

(month) 

Tumor volume (cm3) NVSDt/55* PNt/80* 
Pre Post

3m 
RE Pre Post

3m 
RE Pre Post

3m 
RE 

1 Female 38 Seizur
es T; P; I A II 8 16.7 3.3 4.5 54 55 54 75 76 75 

2 Male 32 Heada
che F OD 19 4.3 0 1.1 55 55 54 72 72 74 

3 Male 30 Seizur
e F OA II 45 42.6 2.1 4.9 54 ** ** 78 ** ** 

A – Astrocytoma, F – Frontal lobe. I – Insula lobe.; OA – Oligoastrocytoma; OD – Oligodendroglioma; P – Parietal lobe; PNt – Picture 
Naming tast; Pre – preoperative evaluation; Post3m – Post-operative evaluation 3 months after surgery. NVSDt Non-verbal Semantic 
Decision task. RE – tumor Regrowth. * no data available due to patient performance. T – Temporal lobe. 
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– fraction of all shortest paths in the network that pass a given brain region; Participation 

coefficient – diversity of intermodular interconnections of individual regions; Clustering 

coefficient – fraction of triangles around an individual brain region.21 

 

These metrics were extracted from some ROI (i.e brain regions). We analyzed the connectivity at 

opIFG, PrG, PoG during MMT. For language function mapping, we analyzed classical anterior 

and posterior involved brain regions. Therefore, were extracted from opIFG, orIFG, trIFG, insula 

(i.e considered as anterior language brain regions) and, PoG, STG, MTG, SMG, PoG (i.e 

posterior) during VSDt. 

 

4. Data reduction and analysis 

Normality of data was tested with the Shapiro-Wilk test using SPSS Statistics (v24, IBM, USA).  

Non-parametric t-test was used to evaluate differences between connectivity measures between 

anterior vs. posterior brain cortical regions involved in language. Because connectivity data were 

obtained with the same stimulus in the same individual, we also used paired t-tests for statistical 

comparison for anterior vs. posterior language involved regions, and left vs. right hemisphere 

between preoperative and after regrowth fMRI. Because same node comparisons were made 

multiples times, was not performed correction for multiple comparisons. In contrast, a smaller p-

value of 0.03 was considered statistically significant to balance his uncorrection. 

Results 

1. Clinical evaluation  

Demographic and tumor characteristics are showed in table 7.1 and figure 7.1, respectively. Two 

patients suffered seizures as an inaugural clinical manifestation of the tumor. Neurological 

examination, non-verbal association task and PN were normal at onset in patients 1 and 2. Patient 

3 showed a mild paresis of right arm and face. At discharge from hospital, patient 1 showed right 

hand paresthesia, patient 2 mild difficulties in repeating sentences and patient 3 right arm paresis 

and anomic aphasia. After surgical treatment, patient 1 was left with a residual tumor. Tumor 

volume resection was 81%, 100% and 96% in patients 1, 2, and 3, respectively. All patients 

performed at least 6 cycles of chemotherapy and 3 months of speech therapy.  

 

At the 3 to 6 months evaluation, only patient 3 maintained a mild anomic aphasia and mild paresis 

in the right hand. Patients received a second surgical procedure, due to a residual tumor (patient 

1) or due to tumor recurrence. All patients’ tumor re-growths were detected by repeated MRI 

scans. 
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Figure 7.1 – Anatomical magnetic resonance T2 weighted fluid attenuated inversion recovery images of 
patients (P1-3) at preoperative, 3 months post-surgical treatment (Post3m) and after glioma regrowth. Note 
the residual tumor in patient 1 (arrow). 

 

2. Functional MRI, connectivity measures and cortical mapping. 

All patients were right handed (table 7.1) and language was lateralized at the left hemisphere 

(figure 7.2). Connectivity measures were extracted from fMRI during MMT (table 7.2) and during 

VSDt (table 7.3 to 7.5 of appendix). 

 

Patient 1 – MMT activated the PrG bilaterally with less intensity at the left hemisphere due to 

tumor proximity and increased tumor vascularity (i.e around 1 cm anteriorly). Intraoperatively, 

we evoked a motor potential of the mentalis muscle with DCS using an intensity of 13 mA. At 

the subcortical level, the pyramidal tract was mapped by recording the abductor pollicis muscle 

at the posterior tumor boundary using 5 mA. In interruption of counting task, was induced with 

bipolar stimulation in PrG using an intensity of 4mA. Functional MRI showed similar brain 

regions activation during MMT in both moments (figure 7.2). Node degree showed a tendency to 

decrease from 53±2 to 42±3 (p=0.05) with a decrease of 11±5.  

 

VSDt activated predominantly the left hemispherical IFG, PrG, and STG. Intraoperatively, we 

evoked anomia with bipolar DCS of the triIFG and opIFG using an intensity of 3.5 mA. We also 

evoked paraphasias by stimulating the temporal lobe. At subcortical level, language was disrupted 
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at medial tumor boundary. Functional MRI was repeated around 8 months later. No differences 

were identified in connectivity measures between anterior (IGF; Insula; PrG) and posterior 

language regions. However, a significant increase was verified in participation coefficient at right 

hemisphere from 0.63±0.08 to 0.72±0.04 (p=0.03); with an increase of 0.09±0.04.  

 

Patient 2 – MMT activated the PrG close to tumor location, approximately 1.5 cm away. 

Intraoperatively, we evoked a motor potential in the abductor pollicis muscle with DCS at 11 mA 

and an interruption during counting task with bipolar DCS of the PrG at 4 mA. Connectivity 

metrics did not show differences after tumor recurrence. Functional MRI during VSDt activated 

IFG at the left hemisphere which correlated with intraoperatively response elicited with bipolar 

DCS with 4 mA. We did not evoke language disturbances with DCS of the parietal and temporal 

lobes. After tumor recurrence, fMRI showed additional activations in the STG and MTG.  

 

Connectivity metrics of cortical language areas showed no differences between anterior (IFG; 

PrG) and posterior (PoG; SMP, STG, MTG) sites in the left hemisphere. However, after tumor 

recurrence, node degree of anterior brain regions showed a statistically significant decrease of 

23±10 (from 71±3 to 48±7; p=0.01). A betweenness centrality increase of 87 ± 42 (from 94 ± 15 

to 182 ± 38; p=0.02) and participation coefficient of 0.12 ± 0.08 (from 0.57±0.09 to 0.68±0.06; 

p=0.01) was also observed at posterior brain regions. 

 

Patient 3 - During MMT, intraoperative stimulation of the PrG immediately posteriorly to the 

tumor elicited a motor potential in the right mentalis muscle using an intensity of 14 mA. The 

counting task was also disrupted with bipolar DCS using an intensity of 3 mA. At the subcortical 

level, the pyramidal tract was mapped at the posterior tumor boundary and evoked motor 

potentials of the mentalis and hand muscles were also obtained using stimulus intensities of 3 mA 

and 9 mA, respectively. After tumor recurrence, there was a significant decrease in the 

participation coefficient in left hemisphere of 0.12±0.01, (from 0.77±0.01 to 0.65±0.02; p=0.01).  

 

Language assessment with fMRI showed activation of the IFG, PrG, STG and MTG (not shown 

in figure 7.2). With DCS, we evoked anomia at the IFG and paraphasias at the SMG and STG 

using an intensity of 3 mA. Medial tumor boundary stimulation also evoked an interruption of 

VSDt. After tumor recurrence, a greater intensity was seen in STG and MTG during VSDt in 

comparison to fMRI at preoperative stage. No significant differences were detected in 

connectivity metrics. 
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Table 7.2 – Mean connectivity measures of opercular, precentral and postcentral gyrus extracted from 
patients functional magnetic resonance at presurgical planning (PRE) and after tumor regrowth (RE) during 
motor mouth movement. 

 

 

Discussion 

 
Brain networks are complex and different types of connectivity can be characterized.149,150 Our 

work evaluated the use of connectivity measures for tumor pre-surgical planning and after tumor 

regrowth using a simplified protocol (i.e. only using one and task-specific fMRI). After brain 

parcellation, we looked for brain regions (i.e. nodes) involved in motor and language tasks and 

compared them with clinical evaluation, fMRI BOLD activated regions and evoked responses by 

DCS. 

 

The studied young adult patients presented low grade gliomas and minor neurological impairment 

despite the tumors’ proximity to motor and language brain regions. In pre-surgical planning, 

motor and language involved regions were mapped with fMRI, as expected, predominantly in the 

left hemisphere PrG, and in the IFG and temporal lobe, respectively. 122,133 

1. Assessment of motor function 

The motor brain region mapped by fMRI correlated with the presence of a motor evoked potential 

(facial or hand muscle) at anatomical PrG. Lower intensity was used to subcortically evoke a 

muscle response (i.e. posterior tumor boundary) in patient 3 in comparison to patient 1 (3mA vs 

5mA, respectively) leading to lesion of pyramidal tract and right arm paresis during tumor 

resection. The deficit in patient 3 can be explained due the fact that when performing subcortical 

stimulation, lower intensity relates to shorter distance between the probe and pyramidal fibers.151 

 

 

Metrics 
Pt.1 Pt.2 Pt.3 

PRE RE PRE RE PRE RE 

Node degree 53 (1) 41 (2) 51 (17) 49 (10) 39 (4) 48 (18) 

Cluster 
Coefficient 

0.07 
(0.01) 0.08 (0.001) 0.07 

(0.02) 0.08 (0.02) 0.06 
(0.004) 0.07 (0.01) 

Betweenness 
Centrality 93 (29) 21 (2) 76 (5) 169 (98) 127 (74) 102 (67) 

Participation 
Coefficient 

0.66 
(0.03) 0.68 (0.01) 0.73 

(0.06) 0.61(0.14) 0.76 
(0.003) 0.06 (0.01) 
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Figure 7.2 - Functional magnetic resonance imaging activation regions (identified using T2*-weighted scans using the blood oxygen level dependent contrast) overlaid on 
anatomical T1-weighted images performed for pre-surgical planning in patients (first two rows) and after tumor regrowth (bottom two rows). Stimuli included mouth movement 
task (blue) and performing verbal semantic decision task (orange). fMRI results obtained following tumor regrowth are displayed at the bottom row for each task. A – Anterior; 
COR – Coronal slice view; P1-3 Patients 1 to 3; R – Right side.  
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After tumor regrowth, patient 1 showed a smaller node degree (i.e. number of connections) but 

did not have a permanent motor deficit. Although in contrast, patient 3 showed paresis of the hand 

6 months after surgery and presented a participation coefficient significantly reduced. 

Participation coefficient assesses the diversity of intermodular interconnections of individual 

nodes and their decrease seem to support a less effective network during a motor task. In fMRI a 

discrepancy between preoperative and after tumor regrowth functional scans was not evident 

(figure 7.2). In patient 3, motor deficit probably occurred due to direct lesion of pyramidal tract 

during resection, instead of only to supplementary motor area.152 

2. Assessment of language function 

Brain language mapping in pre-surgical planning intends to reduce language morbidity post-

operatively by identification of eloquent areas through fMRI and their anatomical connection 

through tractography.153 However, a better understanding of the brain language regions within the 

activated network would be desirable. Our fMRI connectivity analysis identified three different 

reorganization processes after tumor regrowth (figure 7.2): a homologue contralateral (patient 1), 

ipsilateral temporal lobe (patient 2) and absence of compensation (patient 3) as described in more 

details below. We advocate that this knowledge can help to predict language functional 

reorganization considering that gliomas tend to recur. 

 

fMRI activated regions during language task correlated overall well with bipolar DCS. Only in 

patient 2, DCS missed to evoke language disturbances in the temporal lobe. This mismatch 

between DCS and fMRI can be explained by different semantic tasks used during clinical and 

fMRI protocols as discussed in the previous chapter. In our study, a NVSDt was used in operative 

room to allow higher collaboration by patients in awake state during surgery. 

 

Patient 1 showed some language deficits after surgery despite his full recovery after 3 months. 

Therefore, we investigated whether preoperative connectivity measures in comparison with after 

tumor regrowth could indicate a language network compensation. Preoperative mean measures 

did not differ between anterior and posterior analyzed brain regions. An absence of predominant 

anterior or posterior language function brain regions with higher right hemisphere activation 

seemed to support an interhemispheric compensation. 

 

Patient 2 did not present language morbidity after surgery. Lower node degree values were 

denoted between both fMRI probably due to the tumors’ proximity to IFG. However, in contrast 

to patient 1, a higher participation coefficient and betweenness centrality were denoted in 

posteriorly involved brain regions instead of right hemisphere. Communication between brain 
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regions likely occurs in parallel duplication (during a task) not only are direct and efficient 

connections established, but also indirect and less efficient ones. Betweenness centrality, 

represents the fraction of all shortest paths that pass through a node and therefore the direct paths 

in a specific task.154 We advocate that homolateral reorganization can first be attempted155 

regarding inter-hemispheric compensation.156 In patient 2, an absence of language deficit 

correlated with a higher participation coefficient and betweeness centrality supporting a more 

effective network with predominant ipsilateral reorganization. 

In this study, only patient 3 showed anomic aphasia after surgical treatment. This clinical deficit 

may be explained by lesion of the arcuate fascicle identified by DCS at the medial tumor 

boundary. We did not address structural connectivity, which could have confirmed this 

hypothesis. This limitation occurred due to lack a standard protocol for MRI scans acquisition 

scans at preoperative stage. Functional connectivity analysis led us to hypothesize that, due to the 

arcuate fascicle lesion, the reduced links between language involved regions decreased the 

capacity of ipsilateral compensation pattern. Additionally, a non-significant increase of 

betweenness centrality occurred in the right hemispherical IFG (see appendix) supporting a non-

compensated language function, which correlated with moderate anomic aphasia three years after 

surgery. 

3. Limitations 

In addition to the small sample size, our study lacks fMRI data from healthy subjects to 

understand the connectivity measures and to establish normal mean values during motor and 

language tasks. Also, it is important to bear in mind that interindividual variability of language 

brain regions activation9 and tumor characteristics (i.e. location, malignancy) could partially 

confound the data comparison and its interpretation. Including structural connectivity into the 

analysis would have been desirable, moreover when tractography results could have helped 

perceive fascicular damage in patient 3. In these patient, corticospinal tractography could help to 

identify fibers tracts in posterior tumor boundary at preoperative stage. Non-verbal and verbal 

semantic tasks were used in clinical and fMRI evaluation, respectively. The activation of brain 

regions during both tasks can differ,151 misleading data interpretation and correlation between 

DCS and fMRI. In fact, in patient 2, DCS do not evoked language disturbances when applied at 

temporal lobe as suggested by the preoperative fMRI. In spite of, fMRI multiple language tasks 

be preferred to identify language hemispherical dominance in presurgical planning,157 may not 

provide greater correspondence between DCS and nfMRI when performing multimodal CM (see 

previous chapter). 
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Conclusion 

 
In this study three adult patients with low grade gliomas were recruited to perform fMRI 

preoperatively and after tumor regrowth, aiming to relate task functional connectivity measures 

to motor and language brain reorganization. When compared to standard fMRI, changes in 

participation coefficient and betweenness centrality of nodes in the functional network 

contributed to a better understanding of the reorganization of function, which can be used to help 

preoperative planning.  
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Appendix 

Table 7.3 – Functional connectivity measures of patient 1 extracted from functional magnetic resonance during verbal semantic decision task at presurgical planning (PRE) and 
after tumor regrowth (RE). Standard deviation (SD) was shown between parenthesis. 

 

 

PRE Hemisphere OpIGF OrbIGF TriIGF Insula PrG PoG SMG STG SMG Mean (SD) 

Node degree Left 47 76 60 85 71 74 69 78 83 71 (12) 

Right 61 76 76 62 36 76 76 86 89 71 (16) 

Cluster 
Coefficient 

Left 0.06 0.09 0.07 0.11 0.09 0.02 0.09 0.10 0.11 0.08 (0.01) 

Right 0.08 0.08 0.08 0.08 0.07 0.08 0.10 0.10 0.10 0.08 (0.01) 

Betweenness 
Centrality 

Left 74 250 60 24 64 86 18 54 50 75 (69) 

Right 110 108 128 128 78 106 70 26 36 87 (38) 

Participation 
Coefficient 

Left 0.72 0.70 0.651 0.63 0.63 0.71 0.59 0.67 0.70 0.66 (0.04) 

Right 0.51 0.70 0.577 0.61 0.52 0.67 0.70 0.73 0.70 0.63 (0.08) 

RE 
 

Node degree Left 78 60 83 63 54 75 56 85 76 70 (18) 

Right 49 63 52 61 61 43 81 83 82 64 (15) 

Cluster 
Coefficient 

Left 0.10 0.09 0.09 0.07 0.80 0.09 0.08 0.11 0.11 0.17 (0.23) 

Right 0.06 0.08 0.06 0.09 0.10 0.06 0.07 0.12 0.11 0.08 (0.02) 

Betweenness 
Centrality 

Left 98 78 86 58 134 194 62 38 24 86 (52) 

Right 168 192 206 66 54 282 106 46 82 134 (82) 

Participation 
Coefficient 

Left 0.63 0.52 0.63 0.66 0.70 0.67 0.70 0.67 0.63 0.64 (0.05) 

Right 0.73 0.78 0.79 0.71 0.73 0.70 0.63 0.74 0.72 0.72 (0.04) 

MTG - Middle temporal gyrus; opIFG - Opercular part of inferior frontal gyrus; orIFG - Orbicular part of inferior frontal gyrus; PoG - Poscentral gyrus; PrG - Precentral gyrus; SMG - 
Supramarginal gyrus; STG - Superior temporal gyrus; trIFG Triangulis part of inferior frontal gyrus 
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Table 7.4 –Connectivity measures of patient 2) extracted from functional magnetic resonance at the verbal semantic decision task at presurgical planning (PRE) and after tumor 
regrowth (RE). Standard deviation (SD) was shown between parenthesis. 

PRE Hemisphere OpIGF OrbIGF TriIGF Insula PrG PoG SMG STG SMG Mean (SD) 

Node degree 
Left 68 74 72 80 69 65 59 38 67 66 (12) 

Right 49 50 49 69 53 55 59 69 67 58 (9) 

Cluster 
Coefficient Left 0.06 0.07 0.06 0.06 0.07 0.05 0.06 0.05 0,.5 0.06 (0.01) 

Right 0.04 0.05 0.06 0.08 0.05 0.07 0.07 0.09 0.07 0.07 (0.01) 

Betweenness 
Centrality Left 94 150 126 64 110 110 88 76 104 102 (26) 

Right 82 138 80 66 176 78 102 50 85 95 (39) 
Participation 
Coefficient Left 0.75 0.61 0.79 0.74 0.75 0.79 0.78 0.48 0.72 0.71 (0.10) 

Right 0.66 0.63 0.53 0.59 0.70 0.54 0.59 0.42 0.46 0.56 (0.09) 

RE 
 

Node degree 
Left 47 38 49 65 56 43 61 51 41 50 (9) 

Right 56 47 51 64 49 40 44 43 53 50 (7) 
Cluster 
Coefficient Left 0.05 0.04 0.5 0.04 0.06 0.03 0.05 0.04 0.04 0.04 (0.08) 

Right 0.05 0.04 0.05 0.05 0.08 0.04 0.05 0.03 0.04 0.05 (0.01) 
 
Betweenness 
Centrality 

Left 38 148 12 296 296 196 130 220 182 169 (100) 

Right 70 98 56 98 72 82 38 142 76 81 (30) 
Participation 
Coefficient Left 0.61 068 0.68 0.51 0.69 0.75 0.61 0.61 0.72 0.65 (0.07) 

Right 0.68 0.74 0.63 0.59 0.70 0.78 0.66 0.68 0.76 0.68 (0.05) 
MTG - Middle temporal gyrus; opIFG - Opercular part of inferior frontal gyrus; orIFG - Orbicular part of inferior frontal gyrus; PoG - Poscentral gyrus; PrG - Precentral gyrus; SMG - 
Supramarginal gyrus; STG - Superior temporal gyrus; trIFG Triangulis part of inferior frontal gyrus 
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Table 7.5 – Patient 3 connectivity measures extracted functional magnetic resonance imaging during verbal semantic decision task at presurgical planning (PRE) and after tumor 
regrowth (RE). Standard deviation (SD) was shown between parenthesis. 

 
 

PRE Hemisphere OpIGF OrbIGF TriIGF Insula PrG PoG SMG STG SMG Mean(SD) 

Node degree 
Left 75 66 52 65 72 40 62 64 75 63 (11) 

Right 71 48 60 61 74 71 37 69 73 55 (12) 

Cluster 
Coefficient 

Left 0.07 0.06 0.04 0.06 0.08 0.06 0.07 0.06 0.07 0.06 (0.01) 

Right 0.09 0.05 0.07 0.08 0.08 0.08 0.04 0.05 0.08 0.07 (0.01) 

Betweenness 
Centrality 

Left 30 150 404 162 42 78 88 144 98 133 (112) 

Right 94 124 34 20 50 26 232 136 112 89 (68) 

Participation 
Coefficient 

Left 0.70 0.53 0.71 0.63 0.64 0.66 0.75 0.67 0.53 0.67 (0.07) 

Right 0.71 0.59 0.71 0.73 0.65 0.65 0.62 0.67 0.53 0.64 (0.08) 

RE 
 

Node degree Left 81 57 70 76 52 70 64 66 60 64 (12) 

Right 64 58 60 46 57 51 51 79 64 57 (10) 

Cluster 
Coefficient 

Left 0.10 0.07 0.09 0.10 0.05 0.05 0.88 0.05 0.07 0.07 (0.02) 

Right 0.06 0.08 0.06 0.06 0.06 0.06 0.05 0.06 0.08 0.05 (0.01) 

 
Betweenness  
Centrality 

Left 72 242 16 18 312 88 88 52 28 119 (103) 

Right 50 52 178 124 116 234 322 176 66 147 (90) 

Participation  
Coefficient 

Left 0.68 0.62 0.70 0.71 0.60 0.75 0.63 0.78 0.67 0.68 (0.06) 

Right 0.71 0.60 0.59 0.52 0.54 0.50 0.57 0.80 0.65 0.62 (0.10) 
MTG - Middle temporal gyrus; opIFG - Opercular part of inferior frontal gyrus; orIFG - Orbicular part of inferior frontal gyrus; PoG - Poscentral gyrus; PrG - Precentral gyrus; SMG - 
Supramarginal gyrus; STG - Superior temporal gyrus; trIFG Triangulis part of inferior frontal gyrus 
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CHAPTER VIII 

GRAPH TEORY ANALYSIS OF CORTICAL BRAIN REGIONS 

WITH LANGUAGE FUNCTION 

Introduction 

 
Brain cognitive processing depends on interactions among distributed neuronal populations and 

brain regions.159 Advances in neuroimaging allowed to characterize and quantify comprehensive 

whole brain maps of structural and functional connections involved in cognitive functions.160 

Such maps are based on exploratory multivariate statistical techniques or multivariate pattern 

analysis and aim to localize brain regions that are differentially activated across tasks.159  This 

(connectivity) data can be rendered in the form of a network, describing brain systems as sets of 

neural elements and their interconnections.17 Related to this, the eloquent brain region for a 

specific cognitive task can influence/be modulated by a whole network of regions involved in this 

type of task.161 Therefore, focal lesions may result in unexpected or widespread deficits that are 

not predicted by the local functional properties of the region.162 In spite of this, to avoid further 

neurological deficits, surgeons still rely on intraoperative electrostimulation (i.e. DCS) and the 

most valuable technique for presurgical eloquent brain mapping still remains debatable.161 

 

MRI offers the possibility to map anatomic connections (i.e. through DWI) within functional 

brain regions, firstly detected using the BOLD contrast occurred during a specific cognitive task. 

However, brain metabolism occurs continuously, even in the absence of a cognitive stimulus, 

when it is at “rest”.140,162-164. In fact, spontaneous fluctuations of brain activity, with a low 

frequency signal between 0.01-0.08 Hz, have been shown by fMRI due to low concentration of 

deoxyhemoglobin during a resting state.19,20 rs-fMRI at pre-surgical stage of neurooncological 

patients could be desirable because it offers the ability to map eloquent functions at primary 

cortices in populations not suited for task-based experiments.165 

 

Recent reports explored the rs-fMRI prospects, firstly to compare accuracy to map primary 

cortices using DCS as gold standard technique166-168, and secondly to identify effective 

connections that are less amenable to DCS.140,164 In such studies, functional connectivity was 

investigated using either seed-based analysis or independent component analysis centering either 

in a correlation map within a ROI or searching for temporal and spatial characteristics underlying 

whole-brain components within a network, respectively. The use of the seed-to-voxel approach 
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(or seed correlation analysis – SCA) showed acceptable correlations with DCS for motor and 

language cortex mapping.158,165 However, it could be desirable, at the presurgical stage, to have a 

better understanding of the role of a given brain region within the specific eloquent network. In 

fact, Alstott and colleagues used functional connectivity data (i.e. tractography and rs-fMRI) to 

evaluate the impact of virtually “erasing” specific and relevant brain regions within an eloquent 

network; this evoked a significant decrease in the network’s global efficiency. Therefore, brain 

structure and functional connectivity, which is based on functional segregation and integration 

principles, may be studied through the application of graph theory. 159,164,169  

 

The graph theory based approach relies on the idea that brain macroscale networks are 

topologically organized in a non-trivial manner (e.g., small-world architecture and modular 

structure).21 Thus, a highly effective cognitive network is characterized by a high clustering (i.e. 

number of connections) of brain regions, with short (communication) path length, creating 

modules (groups) of involved regions.159 This complex network analysis provides insight into the 

relationship between brain structure and function as a capable way of transferring information at 

a low wiring cost.62 Nonetheless, the ability to study whole-brain functional networks, networks 

within a restricted number of brain regions, local connectivity disturbance by focal lesions, and 

reliability of such metrics remains to be investigated. 

 

PBT produces an initial local disruption of white and grey matter which, depending on the cancer 

cells malignancy, evolves more rapidly, causing neurological symptoms such as speech and 

language disturbances. Therefore, knowledge of topological small distance network robustness 

and brain regions participation to a language function could improve presurgical planning. With 

this information, the surgeon could anticipate each region’s centrality (i.e. strength) for the 

language eloquent network before DCS mapping during awake craniotomy. This data provides a 

supplementary information to the task-specific activation maps, validating their clinical 

relevance. Additionally, it could help increase specificity of an activated brain region on task-

specific BOLD fMRI by identifying the brain region’s role. 

 

In this context, the aims of this study were i) to identify the graph theoretical metrics (based on 

structural and functional connectivity data) of brain regions in which DCS evoked disturbances 

in motor and language tasks during awake craniotomy; ii) to identify the eloquent motor and 

language networks through a seed-based correlation analysis of the rs-fMRI data and iii) to 

interpret the identified network together with presurgical task-specific fMRI activation maps. 
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Methods 

We retrospectively reviewed patients diagnosed in Hospital Garcia de Orta (Almada, Portugal) 

with PBT (BTS) between 2016 and 2018 who underwent awake craniotomy for tumor resection. 

The selection criteria for patient’s enrolment were the following: lesions less than 20 mm apart 

from language brain regions or pathways as evaluated by presurgical MRI; absence of motor 

deficit or aphasia evaluated clinically and by neuropsychological language tests (i.e. patients were 

excluded given an error rate greater than 50% of the trials in any given test) and without cardiac 

pacemaker. In addition, for comparison purposes, data from patients with brain cavernomas 

subjets (BCS) were also reviewed. The selection criteria were the following: brain cavernomas 

more than 1 cm apart from the classical brain regions or white matter axonal fibers with language 

function, absence of clinical aphasia, singular brain cavernoma with a volume less than 2 cm3.  

Data were acquired as part of the routine patients’ workup and the Ethics Committee of the 

Hospital Garcia de Orta (Almada, Portugal) approved this study. In addition, subjects signed an 

informed consent prior to their inclusion in the study.  

1. MRI data acquisition 

Conventional MRI scans used to diagnose occupying brain lesions consisted of T1- and T2-

weighted images combined with additional FLAIR and post gadolinium injection contrast (for 

further details review chapter II). Patients were then asked to undergo fMRI before awake 

craniotomy. Structural, DWI and rs-fMRI scans were acquired within two weeks before tumor 

surgical resection. Gradient echo sequences were used for volumetric T1-weighted images with 

a 3D resolution with 1×1×1 mm3 voxel size and T2*-weighted contrast during a resting period of 

about 5 minutes (i.e. 150 volumes) with a 3×3× 3mm3 voxel size with a gap of 3.5 mm between 

slices. 

2. DCS mapping 

Intraoperative mapping was performed as detailed in chapter III and the previous chapters. 

Briefly, after durotomy, the cortical surface was exposed and DCS was made by the same surgeon. 

A conventional bipolar probe with rounded tips 5 mm apart (continuous pulse with 1000 ms 

duration, 60 Hz, 1-5 mA) was used. Contralateral muscles EMG and phonation ACC was 

monitored during DCS CM. After identified the threshold of action, PNt and NVSDt was used in 

all patients while systematically stimulating throughout the exposed cortical surface. 

Intraoperative evaluation of patient function was made by a neuropsychologist blinded to 

stimulation. Sites of stimulation that elicited errors in the aforementioned tasks were tested three 

times for reproducibility and marked with tags. Stimulation points eliciting paraphasias, anomia 

and perseverations were classified as language stimulation points whereas complete anarthria 
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(speech arrest) was listed as motor rather than a language impairment. In addition, stimulations 

causing arrest of movement or involuntary movement were also considered as positive motor 

sites.  

3. DCS data registration on anatomical scans 

The data from positive cortical stimulation regions were manually defined in structural three-

dimensional T1-weighted images of each subject. The stimulating electrode was localized by 

transferring the location of positive sites to the navigation system with the navigation pointer and 

by visualizing the positive tags sites recorded on systematic intraoperative photographs according 

to anatomical landmarks (i.e. sulci, gyri, and cortical veins) and detailed operative reports using 

FSLeyes from FSL.55 To ensure the accuracy of positive sites’ registrations, the neurosurgeon and 

the author of this study carried out this work independently. The resulting cortical maps were then 

compared and modified by consensus if disparities occurred. A current density of 0.05 A/cm2 was 

assumed beneath the stimulating bipolar electrode,70 thus using a maximum current of 5 mA. A 

current depth diffusion of 2.5 mm beneath the electrode was then estimated. Therefore, with the 

resulting coordinates of positive sites, a ROI with a 6 ´ 6 ´ 6 mm3 (i.e. two voxels-wide in fMRI 

scans) was created on the cortical surface excluding non-brain tissue to perform SCA.  

4. fMRI preprocessing 

As described for task-specific fMRI data in chapters VI and VII, the preprocessing of the rs-fMRI 

was also conducted using MIBCA.48 This in-house built toolbox, based on Matlab (The 

Mathworks; MA, USA), incorporates tools from toolboxes such as FSL55, Freesurfer57 and Brain 

connectivity toolbox.21 MIBCA was used to perform the following preprocessing steps: non-brain 

tissue extraction,55 correction of magnetic field distortions,59 slice-timing correction, head motion 

correction,59 spatial smoothing, gray/white matter/CSF segmentation,56,51 and co-registration to 

the individual anatomical images. For connectivity graph theory analysis, fMRI matrices were 

produced using a pairwise correlation66 between all pairs of cortical and subcortical regions using 

an atlas-based ROI.57 

 

Patients’ motor and language stimulation points (i.e. positive sites for anarthria, movement 

interruption and language disturbances) in distinct gyri were selected (i.e. as seeds) to assess 

BOLD signal time course similarities between distant nodes of the same functional network. For 

the seed-to-voxel connectivity maps generation, correlation analyses were performed using the 

Functional Connectivity (CONN) toolbox49 implemented in SPM (v.12).51 Seed-to-voxel analysis 

consisted in computing the temporal correlation (bivariate correlation) between the mean BOLD 

signals from a given ROI to all other voxels in the brain. Additionally, to remove possible sources 

of confounds present in the BOLD signal data, all functional MRI time-series underwent 
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normalization of the signal from the ventricles, deep white matter and head motion followed by 

temporal filtering (0.009 to 0.08 Hz) on unsmoothed volumes (i.e. denoising CONN function).60  

 

The task-specific fMRI was acquired using the same T2*-weighted contrast sequence and 

parameters. As stated in chapters VI and II, the motor paradigms used a block design and 

consisted in language tasks such as the VSDt, syntactic judgment, the VGt and the motor task 

based in MMT. Data preprocessing and analysis was done using the Brain Voyager software 

(v.2.8, Brain Innovation, Maastricht, The Netherlands)47 described extensively in chapter II 

(methods section). The BOLD activation maps were calculated from the general linear mode and 

were superimposed volumetric T1-weighted scans. Moreover, the lateralization index (equation 

6.1 describe in chapter VI, methods sections) was also calculated to assess the dominant 

hemisphere for language function (lateralization index ≥ 0.10 equaled to a left-dominant 

hemisphere). 

5. DTI preprocessing, tractography and network  

Structural connectivity was assessed by reconstructing the tracts using the defined ROI based on 

DCS positive sites also as seed. The whole brain DTI-based tractography was also estimated using 

MIBCA,48 which uses FSL to estimate diffusivity maps and Diffusion toolkit43 to reconstruct 

tracts (for further preprocessing details see chapter II or section B). Moreover, an additional step 

of DWI scans denoising was made by using the dwidenoise function of MRtrix.54 The tract 

visualization was made using TrackVis43 and a close inspection of tracts’ end points was made to 

inspect for structural connections between the brain stimulation site and the SCA regions results.  

To assess the global efficiency connections mediated by structural white matter axonal bundles 

graph theory measures were extracted from DTI data. Once the tracts were computed and 

validated, the connectivity processing took place. Briefly, the labeled ROI and their respective 

transformation matrices, generated from T1-weighted images, were gathered to perform 

segmentation of the DWI images. This was accomplished, based on the subject’s b0 image, 

considering the affine transformations between a DWI volume to T1-weighted. Afterwards, non-

linear transformation were made to align the ROI and the b0 image using FSL’s flirt and fnirt 

functions, respectively (i.e. incorporated in MIBCA). An adjacency matrix was then calculated 

with the information on the number of streamlines connecting each pair of ROIs, and connectivity 

metrics were extracted (using the brain connectivity toolbox,21 third party software of MIBCA). 

Integration and efficiency measures such as characteristic path length (shortest path from node A 

to node B) and small-worldness index (ratio between effective and random cluster coefficients 

and characteristic paths length) were computed. A brain small-world topology is defined as an 
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efficient network demonstrating�features of high clustering and short path length reflecting a 

small-worldness.  

6. Data reduction and analysis 

For better characterization of the focal lesions within each patient brain, the location, histology, 

and the volume size, was computed for both TP and BCSs. Tumor and cavernomas were manually 

delineated by one author using Horos software (https://horosproject.org/, USA) for volume 

computation. Moreover, the location of these lesions was classified as follows: frontal cortex, 

cortical midline, parietal and temporal cortex, sensory or motor cortex. 

 

Mean and standard deviation of the presurgical neuropsychological language test scores were 

calculated and compared between the BTS and BCS. An independent t-test was used after testing 

for normality with Shapiro-Wilk test and variances of homogeneity with Levene’s test. Moreover, 

a bivariate correlation was made using either the point biserial test to test if DTI-based global 

efficiency metrics correlated with tumor volume higher than 4 cm3, or Spearman’s rho 

correlation between global efficiency metrics of the BTS. Statistical analysis was performed using 

SPSS Statistics (v.24, IBM, USA). A p-value lower than 0.05 was considered statistically 

significant. 

 

Brain regions correlated significantly with DCS sites were identified and displayed using a 

cortical and subcortical parcellation atlas, already comprised in CONN toolbox.170 For 

comparison of task-specific fMRI with language eloquent network resulted from SCA, data from 

BOLD activated during task-specific fMRI was also parcellated using the Harvard-Oxford 

atlas.170 A correspondence analysis between modalities was done considering a positive 

correspondence region when the task-specific fMRI presented a significant activation at the same 

atlas region correlated with DCS positive sites. This correspondence was done by a neurologist 

and neurophysiologist present either in the presurgical fMRI or the intraoperative mapping, 

respectively. In addition, tracts gyri end-points were also organized using the same parcellation 

atlas for comparison purposes to infer structural connectivity between DCS sites and significant 

correlated regions. 

Graph analysis were extracted from both group patients. Data gathered from DCS positive sites 

and related functional network of the BTS compared with connectivity data from the BCS 

Comparisons of metrics between the BTS (i.e. test) and the BCS (i.e. control) were made within 

the specific location of the occupying brain lesion.  Moreover, a mean measure for each atlas 

location was calculated within the BCS with similar cavernoma location and a 2 SD range was 

calculated. The connectivity measure of patients with PBT was considered significantly different 

from controls’ if surpassing the 2 SD value range for that atlas region.  
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Graph theory measures were extracted from significantly correlated brain regions (p< 0.05). The 

following measures were extracted:21 degree of a node (i.e. the number of links that are associated 

to that region considered as a node); segregation measures such as cluster coefficient (i.e. number 

of links or edges that exist between a node and its neighbors as a proportion of the maximum 

number of edges possible) and high levels of local efficiency of information transfer; modularity 

(i.e. statistical measurement that determines the number of non-overlapping modules within a 

network); centrality measures such as betweenness centrality (the number of times a node acts as 

a bridge along the shortest path between two other nodes); participation coefficient (i.e. the 

distribution of a nodes edges between diverse network modules). Hubs are classified as nodes that 

are positioned to make strong contributions to global network function and their importance has 

been shown in multiple theoretical graph studies.171,172 In this work, a brain region hubs connector 

was defined a brain region with higher node degree or cluster positioned in a central position 

(participation coefficient or betweenness centrality).21 A provincial hub was defined as a node 

with a high level of degree within a specific module. 

 

Results 

1. Patient data  

Sixteen patients with PBT submitted to awake craniotomy between 2016 and 2018 were enrolled 

in this study. However, some patients were excluded due to unavailability of intraoperative data 

regarding DCS positive sites (3 patients), absence of presurgical DWI data (2 patients), 

development of severe neurological language symptoms after presurgical MRI evaluation (2 

patients) and data set processing error in one patient. Demographics characteristics, presurgical 

neuroimaging and neuropsychological evaluation regarding the 8 subjects of the final cohort is 

shown in table 8.1 (4 women, mean age of 48 years, range from 35 to 56 years). Moreover, data 

from 6 patients with cavernomas (mean age of 38 years range from 27 to 55 years) were also 

gathered. In addition, 5 patients from BCS group submmited to surgical treatment were excluded 

because presurgical fMRI was not performed. 

The main symptom of presentation of the BTS was seizure, in spite of aphasia being presented 

by two patients (patients 2 and 4). Moreover, patient 4 also showed a mild hemiparesis. These 

patients’ symptoms resolved after either one or two cycles of dexamethasone (18 mg/day) during 

5 or 10 days. All patients’ PBT were located in the left hemisphere. Histology showed high 

malignancy cells in half of the PBT group and were located within the frontal lobe in 6 patients, 

without involving the motor gyrus (3 patients) with a mean volume of 7.5 cm3 (SD=7; table 8.1). 

Presurgical neuropsychological language testing is also shown in table 8.1 and none of the BTS 

showed an error rate greater the 50% of the trials. Patient 4 had a lower performance in 
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comparison with the other subjects enrolled in the BTS (PNt: 53% vs mean of 94%, SD=3% of 

other subjects, p=0.0014; NVSDt: 73% vs 96%, SD=2%, p=0.037; VGt: 57% vs  87 SD=6%, 

p=0.021). Six months after surgery, patient 4 died due to cancer disease recurrence and none of 

the other patients had neurological motor or language deficits. 

 

Five subjects of the BCS presented with headache and one with personality disorder. Two 

cavernomas were located in right hemisphere. The majority (4 patients) of the cavernomas 

involved the frontal lobe, in two occasions were related with the motor gyrus, and in one patient 

was located at midline. The other two cavernomas, were located in the parietal lobe, one related 

with the sensory gyrus. The cavernomas’ mean volume was 1.5 cm3 (SD=0.6 cm3). The BCS 

showed no motor or language presurgical neurological deficit, moreover, none had seizures.  The 

mean neuropsychological language testing was 94% (SD=2%) for PNt, 89 % (SD=3%) for 

NVSDt, and 91 (SD=4%) for VGt. Three months after surgery, none of the patients presented 

neurological symptoms. 

2. Direct cortical and subcortical cortical mapping 

Intraoperative electrostimulation was performed only in BTS. A mean intensity of 2.8 mA (SD 

0.5mA) was used for brain DCS. After completion, intraoperative images of the navigation system 

and photographs of the cortical brain surface were taken and subsequently analyzed offline. In all 

but one patient (patient 1), photographs together with navigation data were available for DCS 

positive sites’ identification. None of the patients presented seizures during awake craniotomy 

electrostimulation. Patients 4 and 7 showed after-discharges during DCS, which disappeared after 

cortical irrigation with cold ringer lactate. During these electroencephalographic after-effects, the 

evoked language disturbances were dismissed.  

 
The positive sites of cortical stimulation are shown in figure 8.1 using the cortical parcellation 

system used for SCA (see below).170 In all patients, the motor function was found over the 

precentral gyrus (identified with a + marker in figure 8.1), evoking a anarthria and a negative 

effect on flexion or extension of the patients’ contralateral arms. Additionally, language 

disturbances, such as paraphasias or speech arrest, were also found in all patients (identified with 

a marker * in figure 8.1).  In two patients (patients 2 and 7), language disturbances were evoked 

only after subcortical electrostimulation after partial tumor resection identifying functional white 

matter pathways (i.e. corticospinal tract and arcuate fascicle).  
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3. Seed correlation analysis, seed based tractography and task-specific fMRI 

The significant regions correlated with DCS positive sites of each subject are shown in figure 8.1 

for both hemispheres. These functional language networks are comprised of either DCS evoking 

language motor disturbances or language processing disturbances. Structural connectivity results 

from seed based tractography between the stimulated brain site and each patient’s cortical regions 

are shown in table 8.3 of appendix. Moreover, examples of functional and structural language 

network are shown in figure 8.2. 

Seed based tractography reconstructions were made using at least two stimulation sites at cortical 

or subcortical surface. In patients 5, 6 and 8 three or more stimulation sites were used, whereas 

in two patients two subcortical stimulation sites were used (i.e. patient 2 and 7; figure 8.2). 

Streamline tracts only involved the left hemisphere and in only two patients’ fibers connected 

with the corpus callosum. From the stimulation sites, part of AF was reconstructed in all patients 

but one (patient 2; figure 8.2). However, in 5 out of 8 patients, the cortical surface in which was 

evoked a speech arrest interpreted as anarthria (i.e. stimulation over the PrG) during intraoperative 

language testing, accomplished to reconstruct part of the AF. Regarding to global efficiency 

metrics, neither small-worldness index nor path length correlated with tumor volume (0.553 and 

-0.507 for small worldness index and path length, respectively; p> 0.1). A Spearman rho 

correlation was run to determine the relationship between small-worldness index and mean path 

length. There was a statistically significant negative correlation (r= -0.74, n = 8, p = 0.012). 

All patients of the BTS showed language dominance over the left hemisphere (lateralization index 

>0.3; equation 6.1 of chapter VI). Five DCS sites over the anatomical PrG showed functional 

temporal signal correlation either with anterior (opIFG) or posterior (SMG, STG, and angular 

gyri (AG)) language classical involved gyri. Whereas eight DCS sites distributed between frontal 

and temporal lobe were related either with anterior or posterior language regions including PrG 

or PoG (table 8.2). Correspondence between the SCA results and BOLD activated regions during 

language tasks is also shown in figure 8.1. Correspondence percentage for each patient is shown 

in table 8.1. Overall, seed based functional network comprised of 34 regions when anarthria was 

evoked, and 24 out of 34 showed a similar activation in task-specific fMRI (table 8.1). Moreover, 

31 significant regions were correlated with DCS sites when a language processing disturbance 

was evoked, in which 19 regions showed concomitant task-specific BOLD activation. Overall, a 

mean of 72% (SD=22%) of the regions with DCS positive sites showed activation on the 

presurgical task fMRI (table 8.1). Combined structural-functional connectivity was achieved in 

18 out of 34 functional regions over the left hemisphere (table 8.3). This connectivity was found 

between the stimulation site and PrG for in four occasions (i.e. subjects DCS sites and correlated 

regions identified by SCA), and from the stimulation site to middle frontal gyri (MFG) for three 
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occasions through part of CST. Whereas, connectivity from DCS sites to temporal, parietal or 

occipital lobe were denoted for 9 times as part of AF. 

 
 

 
Figure 8.1 – Direct cortical stimulation (DCS) sites displaced in a parcellated cortical surface by Harvard-
Oxford atlas.170 For predominantly evoked motor language disturbances a marker + was used, whereas a 
marker * was used for cognitive processing disturbances for each patient (marker plus patient number) B – 
Functional correlated regions with DCS sites showed in A using the same description. In addition, a green 
marker was used to indicate a positive correspondence with task-specific functional magnetic resonance 
imaging, whereas a red color indicates the absence of correspondence. 

 

Table 8.1 – Demographic characteristics of patients (Pt) enrolled in this study. Neuropsychological 
performance in presurgical language tests is shown as a percentage of correct answers. Two global 
efficiency connectivity measures are shown to provide a perspective from the brain network topology in 
each patient 

 
 

4. Individual graph theoretical analysis of patients with PBT 

Graph theory measures extracted from rs-fMRI for each stimulation site is shown in table 8.2. For 

understanding such measures, intraoperative photographs, tractography (i.e anatomical 

connection), rs-fMRI (functional connection) and combined tractography and rs-fMRI 

Pt Gender Ag
e Sympt. Location Histolog

y 
Vol. 

(cm3) 
PNt  
(%) 

NVSDt 
(%) 

VGt 
(%) 

SCA 
and 
ts-

fMRI 

Small-
Worldn

ess 
Index 

Mean 
Path 

Length 

1 Female 51 No Frontal OD 1.2 94 96 94 44% 6.02 1.22 
2 Male 52 Aphasia Motor GBM 1.6 96 93 86 100% 6.08 1.33 
3 Male 58 Seizure Motor* OD 5.2 89 98 77 75% 7.12 1.11 
4 Female 56 Aphasia Frontal GBM 15.4 53 73 57 43% 6.47 1.33 
5 Female 35 Seizure Temporal A 3.8 96 95 80 70% 4.49 1.73 
6 Male 46 No Frontal A 0.9 94 93 91 67% 4.18 1.85 

7 Male 40 Seizure Frontal 
midline AA 17.7 98 96 91 100% 6.25 1.22 

8 Female 38 Seizure Sensory A 14.1 94 98 89 75% 5.14 1.48 
* Tumor recurrence. A – Astrocytoma; AA – Analplasic astrocytoma; GBM – Glioblastoma; NVSDt – Nonverbal 
semantic decision task; OD - Oligodendroglioma PNt – Picture naming task; Pt – Patient; SCA – Seed correlation 
analysis; ts-fMRI – task-specific functional magnetic resonance imaging; VGt – Verb generation task, 
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connectivity (i.e. anatomo-functional connection) were reviewed for each patient. Examples of 

four patients are shown in figure 8.2.  

Patient 1 presented a low-grade glioma in the frontal lobe, slightly anterior to the CST and showed 

no neurological symptoms. DCS evoked disturbances after stimulation at PrG and opIFG. These 

regions were anatomo-functional connected with superior parietal gyri (SPG) or PrG, 

respectively. PrG graph measures showed a higher node degree and participation coefficient in 

comparison with BCS, whereas the opIFG showed a high centrality measure also in comparison 

with BCS. Therefore, the PrG was classified as a connector hub within this functional network.  

Patient 2 presented with a symptomatic glioblastoma over the motor frontal gyri producing 

aphasia. The DCS sites evoked only motor language disturbances and a anatomo-functional 

connection was not identified. Despite increased betweenness centrality at central operculum 

(Cop) gyri, lower participation coefficient was also found which contrasted with PrG stimulation 

site. The Cop was anatomo-functional connnected to PrG (fig. 8.2) but did not show a high node 

degree (i.e. not defined as connector hub).  

Patient 3 presented with an asymptomatic frontal oligodendroglioma recurrence. The PrG showed 

hub connector characteristics, with higher node degree and betweeness centrality in comparison 

with BCS. Similar features were presented by opIFG despite lower magnitude and therefore not 

significantly different from control group. The DCS sites were anatomically connected to the PrG 

and SMG through AF.  

Patient 4 had a high malignancy and high-volume tumor which conditioned language neurological 

disability with a lower score in presurgical language testing. The opIFG showed increased 

betweeness centrality measure (despite non-significant) and showed anatomo-functional 

connection to middle frontal gyrus, PoG and SMG by part of AF.  

Patient 5 was diagnosed with temporal lobe tumor after a seizure. Patient’s brain was still 

organized with a small-word topology (high small worldness index and low path length). Two 

frontal DCS sites showed a increased betweenness centrality and PrG was anatomo-functional 

connected to SMG by AF despite a showing low participation coefficient. None of the regions 

showed significantly different graph measures. Patient 6 was detected with small and 

asymptomatic PBT. This patient’s network also showed a small-world network topology (table 

8.1) and the opIFG was located centrally with lower participation coefficient (table 8.2). 

Moreover, anatomo-functional connectivity was found between opIFG and PrG or PoG, and from 

Cop to posterior language regions by part of AF.  



130  

Patient 7 had a frontal midline anaplastic astrocytoma without significant neurological deficits. 

DCS of the PrG showed features related to a provincial hub with a high node degree, whereas in 

the MTG a lower participation coefficient was found. Despite anatomo-functional connection 

within MTG and STG, these were not connected with the anterior part of the AF (figure 8.2).  

Patient 8 showed a low-grade glioma and presented recurrent seizure. The DCS site at PrG 

showed a lower participation coefficient and was anatomically connected to the STM and SMG. 

However, anatomo-functional connection was not found between anterior and posterior regions 

when analyzing the other DCS sites. In contrast to PrG, Cop showed lower participation 

coefficient and high betweeness centrality, and an anatomical connection to PrG by part of AF.  

 
 
Table 8.2 – Graph theory metrics of the DCS positive sites (language and motor functions) of patients with 
primary brain tumor. Note: presence of * indicates a significantly different value cavernoma subjects. 

 

Pt Stim. Site 
Resting State fMRI 

Node degree Cluster Coef. Participation 
Coef. 

Betweenness 
Centrality 

1 PrG 94* 0.180 0.61* 1709 

 opIFG 62 0.120 0.50 13382* 

2 PrG 74 0.110 0.28 4792 

 COp 77 -0.010 -1.34* 12727* 

3 PrG 84* 0.120 -0.54 12700* 

 opIFG 72 0.120 -0.07 4803 

4 PrG 76 0.100 0.23 696 

 opIFG 40 0.060 0.37 8142 

5 PrG 70 -0.010 -1.54* 12247* 

 opIFG 50 0.003 -1.12 13137* 

 STG 45 0.053 0.130 3988 

 MTG 72 0.050 -0.83 10302 

6  PrG 72 0.120 0.66 2691 

 opIFG 62 0.040 -1.45* 12111* 

 COp 61 0.053 0.57* 11628 

7 PrG 85* 0.080 0.19 6174 

 MTG 63 0.022 -3,04* 6098 

8  PrG 52 0.025 -2,04* 12186* 

 opIFG 41 0.076 0.626 32 

 COp 66 0.029 -1.375 15813* 

 STG 62 0.013 -0,75 11221 

AG – Angular gyrus; Cop – Central operculum; IFG – Inferior frontal gyrus (posterior part); MTG – Middle temporal gyrus (posterior 
part); PoG – Postcentral gyrus; PrG – Precentral gyrus; opIFG – Opercular part of inferior frontal gyrus; SLOG – Superior lateral 
occipital gyrus;  SMG – Supramarginal gyrus; SPG – Superior lobe gyrus, STG – Superior temporal gyrus (posterior part). 
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Figure 8.2 – Examples patients’ connectivity procedure for evaluation graph theory measures extracted 
from diffusion tensor imaging and functional magnetic resonance imaging. Each patient with primary brain 
tumor (first row starting from above; note T1 weighed images were display either with injected contras 
agent or FLAIR contrast) were submitted to awake craniotomy. Positive direct cortical stimulation sites 
(second row; letter was used to identify tumors boundaries and number for motor gyri (1,2,3) or language 
function (4,5,6) were used as seed to either perform tractography (third row; each site was color coded) or 
correlation analysis using resting state data (last two rows; a + was used to identify regions correlated with 
motor gyri and * with language function sites). 

 

Discussion 

This study aimed to understand how graph theory analysis based on rs-fMRI may provide 

additional information about eloquent regions within patients with PBT in the presurgical stage. 

For this purpose, clinical, presurgical and intraoperative data obtained using the conventional 

algorithm for surgical treatment of PBT were reviewed. Eight patients were included in the test 

group and electrostimulation brain sites (with motor or processing language function) were used 

as the gold standard method to reconstruct functional (rs-fMRI based) and structural (DTI-based) 
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connectivity.  Functional regions related to the DCS positive sites using a SCA and a mean 

correspondence of 72% (which ranged from 22 to 100%) in BOLD language fMRI. Moreover, 

part of CST and AF were reconstructed from electrostimulation sites and connecting about 59% 

of the functional related regions within the left hemisphere. Graph theory measures were extracted 

from previously segmented brain regions according with a standard atlas with 132 regions 

available in MATLAB based connectivity toolboxes. Individual patient connectivity was 

evaluated, and the main significant features in comparison with BCS (with lesions smaller than 2 

cm3) were: a few brain hubs with connector and provincial features, and regions centrally located 

within the network (i.e. betweenness centrality) with a decreased participation and cluster 

coefficient (despite non-significant). To our knowledge, this study firstly reports the graph theory 

features of DCS positive sites for motor and language eloquent network. Moreover,  it provides 

further understanding about graph theory measures which may complement the information given 

by task-specific BOLD fMRI or rs-fMRI for presurgical planning. 

1.  Clinical evaluation and global network measures 

Lesions of the anatomical brain networks result in functional disturbances of behavior which often 

depend on the lesion site.170,173, 174 The understanding behind brain dynamics and networks during 

cognitive processing evolved from a reductive approach to an analysis of multivariate 

relationships.164, 175, 176 However, network modeling of a brain occupied by a lesion, such a PBT 

or a cavernoma, remains undescribed in the literature probably due to the location variance. In 

this study, brain network modeling by PBT was investigated and compared with brain cavernomas 

modeling with 20% of the PBT volume. PBT invades the surrounding parenchyma and multiple 

factors, such as the type of proliferating cells, cellular and nuclear pleomorphism or atypia, 

mitotic figures and vascular hyperplasia, lead to different delineations of tumor margins and 

infiltration degree.1,173 On the other hand, cavernomas have their origin in intracranial hemorrhage 

after being contained by an inflammatory and chronic response which evolves to hemoglobin 

digestion by macrophages from the periphery to the center.173 This study aimed primarily at 

understanding the graph theory measures in different subsets of modeling.21,160, Therefore, 

patients with brain-occupying lesion were used as a control to identify significant differences in 

comparison with invasive modeling of brain networks. In fact, previous reports showed different 

brain topology even in younger subjects versus aging subjects or in subjects with a low nonverbal 

IQ which bring up difficulties to select an appropriate “control” group.177-179 Moreover, simulation 

of lesions in the brain networks showed that lesion volume and location drive network changes 

the most 160 which was controlled by selecting a control group with 20% of tumors volume and a 

comparison between BTS and BCS was made within patients with lesions at similar locations.  
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Both BTS and BCS presented brain lesions predominantly in the frontal lobe.178,179 Despite the 

fact that, for research purposes, a more heterogeneous lesion location is more desirable, frontal 

lobe lesions remain the most studied regions in a presurgical stage, due to their relationship to the 

motor and language function.121,180 In the BTS, global efficiency measures do not correlate with 

tumor volume which could resign the idea of a less organized network when a brain lesion evokes 

modeling by occupying space. A better understanding is likely to come from high malignancy 

tumors, which develop rapidly evoking high neurological symptoms and deficits.1,178 In fact, the 

BTS was not more symptomatic than the BTS. Despite this, a few tumor patients showed high 

malignancy and further neurological symptoms, but these were in a small number to draw more 

conclusions regarding brain network topology. Moreover, BTS obtained a score of about 90% in 

presurgical neuropsychological language testing but one patient (patient 4), which was not 

sufficient to relate with global efficiency measures. However, patient 4 showed a large volume 

and high malignancy tumor which may explain the high neurological impairment and small-

worldness index but yet a similar path length in comparison with patient number 7. The time for 

a gradual development of the PBT play a role in the neuroplasticity process and should implicate 

different magnitudes of brain network modeling and reorganization with reflection on global 

efficiency measures.126,181, 182 

2. Seed-to-voxel analysis of functional and structural data 

The intrinsic connectivity between functionally related parts of the brain allows for the mapping 

of neuronal networks. In this study, a seed-to-voxel analysis was used to relate rs-fMRI temporal 

correlation of low-frequency BOLD signals in order to measure intrinsic functional connectivity 

between brain regions.182-185 The seed-based approach driven upon the DCS positive sites with 

the prior knowledge of the language network.182,185  For this purpose, photographs and 

intraoperative navigation snapshots were used to define the ROI and superimposed them in 

volumetric 3D T1-weighted images. However, some displacement of the ROI location was 

expected despite of the agreement between authors, the main reasons was due to navigation 

displacement error of about 2 to 5 mm (aggravated in subcortical electrostimulation), and some 

(not quantified) anatomical mislocalization driven from the authors’ placement. Thus, the ROI 

size was doubled in relation to the expected current density dispersion on cortical surface for the 

intensity used, representing two voxels width in fMRI data and three voxels width in DTI scans.  

The estimated size was smaller than the used in other studies,156,179 which may explain the 

decreased frequency of correlated regions observed in patients 7 and 8.  Despite of less probable, 

a misidentification of language processing disturbances may have occurred due to patient 

inattention or not detected electroencephalographic epileptiform activity. In fact, in patient 8, 

opIFG and STG do not show streamlined axonal bundles with other regions. 
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A structural network is defined by a set of regions which are connected to each other via axonal 

bundles. Depending on the links’ characteristics, the network can be classified in binary 

undirected (bidirectional links with the same weight); weighted undirected (with an additional 

weight to each link).21, 186, 187  Links should be directed and weighted in order to better reflect the 

underlying neurological function.175 The seed based tractography in this study was interpreted as 

unweighted data (i.e. presence or absence of connection between brain regions) because the 

magnitude (tracts volume and number) were not taken into account during results analysis. This 

analysis could impose boundaries to the type of information extracted from DTI because 

anatomical links with a low number of tracts may represent false-positive or spurious tracts.181 A 

similar approach was used for functional connectivity analysis in which the correlation magnitude 

of the regions was not made.182 To reduce this methodological caveat, binary matrices were used 

to reconstructed tracts (more than 20% of the fibers between each brain region) and a false 

discovery rate below 0.05 was used for constructing SCA activation maps.  

Combined structural and functional connectivity was found only for 18 times (i.e DCS sites links 

to brain regions identified in SCA through DTI), which impose a decrease either in functional or 

structural brain regions identified from seed-based correlation or tractography. Despite 65 

functional regions recognized to be related with DCS sites. However, presurgical language 

network identification using seed-to-voxel analyses were reported as highly correlated with rs-

fMRI independent component analysis with an overall good performance.168 In this work, in spite 

of a 72 % correspondence between SCA and language task-based fMRI, DCS was not guided by 

SCA results and therefore their relevance for intraoperative language mapping remain to be 

studied. Although, similar rs-fMRI and task-specific fMRI correspondence were also reported in 

literture. 175,176  

3. Graph theory analysis 

Brain network characterization has been used for research purposes, but before considering graph 

theory measures as a potential tool to aid the presurgical mapping of eloquent cortical regions, an 

understanding and validation of the measures provided is needed.158 In fact, studies assessing the 

function of connectivity measures, such as brain hub, obtained from MRI are scarce. 188-190  

The graph theory measures were extracted from rs-fMRI which showed anatomo-functional 

connectivity to language eloquent brain regions within the left hemisphere. Lesions are modeled 

as structural perturbations with specific dynamic effects.  Therefore, we expected to perceive that 

different regions of the cerebral cortex have specific effects on the pattern of endogenous 

functional connectivity. According to Alsttott and colegues (2009)160 lesions at the cortical 

midline, the temporo-parietal junction and the frontal cortex result in the largest and most 
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widespread effects on functional connectivity. In contrast, lesions location within sensory and 

motor gyri imposes a specific neurological damage related to cortex function.189 In this study 

lacked a more homogenous sample and conclusions about location influence in graph theory 

measures could not be drawn.  

Graph measures traduced that DCS was able to perturb regions located centrally within the 

language module despite of their node degree, or participation coefficient. Our results were in 

accordance with the simulated effect on brain function according with the brain lesion location.160, 

188, 190Actually, simulated brain networks showed to be negatively influenced if connector hubs 

were targeted and removed. Physiologically, regions with node centrality are connected to the 

baseline metabolic activity and neurodegenerated nodes have been associated with higher 

metabolic activity.188 Therefore, function disruption may occur more easily within a region 

centrally located with low physiological reserve and already decrease participation in eloquent 

network. 

4. Limitations  

This study retrospectively reviewed data from patients submitted to awake craniotomy. The 

absence of presurgical and intraoperative led to a small patients’ sample. In addition, some 

difficulties to control variables (i.e. such as the tumor malignancy) were inherent to the research 

typology and led to a heterogenous sample. For this purpose, just eight patients were enrolled in 

the test group and the selection of a control group was limited by the data availability. Moreover, 

DCS was used as the gold standard technique for identification of language motor and cognitive 

function. DCS allows to study casual and real-time relationships between the stimuli and the 

cognitive impairment but fails to reveal the entire architecture of the cortical network.174 In 

addition, isolated language disturbances such anarthria occurred when stimulation the primary 

motor gyri may be difficult to recognize as believed after identifying the PrG. Seed based 

tractography of 6 patients led to AF reconstruction after applying the DCS in ventral part of the 

PrG which was not differentiated by the parcellation atlas used. Therefore, the methodological 

aspects of neuroimaging processing may impose some challenges. Using individual neurons as 

nodes and synapse as links would be desirable to traduce brain connectivity and dynamics. 

However, this is not technically feasible and therefore the choice of a parcellation method has 

some limitations.181,190 Nodes should be homogeneous units and brain tumors may disrupt regions 

boundaries during automatic algorithm processing. Moreover, the influence of the number of 

regions used for brain cortical parcellation should be studied. As mentioned above, large regions 

may decrease spatial resolution of reconstructed connectivity within atlas regions underestimating 

real functional data. Also, the criteria used for graph theoretical measures is not well established 

and definition such as connector brain hubs is not consensual in literature.162  Lastly, conservative 
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statistical thresholds impose relevant constraints to data which increase the studies type 2 error 

(i.e. false negatives) and previous graph theory measures experience should be gathered before 

draw rigid conclusions.189 

 

Conclusion 

 
The graph theory measures provided some insight about specific brain regions and their role in a 

functional network, detected by seed correlation analysis and tractography. Brain hubs with 

connector or provincial function, and central location within the network module were 

predominant features of the brain stimulated regions language motor or processing function.  
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Appendix 
Table 8.3 – Functional (¨) and structural (∆) connectivity between the intraoperative electrostimulation 
sites over left hemisphere and brain cortical regions after cortex parcellation using Harvard-Oxford atlas. 
170 Functional connectivity regions were located based in seed correlation analysis whereas structural 
regions were located by seed based tractography. 

 

  

Pt Stim. site FP SFG MFG opIFG Cop PrG PoG TP STG MTG ITG SMG AG SPG SLOG 
1 PrG       ∆       ∆  
 opIFG ¨ ∆    ¨ ∆ ¨  ∆    ¨∆ ¨ 

2 PrG            ¨    
 COp ¨  ¨   ∆ ∆     ¨  ∆  

3 PrG       ∆  ∆ ∆    ¨  
 opIFG      ¨∆ ∆     ∆ ∆   

4 PrG   ∆    ∆      ¨ ¨∆  
 opIFG ¨  ¨∆  ∆  ¨∆     ¨∆ ∆   

5 PrG ¨  ¨∆ ¨∆   ∆   ¨∆ ∆ ∆  ∆ ∆ 
 opIFG  ∆ ¨∆             
 STG     ¨∆     ∆  ∆  ∆  
 MTG      ¨   ∆   ∆   ∆ 

6 PrG  ∆  ∆   ¨∆       ∆ ∆ 
 opIFG  ∆    ¨∆ ¨      ¨   
 COp    ∆  ¨      ¨∆  ∆ ¨∆ 

7 PrG*       ∆      ¨∆ ∆  
 MTG    ∆ ∆    ¨∆       

8 PrG       ∆   ∆  ∆ ∆ ∆  
 opIFG      ¨∆          
 COp    ¨           ∆ 
 STG            ¨    

* Data from two simulation sites at PrG.  AG – Angular gyrus; Cop – Central operculum; IFG – Inferior frontal gyrus (posterior 
part); MTG – Middle temporal gyrus (posterior part); PoG – Postcentral gyrus; PrG – Precentral gyrus; opIFG – Opercular part 
of inferior frontal gyrus; SLOG – Superior lateral occipital gyrus;  SMG – Supramarginal gyrus; SPG – Superior lobe gyrus, 
STG – Superior temporal gyrus (posterior part). 
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SECTION D: SPEECH AND LANGUAGE RECORDING 

CHAPTER IX 

 ACCELEROMETER RECORDING OF SPEECH: TECHNICAL 

ASPECTS AND RELIABILITY 

 

Introduction 

 
Functional methods for assessment of speech in clinical practice are qualitative, which entails 

difficulties in the analysis of causative mechanisms and effects of therapy.191 Video and 

microphone voice recordings can give high quality reproducible data, covering a large frequency 

range of signals and high sampling rates.192 However, these recordings require expensive 

hardware and complex software installations, and are still prone to contamination by 

environmental noise or electrical signals arising from the articulatory muscles during voice 

production.193  In fact, voice production assessment in candidates for thyroidectomy is made in 

most instances through audio recording during laryngeal EMG or laryngoscopy.194 To avoid 

invasive techniques, surface cricothyroid EMG recording was proposed to evaluate patients with 

dysphonia.195,196 Still this has demonstrated limited sensitivity for vocal cord pathology because 

of contamination by non-specific neck muscles activity.197 

  

Speech production implies the activation of the vocal cords modulating the air passing through 

the trachea, which has the ability to resonate. This phonation process generates vibration of the 

vocal tract which allows the possibility to use an ACC to record such oscillatory repetitive 

movement.198 ACC recordings are able to reflect the fundamental frequency and the pitch range 

of speech, recorded with a microphone. 192,197,198 

 

Vitikainen and colleagues (2015)199 used a three axis ACC placed at submandibular level to detect 

phonation and developed an automatic algorithm capable of identifying the onset of vocal tract 

oscillations while mapping cortical brain regions with r-nTMS. Similar use of the ACC has 

already been reported by other authors, focusing either on the latency to phonation (i.e. reaction 

time)200 or on the decrease of amplitude201,202 and fundamental frequency in vocal cord 

pathology.203 However, none of the studies looked at the practical aspects of glottis ACC 

recordings nor the correlation between the data obtained and the words or syllables pronounced. 

Moreover, ACC recordings show different characteristics between males and females, mainly in 

the pitch or fundamental frequency.192 The understanding of such ACC phonation characteristics 



140  

is a necessary step towards making this method clinically useful for monitoring several 

interventions related to speech, such as identification of language disturbances, or to evaluate 

rehabilitation therapy in patients with vocal cord pathology. We advocate that speech recording 

should be done by a readily accessible tool in clinical practice. Besides, it should offer the 

possibility to store recordings and extract parameters, which can be used to document and 

compare speech features. The analysis of such recordings might help in the clinical assessment 

of voice disorders, mitigating interpretation errors. 

 

The present study was designed to investigate specific technical aspects of the vocal tract 

vibration recording during word pronunciation. Our primary goal was to answer the following 

questions: a) are recordings different if obtained far from the “point” of higher vibration at the 

neck (e.g. cricothyroid cartilage)? b) does the activation of surrounding neck muscles impose 

artifacts preventing reliable vibration recordings? c) are the recordings reproducible within the 

same subject in different sessions? d) are ACC recordings of the same word reproducible between 

subjects? Secondly, we also carried out a proof of concept study of the robustness of the technique 

to show changes generated in speech by vocal cord infectious pathology in patients with 

laryngitis. 

 

Methods 

 
The study was carried out in 25 healthy subjects (16 women; mean age of 30 years, ranging from 

21 to 42 years; body mass index of 24.0±2.0 kg/m2) and 7 patients with laryngitis (5 women; 

mean age of 28 years, ranging from 20 to 31 years; body mass index of 23.6±3.1 kg/m2). The 

patients with laryngitis were recruited by chance during consultation and selected if met the 

following criteria: history of previous pharyngitis or laryngitis and hoarsens and/or croup in the 

last 5 days prior to consultation, audible voice and without fever, dyspnea, sputum or history of 

allergic or food reactions. 

 

The Ethics Committee of the Hospital Garcia de Orta (Almada, Portugal) approved the study 

protocol and all subjects signed an informed consent prior to their inclusion in the study.  

1. Recording word pronunciation 

Subjects were presented with the same set of for PNt in the previous section of this thesis.83 We 

selected only pictures which names are either one or two syllables long in Portuguese. Subjects 

were asked to inspect the set of 24 selected pictures (see appendix) to ensure that picture-name 

agreement reached 100% before starting the experiment.  Subjects were sitting on chair facing a 
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computer screen placed 1 m away from the subject’s eyes. A white frame with a picture of 8x8 

inches was presented (i.e. imperative signal) every 4 s and were shown during 4 s. A black screen 

with a white “X” letter at the center of the screen was shown during 4 s after the picture 

disappearance as attention fixation cue. The fixation cue disappearance was used as a forewarning 

signal before the next picture presentation. 

 

There are physiological factors known to influence the vocal tract vibration, such as speech 

loudness,204,205 subject’s readiness,200 length of phonation,206 swallowing,207 activation of neck 

muscles195,208 and the level of attention during the experiment. Therefore, we tried to maintain the 

same experimental conditions by asking the subjects to articulate correctly the syllables and 

pronounce words with a normal volume mimicking a spontaneous conventional conversation. In 

addition, we performed five trials of each word, to obtain the standard pronunciation of the words 

by each subject. The latency of the response (i.e. the time from visual cue display to onset of the 

first ACC burst) was considered an indirect measure of attention level and, whenever latency to 

vocalization varied more than 20% beyond the subject’s mean, we stopped the test to continue 

after a short resting period, during which we reinforced the instructions to each subject.  

2. ACC recordings experiment setup 

Briefly, a uniaxial ACC (piezo crystal sensor, Pro-Tech, U.S.A.) was used to record word 

pronunciation. Signals were fed to a conventional EMG (KeyPoint Net, Natus, U.S.A; Inomed 

Medizintechnik, ISIS IOM System, Germany) with a resolution of 16 bits, sampling rate of 2000 

Hz, time resolution of 200 ms per division (up to 4 seconds) and amplitude of 1 mV per division. 

A ground adhesive electrode was placed at the forearm.  

 

In healthy volunteers, we recorded from three different sites using four different bandpass 

frequency filters. The glottis sites tested to record ACC vocal tract vibration were selected 

according to previous voice and dysphagia studies208, 209 and were 1) a medial point over the 

cricothyroid ligament (medial cricothyroid), 2) a point 1.5 cm to the left (lateral cricothyroid), 

and 3) a point 2 cm above the sternal notch, between both sternal heads of sternocleidomastoid 

muscles (suprasternal). Filter frequency bands were chosen on the bases of physiological 

frequency of vocal tract vibration (i.e. between 1 to 500 Hz) and were, 1-100 Hz, 1-200 Hz, 20-

200 Hz 1-500 Hz.  
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3. Procedure and subject’s data analysis 

Subjects were asked to select a picture and to pronounce the related word four times for each one 

of the three recording sites and filter frequency bands. We defined the following criteria for good 

quality recordings: i) minimum number of artifacts within and between oscillation cycles; ii) 

optimal signal amplitude; iii) clarity of the onset and end of each burst, and iv) repeatability of 

the graphical representation with pronunciation of the same word. Scores (0, 0.5 or 1 for each 

quality criterion) were separately and blindly provided by six subjects, but each one unaware of 

the scores given by the other. The recording site and bandwidth that received the largest score 

were considered the optimal ones for quality ACC recording. The optimal recording site and 

bandwidth were then used throughout the rest of the study: In healthy subjects, we recorded 24 

words from the PNt set and tested their reliability between them. Additionally, eight subjects of 

this group were also recruited to perform another session in order to test reliability of same word 

within the same subject.  

 

Patients with infectious laryngitis who presented with hoarseness or croup started for three or four 

days were recruited to perform ACC recordings. We selected a set of 5 pictures to be named, 

randomly presented, avoiding further voice use and fatigue (each picture was named twice). The 

results of patients’ experiments were compared with baseline recordings and the same quality 

criteria, technical and practical aspects of ACC recordings were ensured.  

4. Data reduction and analysis 

 
The following parameters were evaluated in all recordings: burst latency, as the onset of 

consistent oscillations after the visual stimulus; peak to peak amplitude of the oscillations; burst 

duration and internal frequency of the bursts. We ignored deviations from the baseline of less 

than 50 µV and bursts of less than 5 consecutive oscillation cycles.  

 

Normality of data was tested with the Shapiro-Wilk test using SPSS Statistics (IBM, USA). Non-

parametric Mann-Whitney tests were used to analyze if mean parameters of ACC recordings 

varied in each condition tested within each word and subject. To assess inter-rater variability, 

ACC baseline recordings were evaluated by two observers (JL and JVS) and parameters were 

tested using two-way mixed intraclass correlation coefficient. Additionally, intra-rater variability 

within different sessions of the same subject was tested using a one-way random intraclass 

correlation coefficient. Statistical difference was considered significant if the p-value was below 

0.05. 
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Results 

 
All subjects tolerated well the experiment and there were no missing data. The total scores per 

condition (position per filter bandwidth) is shown in table 9.1 and a graphical example of each 

combined condition is shown in figure 9.1.  

1. Influence of recording site of vocal structures  

The scoring system designed showed a higher score for the suprasternal notch position using a 

filter bandwidth of 20 – 200 Hz (sum of 80.5), secondly for the suprasternal notch using a filtering 

of 1-500 Hz (sum of 77), and thirdly for the ACC recordings at the median cricothyroid position 

with 1-200 Hz filtering (table 9.1, sum of 75.5). In the later, the artifacts contamination led to less 

score, despite the higher recording signal amplitude (mean 2.3±0.5 mV; p=0.02) in comparison 

with suprasternal notch recordings (table 9.2). ACC oscillations frequency was lower in the 

suprasternal notch recording site than in both sites (over the median ligament, p=0.032; or 

laterally, p=0.027) at the cricothyroid level (mean frequency in males 184±9 Hz, and females 

218±8 Hz). This was more frequent in males than in females (table 9.2). Neither duration nor 

latency showed significant differences (table 9.1). Recordings showed an increased amplitude 

when using a 1-500 Hz but also more artefact contamination (table 9.1). The abrupt onset and end 

of the phonation burst was the parameter that less varied among the subjects scoring. 

2. Influence of physiological factors 

At the start of each experimental block, the examiner performed about 5 trials in order to instruct 

the subject to conversation rhythm and readiness, and tone (i.e. volume). The presence of pauses 

within a burst of ACC recordings was more frequent when subjects were relatively unready. An 

example is shown in figure 9.2 where the decrease in readiness led to an increase of latency and 

to the disappearance of the pause between bursts. Amplitude was higher when subjects made a 

louder pronunciation. An increase of 10 dB (from 20 to 30 dB) in loudness caused an increase in 

peak to peak mean amplitude of 467 µV (SD = 124 µV). The recordings at the median 

cricothyroid ligament showed different artifacts contamination and parameters variability when 

recording the same word pronunciation, in the same subject, after repositioning the ACC trials. 
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Table 9.1 – Sum of the accelerometer recordings scores of each position per filter bandwidth tested. Six blindly subjects classified a pair of traces of each word made in two 
sessions by patients. 

Position/Filter 1-100 Hz 1-200 Hz 20-200 Hz 1-500 Hz 
A Amp. O/E R T A Amp. O/E R T A Amp. O/E R T A Amp. O/E R T 

Median cricothyroid 11.5 2 9.5 11 34 13.5 20 19.5 14 67 16.5 20 22.5 16.5 75.5 9.5 22.5 2.5 13 67.5 

Lateral cricothyroid 9 3 7 10 29 12 12 13 14.5 51.5 12 9.5 11.5 10 43 10.5 18 12 7.5 48 
Suprasternal notch 12 1 9.5 9.5 32 12 14 17 14 57 17.5 20 22.5 20.5 80.5 11.5 24 23 18.5 77 

A - Artefacts; Amp. - Amplitude; O/E – Onset and burst end. R – Repeatability; T – Total score. 

 

 

 

 

Figure 9.1 – Accelerometer recordings of a female subject after the pronunciation of the word foot (“pé” in 
Portuguese) during a picture naming task. Note the variations of the amplitude, artefacts at recording baseline 
and abrupt onset or end of the recorded burst. 
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Figure 9.2 – Accelerometer (ACC) position for recordings of the word pronunciation. Left: The placement 
of the ACC around the neck influence the recordings parameters. Note the placement at suprasternal notch. 
Right: The subject was instructed to perform a picture naming task (word pencil “lápis”), as faster and as 
correctly as possible after visual stimuli. After the 4th trace, the subject lowered the readiness to phonation 
which led to a variable latency to pronunciation and the disappearance of an abrupt pause within the burst 
recorded. 

 
 
Table 9.2 – Mean accelerometer parameters from words pronunciation of the enrolled healthy subjects 
(baseline recordings) and patients with laryngitis. The recordings were made after placing the accelerometer 
at the suprasternal notch with a 20-200 Hz filter bandwidth. Reliability testing of the same word between 
subjects and within two different sessions of the same subjects (eight subjects) is also shown. Standard 
deviation is shown within parenthesis.  

Baseline recordings  Patients 

Parameters Gender Reliability Gender 

Male Female Within Between Male Female 

Latency (ms) 518 (82) 535 (147) 0.92 (0.06) 0.91 (0.08) 504 (102) 554 (124) 

Duration (ms) 246 (94) 257 (99) 0.94 (0.03) 0.92 (0.07) 185 (61) 175 (52) 

Amplitude (µV) 1295 (256) 1184 (379) 0.89 (0.10) 0.87 (0.12) 447 (78)* 374 (52)* 

Frequency (Hz) 125 (9)* 176 (8)* 0.95 (0.03) 0.96 (0.03) 96 (14)* 113 (14)* 

* *Statistically significant differences for evaluated parameter values either within healthy subjects or between 
healthy subjects  and patients. 

 

3. Accelerometer baseline and patient’s recordings 

Baseline recordings were made using the technical settings with higher scoring. Baseline ACC 

recordings parameters made after placing the ACC at suprasternal notch are shown in table 9.2.. 

ACC recordings showed significant reliability between recordings of the same word made by the 

same subject in different sessions (table 9.2). Examples of ACC recordings at suprasternal notch 
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of the same word by a subject in two different sessions are shown in figure 9.3. Baseline ACC 

recordings were also evaluated for inter-variability estimation with significant mean intraclass 

correlation in ACC parameters. These, reliability was higher within the same subject in 

comparison to across subjects. The parameter with smaller SD was the frequency and with the 

larger SD was the amplitude of the graphical burst.  

 

Mean data of ACC parameters are shown in table 9.2 and a recording example is shown in figure 

9.4 (of appendix). ACC recordings from five selected words of patients with laryngitis showed a 

decreased amplitude (p=0.011) and frequency (p= 0.022) in comparison with baseline recordings. 

The total duration showed a tendency to decrease (p=0.064). Frequency suffered a greater 

decrease in female patients than in males (table 9.2), when comparing to the baseline recordings. 

There were no statistically significant differences in latency.  

 

 

 
Figure 9.3 – Accelerometer recordings after pronunciation of the word car (“carro”) using a 20-200 Hz 
bandwidth filter at suprasternal notch. Left: Recordings of the same male subject made in two different 
sessions (two traces in each). In the middle is shown the word car pronounced by two different female 
subjects. Note the similar graphical representation of the recordings despite the smaller frequency. Right: 
Recordings of the word boat (“barco” in portuguese) of a female subject in comparison with recording 
made by a female patient (bottom two traces) with laryngitis. Note the smaller amplitude and frequency. 

 

Discussion 

 

Our work aimed to study the technical and physiological aspects influencing vocal cord vibration 

recording during phonation with a uniaxial ACC using a conventional EMG amplifier. To our 

knowledge, this study is the first to evaluate reliability of the method, which may open the way 

for its clinical applicability. We described the methodology and identified possible caveats before 

characterizing differences between healthy subjects and patients with phonation disturbances. 
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1. Accelerometer recording of vocal tract structures 

The vocal tract works like a vibrating column of air, closed at one end. During swallowing or 

speech production, vibration occurs in the soft frontal walls of such column of air.207 In healthy 

subjects, glottis movement is produced during speech, reflecting the vibration generated at the 

larynx. The natural frequency of vocal tract vibration depends on the size and shape of the larynx 

(i.e. females vs males) but has been found to be between 100 and 500 Hz also known as 

fundamental frequency.204,207 An odd multiple of this frequency can also be picked up by an ACC 

attached to the soft tissues of the neck. 202,203 

 

Most voice studies in which the authors used ACC for glottis movement detection were performed 

using specific biomedical equipment. These used ACC and amplifiers with high sampling rate 

(i.e. between 8 Khz to 44 Khz), digital input to record audio signals to microphone recordings 

and complementary input with 16 to 32-bit (analog-to-digital converter) resolution for EMG or 

ACC signals.192,202,204 However, in neurological field, the ACC use started with the recording of 

low frequencies oscillations (range from 1 to 100 Hz) as occur in tremor,208 muscle vibration209 

and snore detection.210 Therefore, only recent EMG apparatus have similar capacity of such 

biomedical equipments, despite of the common use of a simpler ACC (i.e. one axis movement).  

 

Hence, speech ACC signal evaluation in EMG laboratories to our knowledge remains to be 

investigated. The understanding and knowledge of pitfalls and drawbacks of vocal tract vibration 

ACC recording during phonation without additional hardware may improve his clinical 

applicability. Future applications such as diagnostic or monitoring of vocal tract vibration in a 

variety of pathophysiological and rehabilitation processes remain unstudied. 

2. Accelerometer technical settings after words pronunciation 

The ACC position to record words pronunciation can be performed in a variety of places at the 

neck due to vocal tract resonance. Oscillations during phonation are recorded with different 

amplitude and frequencies depending on the site where the ACC is placed.211,212 Therefore, we 

looked for a reliable place to minimize significant parameters variation between subjects and 

within sessions made by the same subject. For the selection of optimal ACC settings, we used a 

four-quality criteria score performed blindly by six contributors.  

 

The greatest score was achieved using the suprasternal notch site despite of higher amplitude 

recordings at median cricothyroid ligament (table 9.1).  Greater amplitude and frequency at glottis 

level may be justified by the proximity to the vibration generator. However, also more parameters 

variability and less repeatability recordings after repositioning the ACC were found at this level 

(figure 9.2). Studies performed in dysphagia patients showed a high variability in amplitude (or 
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magnitude) and frequency when testing different positions around the cricothyroid cartilage211 

which is in accordance with our results. In fact, swallowing studies in dysphagia patients have 

been mostly conducted at glottis level due to greater sensibility to record irregular axis movements 

with high frequencies range. 207,211, 213 

 

The score system used classified the suprasternal and the median cricothyroid level as the optimal 

sites to place the ACC using either a bandwidth filtering of 20-200 Hz or 1-500 Hz. In addition, 

words pronunciation was also tested by placing the ACC lateral to the cricothyroid median 

ligament. However, presumably due to swallowing, neck muscles activation and subcutaneous 

structures, recordings after repositioning the ACC at that site showed higher variability in the 

evaluated parameters. In our study, the subjects were also laid on a bed angulated between 30-45º 

degrees in order to support the head and minimize neck muscles activation. Moreover, studies 

using supraglottic sites to record vocal tract vibration were only conducted due to commodity 

during polysomnography210 and based in a subjective evaluation of higher vibration sites.199 

Additionally, showed minor magnitude vibration and increased mandibular artifacts 

contamination.212 Therefore, according to these theoretical underpinnings, sites above 

cricothyroid level were not tested in our study. 

 

Different signals bandwidth filtering was also tested. Repetitive oscillations of the neck after 

vocal folds activation measured by ACC signals are closely correlated with human natural 

vibration frequency evaluated through microphone recordings.202 The frequencies recorded 

during speech production depend on the airway system function and shape including length, wave 

velocity, mechanical proprieties of glottis and trachea and vocal load.203,214 In our study, authors 

considered the 20-200 Hz as optimal bandwidth with minor contamination of artifacts in 

comparison with other frequencies filtering. In spite of the slightly signal decreased amplitude 

(table 9.1) after increasing the high filter from 1 to 20 Hz. Such artifacts, may arise from the 

disappearance of the carotid pulse, neck muscles vibration,209 breathing207 and tissue to tissue 

transmission.215 

 

The use of 20-200 Hz may also exclude signal amplitude (table 9.1) from physiological activation 

of vocal cords. In fact, recordings above median cricothyroid cartilage showed an increased SNR 

and a capacity to measure components related to tissue-to-tissue transmission of vocal fold 

collision forces through the thyroid cartilage.215 However, the frequency of the signals did not 

differ between 20-200 Hz and 1-500 Hz. The number oscillations per time were manually 

measured without time or frequency domain magnitude spectrum analysis. Therefore, this method 

did not allow the identification of vocal tracts resonances and may be less accurate to identify 

frequency due to the presence of components with higher and smaller acceleration during the 
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words pronounced. In spite of using the same method to infer frequency, smaller values were 

obtained in suprasternal notch in comparison to cricothyroid cartilage.  This result is in 

accordance with the higher magnitude activity of 150 Hz in suprasternal notch in comparison with 

the magnitude of 250 Hz in cricothyroid cartilage.212 In fact, the recorded frequencies of ACC 

recordings were similar to those reported when measured by a similar ACC at suprasternal notch 

and glottis level.203,212,216   

3. Influence of physiological factors in accelerometer recordings 

Volume tone and loudness are known to increase the amplitude of ACC recordings and 

comparisons to microphone recordings showed a linear correlation.203 In our study, we controlled 

subjectively the loudness instructing the subjects to maintain their voice effort using a natural 

conversation volume. In order to quantify this effect, we measured the peak to peak amplitude of 

the ACC signal after an increase of about 10 decibels showing a linear correlation. Signals of 

lower amplitude were obtained in suprasternal notch and laterally to cricothyroid cartilage in 

relation to cricothyroid cartilage midline. The decrease in amplitude alongside the distance to the 

generator (i.e. vocal fold) enhance the ACC capacity to record air-to-tissue transmission of 

aerodynamic energy through the trachea.216 When the ACC was placed laterally to cricothyroid 

cartilage, it recorded similar amplitudes as in suprasternal notch hence greater proximity to the 

vocal fold. Nolan and colleagues (2009)212 showed higher magnitude of 200 Hz signals during 

vowels pronunciation when a three axis was placed laterally at glottis level. A more detailed 

distance was reported by Mamun and colleagues (2014),211 who showed a lower ACC energy 

signal about 1cm laterally to midline at glottis level during a swallowing task. The lower 

amplitude may be explained by the increase of thyroid and other neck soft tissues with lower 

vibration memory in comparison to cartilage. 211,216 

 

The latency to words phonation depends on the task and instructions, the experimental conditions 

and the performance of the subjects. In other studies, when the subjects were instructed to say one 

or two syllables words after an electrical stimulus applied at the finger, the time to react was about 

200 ms. In our study, using a PNt with random pictures presentation, the latency to phonation of 

about 500ms in baseline recordings was similar to those reported in literature which used an ACC 

to voice detection.199  

 

We instructed the subjects to pronounce the picture name with a correct syllable articulation and 

with conversation volume tone. In other words, in comparison with to other reported 

experiments,201 we suggest a words pronunciation prioritizing an efficient phonation and just 

secondly the velocity. Considering these differences, when performing the experiments, pitfalls 

related to level of attention, readiness to pronounce and articulation of the words were identified.  
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The readiness to pronounce words and syllables articulation also exerts effects on duration and 

consequently the graphical representation of ACC signal (fig 9.2). When subjects do not articulate 

syllables, an incorrectly phonation due to anticipation or increased velocity may decrease the 

duration of ACC recordings. Conversely, phonation of words with increased pauses between 

syllables led to increased duration and a pause between ACC bursts recordings. In studies where 

a microphone is used to record voice, these caveats are already take into account because of the 

availability of subjects’ pronunciation sound. Thus, examiner experience with microphone voice 

recordings may improve the control these factors during phonation ACC recordings. 

4. Phonation accelerometer recordings reliability and utility 

The use of the ACC to record the vocal vibration has been applied to study vocal resonances and 

deglutition in comparison to microphone recordings, which is considered the gold standard 

technique.206 Despite of the less hardware being needed to perform ACC recordings, most of the 

laboratories that have done these studies were equipped with both techniques and therefore gained 

experience in microphone recordings analysis before making ACC recordings of phonation. In 

our study, comparisons with microphone recordings were not performed, but instead we tested 

the recordings variability within and between subjects after defining baselines. We advocated that 

after testing the practical aspects of the ACC settings, we would be able to adapt the methodology 

to record words pronunciation and assess the reliability of the technique.  

 

In this study, ACC recording of words pronunciation was considered a reliable technique. The 

variability was greater when performing recordings of the same word between distinct subjects 

than within the same subject (i.e. amplitude variability within subjects of 0.89 SD=0.10 vs 

between subjects of 0.87 SD=0.12; duration variability within subjects of 0.94 SD=0.03 vs 

between subjects 0.92, SD=0.07). Lien and colleagues (2014)192 assessed similar reliability of 

ACC recordings at suprasternal notch to identify the vocal tract physiologic vibration frequency. 

However, slightly variations of the ACC position around sternal notch showed different 

recordings magnitude,212 which may obscure the reproduction of these experiments. Besides, 

when performing the baseline recordings in patients, the conditions of the experiments should be 

kept the same between sessions. 

 

The fundamental natural frequency identified in our adult subjects was 120 Hz for males and 170 

Hz for females at suprasternal notch (table 9.2). This frequency is known to be altered by age, 

height213,214 and pathophysiological conditions.198 Higher frequencies were seen in women 

and in younger population (i.e. 300 Hz between 6 to 12 years of age), probably due to smaller 

vocal tract length and diameter. 198,213 We also ensured a similar body mass index and age within 
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the healthy subjects and patients. To our knowledge the baseline collected data was the first 

described in the Portuguese population. 

 

In the neurological field, some studies have already reported the use of ACC in voice production 

experiments to detect phonation after repetitive magnetic brain stimulation during a PNt.199 

However, none investigated their clinical application to detect dysphonia. In our study, to provide 

proof-of-concept, we recorded words pronunciation in patients with voice hoarseness during 

laryngitis. Our goal was to detect the expected decreased amplitude and test the ACC capacity to 

detect a decreased frequency (table 9.2). In fact, duration was also decreased but without 

statistical significance. Other authors, already reported the decreased natural frequency in patients 

with dysphonia202,204 and our results are in accordance. Despite the inability to identify resonance, 

vocal effort and other voice measures due to simpler hardware and software used, the pathological 

characteristics imposed by dysphonia were easily detected. 

5. Limitations  

 
We evaluated the ACC signal as a representative of vocal cord vibration during word 

pronunciation. We defined criteria to select which was considered an optimal biomedical signal 

derived from phonation. Therefore, a selection bias may have occurred. For example, the variation 

of the ACC signal was minimized by the criteria defined to increase repeatability. Although, 

physiological contribution of surrounding structures involved in phonation could also be 

excluded. In fact, the parameters evaluated may not reflect the burst morphology. For example, 

the word leg or finger showed a minor amplitude in the onset in comparison with the burst end 

(see appendix) which does not translate in the maximum peak-to-peak amplitude.  Moreover, the 

methodology for parameter extraction from ACC recordings was handmade and not exact, mainly 

regarding to the frequency analysis. For frequency evaluation, recordings were analyzed by using 

a 50 µsec per division sweep.  The scoring was evaluated and counted using a 500 µV per division 

which may mitigated the presence of low frequency artifacts (i.e, due to decreased amplitude). 

Additionally, patients just pronounced five words of the 24 words set which may affect duration 

if, by chance, words of smaller duration were chosen (which was not the case). The number of 

days after the initial hoarseness detection by the subject were also not controlled, which explains 

the increased SD (table 9.2) of the ACC parameters in comparison with baseline recordings, due 

to the different grade of vocal cords edema. At last, the sample of patients recruited was small, 

mainly regarding the male subjects and therefore, data should be confirmed using greater sample. 
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Conclusion 

 
The vocal cord vibration during speech recorded by a uniaxial ACC showed an optimal setting 

using the suprasternal notch site with a bandwidth filter of 20-200 Hz. Using this setup, ACC 

baseline recordings showed a high reliability between and within subjects when pronouncing the 

same word. This technique was able to detect the expected decreased amplitude and frequency in 

patients with laryngitis. 
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Appendix 

 

 
Figure 9.4– Graphical representations of accelerometer signals recorded after words pronunciation in Portuguese. The words defining each picture were said as following 
described (left to right within the same row, English and Portuguese word): lace-laço; leg-perna; finger-dedo; cow-vaca. Second row: wheel-roda; leaf-folha; pork-porco; house-
casa. Third row: purse-mala; cat-gato; eye-olho; key-chave. Fifth row: boat-barco; book-livro; glass-copo; pencil-lápis. Sixth row: fish-peixe; arm-braço; candle-vela; car-carro. 
Seventh row: table-mesa; bed-cama; corn-milho; feet-pé. Note that the word table in Portuguese may have two bursts depending on the subject readiness. 
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CHAPTER X 

ACCELEROMETER BASED SPEECH RECORDING AFTER BRAIN 

STIMULATION 

 

Introduction 

 
Speech implies activation of a complex brain network that normally reaches full development at 

pediatric age. Many brain lesions may cause speech disturbances.  Therefore, patients with PBT 

should undergo presurgical planning to anticipate the location of sensitive regions.115 For the 

study of human language function preoperatively, Pascual-Leone et al. (1991)25 proposed the use 

of rTMS, to non-invasively identify language sensitive brain regions. This method in combination 

with optically tracked stereotactic navigation system (r-nTMS), has led to the identification of 

language processing regions and lateralization, minimizing the risk of iatrogenic lesions during 

surgery. 16,217,218 Recently, Sollmann et al. (2018)16 showed an additional improvement of outcome 

from surgery of patients with gliomas by adding tractography to preoperative r-nTMS.  

 

DCS is presently applied to conscious and cooperative patients during speech in order to produce 

transient language disturbances to identify eloquent regions. However, even if awake craniotomy 

has had a positive impact on postoperative outcome,220 the reliance on false negative sites may 

result in permanent language deficits.221 Moreover, language disturbances evoked by DCS in the 

operative theater are, conventionally, qualitatively evaluated by a neuropsychologist or a 

neurologist, which is a relevant weakness of the procedure. Speech can be recorded using a 

microphone, which implies increasing cost and complexity of the procedure due to of additional 

software and hardware.206 We advocate that to enhance speech recording and speech analysis in 

clinical setting, a conventional and inexpensive equipment should be available. Furthermore, for 

intraoperative setting, microphone recordings are difficult to be implemented due to signal noise. 

An ACC attached to the anterior wall of the neck can, indeed, record a surrogate aspect of speech, 

i.e., the vibration generated by the passage of air in the vocal cords. 199,223 The ACC recordings 

show at some extent reproducible and word-specific high frequency oscillations.223 However, they 

have not been analyzed regarding to the type of language disturbances evoked.199 In addition. the 

utility of ACC recording of DCS-induced language disturbances during surgery remain to be 

investigated. 
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The goal of our study was to evaluate the value of the ACC vocal tract recording in demonstrating 

transient language disturbances provoked by r-nTMS in classical linguistic areas during PNt in 

healthy patients and examine the utility of ACC recording during DCS in awake patients during 

surgery. 

 

Methods 

 
We carried out two different studies with the same procedure: The first study included 7 healthy 

subjects (HS), in whom we applied r-nTMS over  IFG. They were 4 men and 3 women, all right-

handed, with a mean age of 30 years, ranging from 26 to 31 years. Their body mass index was 

22±2 kg/m2; The second study involved 15 BST undergoing awake craniotomy for removal of 

PBT. The selection criteria were similar to those mentioned in chapter VI. Patients with PBT near 

motor or language, absence of aphasia, without known contraindication for TMS and MRI (i.e. 

pacemakers, ferromagnetic prosthesis), and in addition, with left language lateralization as 

evaluated by presurgical fMRI. They were 10 men and 5 women, with a mean age of 47 years, 

ranging from 31 to 68 years, and a body mass index of 24±3 kg/m2.  

 

HS experiments were carried out in Hospital Clinic (Barcelona, Spain) and patient experiments 

were carried out in the Hospital Garcia de Orta in Almada (Portugal). Ethics Committee of each 

hospital approved the study protocol and an informed consent was signed by all healthy subjects 

prior to their inclusion in the study. Subjects were briefed on the effects of single and r-nTMS 

and were encouraged to ask for a pause in case of any discomfort. They were also instructed that 

speech arrest could occur and were given reassurance that any language disturbance caused by 

stimulation would spontaneously resolve without any consequences. Because of the possibility 

that the stimuli could spread and activate cranial nerves, we recorded EMG activity from masseter 

muscles: Recording silver cup electrodes were placed in the masseter muscle (reference electrode 

in the ear lobe) with filter settings between 2 Hz and 5 kHz, a time resolution of 1ms per division 

and a gain of 10 µV per division. Also, subjects were asked to report any feeling of interference 

in word pronunciation by unintended mandibular or temporal muscles contraction. Whenever 

subjects’ sensation of interference or motor evoked potentials were evident on the EMG 

recordings, the trial was repeated after slight adjustment of the stimulation characteristics (see 

below).  

1. Recording word pronunciation 

The experimental procedure, PNt and the ACC used for word pronunciation was the same 

described in previous chapter. Five pictures were also selected from the 24 set showed in appendix 
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of the chapter IX. In addition, the ACC was attached in the optimum site, 2 cm above the 

suprasternal notch, in the midline between the two sternal heads of sternocleidomastoid muscle, 

and optimum filter bandwidth (i.e. 20-200 Hz). 

2. Imperative stimulus and time to word pronunciation 

The protocol used for image presentation is schematically represented in figure 10.1. Subjects 

were instructed to wait for the visual stimulus and name the object represented in the picture, as 

fast and as correctly as possible. We also ensured a high level of attention during the experiments 

by controlling the latency to word pronunciation after visual stimuli. 

3. Mapping of the motor and language areas with r-nTMS 

HS made a MRI for 3D T1-weighted images aquisiction that were then transferred to the 

navigational system (BrainSight, NeuroConn, EUA).  3D skin and curvilinear reconstructions 

were made for IFG localization. We then calibrated the magnetic coil of the TMS equipment 

(Magstim Rapid, UK) in the navigation system in order to provide the orientation and direction 

of the coil.  

 

Initially, the central sulcus was used as a landmark to ensure that the direction of the current flow 

was anterior-posterior and orthogonal. Surface felt pad electrodes mounted on a plastic support 

with a fixed separation of 2.5 cm were placed to record motor evoked potentials from the right 1º 

dorsal interosseous muscle. The left precentral gyrus was mapped with single pulse TMS, applied 

following a grid pattern of 5 mm spacing and systematically varying the rotation, tilt and yaw of 

the magnetic field to search for the motor evoked potential of maximum amplitude at each 

stimulation point. After finding the motor “hotspot”, we decreased the stimulus intensity to 

identify the lowest intensity that evoked 5 out of 10 motor evoked potentials with at least 50 µV 

amplitude, to define the resting motor threshold intensity.  

 

Language mapping over the opercular part of IFG (i.e. opIFG) was performed using the r-nTMS 

system, with a protocol of a 5 pulses train, 20 Hz stimulation frequency and the subject’s 100% 

RMT.220,224 The r-nTMS pulse train was automatically triggered by an electronic trigger at the 

same time as the visual stimulus for PNt.225 A 10% decrement of intensity was made if subjects 

were unable to tolerate the cortical mapping. Stimulation sites (i.e. primary motor cortex and 

opIFG) were identified in an offline session using a cortical parcellation system15 and used to 

guide cortical mapping. The landmarks of all points stimulated were recorded online for later 

review. Several stimulation trains within IFG and the corresponding r-nTMS induced behavioral 

changes were videotaped. We run 50 trials in each subject of HS, 7 of them were test trials per 
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each word selected (picture presentation plus r-nTMS), which were interspersed randomly among 

the control trials. 

4. DCS mapping   

We recorded word pronunciation in patients submitted to awake craniotomy while they performed 

a PNt for brain language eloquent cortical mapping. All patients had a preoperative MRI and 

craniotomy was planned using a navigation system (Stealth, Medtronic, USA) to include the 

extension of the tumor and a 3-cm margin of healthy surrounding brain tissue. After craniotomy 

and durotomy, the patient was woken-up and the primary motor cortex was mapped while the 

patient performed a counting task to establish the appropriate DCS intensity. For language 

mapping, the defined threshold was used to map the patients’ opIFG as they performed a PNt.  

 

DCS was a biphasic square current of 60 Hz, delivered over the opIFG with a bipolar probe (see 

chapter III for further details). The protocol used for brain stimulation is also shown in figure 

10.1. Language cortical areas were mapped before tumor resection. Patients were proficient in 

using the Portuguese language. Instructions during PNt involved the inclusion of the matrix 

sentence “This is a...” to be completed with the name of the object presented in the image. A 

rehearsal was done previously to avoid any possible confusion with the words defining each 

object. They were asked to use a voice conversational volume and tone of voice in their responses. 

In addition, subjects and patients were instructed to name the picture as correctly as possible 

despite of the time to react. In BST, 30 trials were performed, and 3 test trials per word were 

given randomly. In addition, at operative room, the visual stimulus was shown simultaneously 

with an auditory sound. The surgeon was instructed to apply the probe (and DCS) over the IFG 

after the produced auditory sound. Each visual stimulus was presented for 4s, which implied a 

rhythm for the PNt that allowed the surgeon to know and expect the auditory sound.  

 

5. Data reduction and statistics 

The presence or absence of language disturbances in test trials were evaluated by the author and 

either a neurologist or neuropsychologist in both groups.  We detail the language disturbance type 

founded. These were grouped, and the following consensual criteria, was used for recognition of 

evoked language disturbances: 1. no-response (subjects did not utter a word, in which case, the 

ACC recordings were expected to be flat), 2. imperfect pronunciation (words were slurred or 

imprecisely articulated, in which case, the ACC recordings would be expected to differ from mean 

control trials), 3. hesitation (delayed onset of naming, in which case, the ACC recordings would 

be expected to be delayed) and 4. others (including semantic or phonologic paraphasias and 

circumlocution errors, in which case, the ACC recordings would be expected to show a pattern 
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not pertaining to the word related to the presented image). Initially, after each test trial, two 

opinions were given by the specialists regarding the presence and type of a language disturbance 

evoked before ACC and videotape recording review. In case of discrepancy, the case was debated 

together with the examination of the videotape until reaching consensus or dismissing the case.   

 

For each one of the recordings, we measured onset latency, mean amplitude, total duration and 

internal frequency of the vibration-induced oscillations related to each word. Whenever the word-

related recordings showed more than one burst, data were gathered for each burst separately (burst 

1, burst 2, etc) and a mean was shown. We ignored deviations from the baseline with less than 50 

µV and bursts of less than 5 consecutive oscillation cycles. For each word, we recorded 4 traces 

and calculated the means for each parameter. We considered the data in control trials as the 

individual baseline recordings, which were used as reference values for data in test trials. 

Differences with respect to control trials were required to be larger than 2 SD from the controls’ 

mean value to be considered a disturbance.  

 

We used the SPSS Statistics (v.24, IBM, USA) for the statistical analysis of data. Normality was 

tested with the Shapiro-Wilk test and homogeneity was examined with the Levene test. We ran 

descriptive statistics of mean and standard deviation of the ACC parameters. Comparisons 

between healthy subjects and patients or between control and test trials were done using 

(parametric) paired t-tests.  

 
Figure 10.1 – Picture naming task protocol used to evoke language disturbances by brain stimulation 
(arrow). The protocol A was performed with transcranial magnetic stimulation. For each trial, a black 
background screen was presented first, containing a centered white “X” letter, as an attention fixation cue. 
The “X” disappeared as a forewarning sign and the picture appeared 2 s later. In a test trial, repetitive 
transcranial magnetic stimulus at the opercularis part of left inferior frontal gyrus was applied. The protocol 
B was used during direct cortical stimulation at the left inferior frontal gyrus. The patient was to name the 
picture with the introductory sentence “This is” while a train of byphasic 1 ms duration pulses was applied 
at a frequency of 60 Hz and an intensity of 5 mA, until a language disturbance occurred or up to a maximum 
duration of 4 s.  
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Results 

1. Data obtained in healthy subjects 

The words selected to perform the PNt were the following: car “carro”, finger “dedo”, pencil 

“lápis”, leg “perna”, and foot “pé”. Examples of the ACC recordings is shown in figure 10.2. 

These were selected randomly. In control trials, the ACC recordings were word-specific, 

individually patterned and with just a few differences between subjects, as expected. The 

complete set of recordings is shown in appendix, where recordings are kept for gain and resolution 

but aligned at onset, after eliminating the intra- and interindividual differences, for better visual 

identification of the similarities between word-specific recordings. There were no significant 

interindividual differences in control trials per word (repeated factors ANOVA; p>0.05 for each 

word) after ensuring conversational tone and correctly articulation of the syllables. However, 

when separated by gender, females had a higher frequency of oscillations than males. For the 

words ‘carro’ and “pé”, the mean frequency was 174 Hz with a SD of 8 Hz and 180 Hz (SD=6 

Hz) for females and 135 Hz (SD=8 Hz) and 140 Hz (SD=6 Hz) for males, respectively (t-test; 

p=0.001). Parametric mean data in control and test trials for each word are summarized in Table 

10.1. 

 

None of the healthy subjects had to be excluded from the experiment due to non-tolerability or 

adverse reactions to TMS. No subject exhibited emotional disturbance, headache, tongue bites or 

seizures during or after cortical mapping. However, two healthy subjects reported discomfort due 

to strong facial muscle contractions with brain stimuli, which disappeared after adjusting the 

intensity to 80% of RMT.  

 

Speech disturbances were observed in at least one test trial per subject and for two times per word, 

for a total of 16 language disturbances out of 105 test trials (15.2%). Examples are shown in figure 

10.2. We identified: 5 no response, 5 hesitations, 4 words pronunciation imprecision and 2 

semantic paraphasia. In four trials with hesitation error, the two evaluators had a discordant 

judgement, which was solved by checking the videotapes.  In these cases, was decided in favor 

of performance errors. Retrospectively analyzing both ACC recordings, was noted in both a 

latency increase of 112 ms and 128 ms in comparison to the subject’s mean of control trials (more 

than 2 SD). In test trials with no response errors, latency increased and amplitude decreased 

significantly in comparison to control trials (table 10.1). No significant differences were found in 

duration or frequency in test trials.  
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The masseter muscles were activated in 94% of the trials. Ipsilateral masseter activation response 

was obtained with 2.2 ms (SD= 0.8 ms) with a peak to peak amplitude of 31 µV (SD=12 µV) and 

contralateral motor evoked potentials with 13.4 ms (SD=1.3 ms) with 84 µV (SD=14 µV). We 

managed to decrease the masseter muscle activity to below 100 µV either by aligning the coil 

with temporalis muscle or decreasing intensity by 10% of the maximal output (i.e. in three 

patients). Although, a total of 23 test trials were excluded due to masseter muscles activity. 

2. Data obtained from BTS 

Demographic characteristics of the 15 craniotomy patients that were examined in the operating 

room are shown in table 10.2. All patients were right-handers and had Portuguese as their mother 

language.  

 
Figure 10.2 – Examples of accelerometer (ACC) recordings placed in suprasternal notch using a filter 
bandwidth 20-200 Hz. Left: words pronounced from top to bottom are finger (in portuguese, “dedo”), pencil  
(”lápis”) and leaf  (in portuguese, “folha”). We measured the total duration present, the maximum amplitude 
and the frequency (phases divided with burst duration) for each word. Note the increased frequency of the 
bottom trace acquired in female subject. Right: ACC recordings of words phonation and language 
disturbances (i.e. traces with stimuli artifact) evoked during a picture naming task (PNt) after brain 
magnetic. In top traces, ipsilateral masseter compound muscle action potential of both test trials was 
superimposed. In test trials it was possible to identify a latency increase (i.e. hesitation) in comparison to 
the control trial. Also note a semantic paraphasia (bottom trace) with the subject saying hand “mão” instead 
of finger. 

Seven patients (46.7%) presented tumors localized in frontal lobe, six (40.0%) in the temporal 

lobe and two in the insula. Forty-eight hours after surgery patient number 6 showed a conduction 

aphasia which resolved 3 months after surgery. 

 

Cortical mapping was done after anesthesia withdrawal, with the patient in a comfortable position, 

without pain and with an adequate visual field for PNt. DCS was performed using a mean intensity 

(i.e. threshold of action) of 3.7 mA (range from 3 to 5.5 mA). None of the patients presented 

seizures or tongue bites during or after DCS. However, in four patients were recorded after 

discharges which resolved with a prolonged pause of DCS and brain cold ringer lactate. 

Therefore, these were excluded from language disturbances analysis 
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Table 10.1 – Accelerometer recordings parameters evaluated after brain stimulation at opercular part of the 
inferior frontal gyrus with navigated magnetic transcranial stimulation in healthy subjects. Standard 
deviation is presented between parenthesis. 

 Onset latency Mean amplitude Total duration Mean frequency 

Word Control Test Control Test Control Test Control Test 

Car 
493 

(32) 

697 (58) 

p=0.023 

855 

(144) 

574 (202) 

p=0.032 

240 

(21) 

213 

(35) 

151 

(8) 

157 

(13) 

Finger 
515 

(38) 

723 (42) 

p=0.012 

879 

(158) 

425 (189) 

p=0.021 

320 

(31) 

282 

(42) 

149 

(9) 

137 

(16) 

Pencil 
482 

(29) 

684 (49) 

p=0.029 

1005 

(125) 

595 (212) 

p=0.011 

378 

(15) 

347 

(49) 

156 

(7) 

159 

(11) 

Leg 
534 

(43) 

692 (63) 

p=0.042 

1195 

(112) 

674 (231) 

p=0.018 

360 

(21) 

339 

(31) 
154 (10) 

145 

(18) 

Foot 
497 

(31) 

659 (54) 

p=0.038 

875 

(123) 

467 (176) 

p=0.014 

216 

(13) 

189 

(56) 

161 

(7) 

151 

(17) 

 

Table 10.2 – Demographic characteristics, presentation symptom, tumor location and histology of the 
patients enrolled to intraoperative direct cortical stimulation (DCS) in awake craniotomy. 

Patient Gender Age Symptom Location Histology 
DCS intensity 

(mA) 

1 Female 35 Seizure T A 3 

2 Male 31 Seizure F OD 3.5 

3 Male 46 No I A 3.5 

4 Male 57 Seizure T GBM 5 

5 Male 50 Memory loss P A 4 

6 Male 68 Seizure P GBM 4 

7 Female 31 Seizure T A 3 

8 Female 66 Headache T GBM 3 

9 Male 48 Seizure F A A 5.5 

10 Female 40 Seizure I NGT 3.5 

11 Male 54 Seizure F OD 3 

12 Male 38 Headache F OD 3.5 

13 Female 38 Seizure T A 4 

14 Male 61 Seizure T OD 4 

15 Male 40 Seizure F A A 3.5 

A – Astrocytoma, A A – Anaplastic Astrocytoma. F – Frontal, GBM – Glioblastoma, T- Temporal, I – Insular, P- 

Parietal, NGT – Neuroglial tumor, OD –Oligodendroglioma, OD A – Oligodendroglioma Astrocytoma. 
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DCS was able to evoke language disturbances in all the patients at opIFG but one (i.e. patient 

number 9). An error rate of 57.0% was obtained in the total 150 test trials, leading to a mean of 

5.6 positive test trials per patient for language function. Two examples of DCS evoked language 

disturbances are demonstrated in figure 10.3. In total, 84 language disturbances were evoked after 

DCS consisting in 28 hesitations, 21 pronunciation imprecisions, 16 no response errors, 2 

neologism and 3 semantic paraphasia. Similar to HS analysis, for 10 occasions, the authors 

disagreed on the presence of a language disturbance (11% of the test trials). In these cases, 

videotapes were consulted. In 2 cases, were identified hesitation errors. However, in the other 8 

test trials (occurred in patient 2, 3, 11 and 15) imprecise pronunciation errors were identified. To 

reassure a language function at that sites, DCS was repeated after a mean intensity increase of 0.8 

mA (SD= 0.3 mA) resulting in 4 speech arrest, 2 hesitation errors and 2 semantic paraphasia. In 

these cases, before adjusting intensity, the following latencies and amplitude were obtained: 1143 

ms, 1227 ms, 1089 ms and 643 µV, 697 µV, 584 µV, respectively. Despite of the latency increase 

and amplitude decrease in comparison with control trials, no statistical significance was obtained 

(p=0.067). ACC evaluated parameters are summarized in table 10.3. As in HS, significant 

differences were seen in amplitude and latency of the test trials in comparison with control trials. 

 

 
Figure 10.3 – Accelerometer recordings made during awake craniotomy direct cortical stimulation. From 
top to bottom: the first two traces were made after the patient pronunciation “this a foot, this is an arm” 
without brain stimuli (i.e. control trials). In last two traces are shown test trials with a stimuli artefact below 
accelerometer recordings In the third trace is shown a example of a hesitation error with an increase latency 
between the introductory sentence “this is” and the word” leg”. Also note an example of speech arrest after 
brain stimulus at the bottom trace with just the pronunciation of the word “this is”. Note also the smaller 
burst regarding the word “is”. 
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Table 10.3 – Accelerometer recordings parameters of word pronunciation after direct cortical stimulation 
at opercular part of the inferior frontal gyrus patients during awake craniotomy. Standard deviation is 
presented between parenthesis. 

 Onset latency Mean amplitude Total duration Mean frequency 

Word Control Test Control Test Control Test Control Test 

Car 
934 

(234) 

1632 (185) 

p=0.019 

1032 

(284) 

364 (141) 

p=0.024 

342 

(47) 

376 

(82) 

158 

(6) 

154 

(11) 

Finger 
1134 

(238) 

1863 (342) 

p=0.025 
982 (253) 

397 (152) 

p=0.036 
422 (67) 

483 

(98) 

151 

(7) 

147 

(14) 

Pencil 
869 

(229) 

1322 (149) 

p=0.041 
993 (196) 

381 (79) 

p=0.016 
457 (58) 

493 

(78) 

152 

(10) 

155 

(9) 

Leg 
1231 

(383) 

1721 (133) 

p=0.029 

1024 

(229) 

582 (196) 

p=0.028 
438 (81) 

485 

(67) 

147 

(9) 

143 

(11) 

Foot 
996 

(376) 

1432 (301) 

p=0.038 
793 (211) 

295 (96) 

p=0.029 
284 (53) 

317 

(88) 

159 

(12) 

154 

(12) 

 

Discussion 

 
Language disturbances evoked during presurgical and intraoperative brain mapping remain only 

qualitatively appraised. In our study, a ACC signal recorded from infraglottic structures using a 

EMG equipment was used to detect language disturbances. This method traduced phonation vocal 

tract oscillations, word-specific at some extent, providing a reliable quantification of the evoked 

language disturbances. For this purpose, healthy subjects and patients were recruited to perform 

a PNt while received r-nTMS and DCS at a opIFG (i.e. Broca area), respectively. Brain stimuli 

perturbed speech processing noted by increasing the time to word pronunciation (hesitation 

errors) and by slurring or decreasing the speech volume tone (articulation imprecision errors) in 

addition to speech arrest errors. ACC recordings correlated with clinical errors in the 

identification of language disturbances. In our study, we showed the utility of ACC words 

pronunciation recordings in presurgical planning. We also stressed out his complementary role in 

awake craniotomy during language brain mapping by clarifying and then identifying 11% more 

language disturbances. 

1.  Speech recording with an ACC signal 

The vocal tract resonances after vocal cord activation, induces oscillation movements in the 

adjacent glottis structures.226 These can be documented by using a piezo crystal sensor to record 

movement during a certain time (i.e. accelerometry). ACC use to record speech was already 
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described in voice studies227,228 and to detect words or syllable phonation. 199,200   However, in these 

studies vocal tract accelerometry was used aiming to detect movement as a gross motor activation. 

Therefore, authors analyzed individual parameters such as frequency or time from IS to phonation 

without studying the signal pattern during a specific word phonation. Our work group argue that 

within a controlled environment and trained instructions, subjects pronounce the same word in a 

similar way without significant changes in ACC recordings of appendix (figure 10.4), review 

previous chapter for further details).223 Therefore, we hypothesized that ACC recording 

characteristics should be used in clinical circumstances where speech production data remained 

to be quantified and their analysis could alter the course of clinical interpretation. 

 

In this study, we placed a uniaxial ACC to record speech 2 cm above the suprasternal notch using 

a filter bandwidth of 20-200 Hz. We selected this setting in order to enhance recordings amplitude 

avoiding artefact contamination by neck muscles activation at intraoperative electrical hostile 

environment in comparison with cricothyroid level. The recordings were made while subjects and 

patients took a PNt using 5 pictures set presented randomly where within the control trials was 

given a brain electrical stimuli. 

 

In order to individualize the effect of the brain stimuli, subjects “baseline” recordings were first 

made. The mean frequency obtained in ACC recordings was about 30 to 60 Hz lower in males 

and females respectively, than those reported in voices studies also performed with adult 

subjects.227 We attributed this difference to the low magnitude of higher frequencies in 

suprasternal notch in comparison with other neck sites.213 Nevertheless, the gap between males 

and females subjects found showed similar magnitude (between 30 to 40 Hz) to the reported 

studies.215 

 

The mean latency to words pronunciation in PNt control trials is also in accordance to those 

previously reported. 199,226,227 A greater latency was observed in patients performing PNt during 

awake craniotomy (table 10.1 and table 10.3). Such difference may be explained by the use of an 

introductory sentence in order to distinguish the etiology of a no response errors.141 Additionally, 

BST are under pharmacologic effects of analgesics (i.e. remifentanil), anti-convulsive drugs (i.e 

levetiracetam) and at some extent, sedation (i.e. propofol) not used by HS. Moreover, the former 

group is exposed to an environment where the experimental instructions given regarding to 

readiness and tone volume are less rigorous. 
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2.  r-nTMS mapping in healthy subjects 

Evaluation of motor function in patients with PBT using single pulse and navigated TMS, showed 

either to increase gross tumor resection when performed presurgically228 or to predict functional 

outcome when performed after surgery.229 In addition, almost perfect correspondences were 

reported between sites with motor function identified by navigated TMS and DCS.219 However, 

language function in most instances are not disturbed by single nTMS and a repetitive train of 

stimuli must be used. 25,27,230 Still, the correspondence between sites with language function 

identified by r-nTMS and DCS remains sparse. Nevertheless, presurgical r-nTMS for language 

function influence in about one third of a decision-making process of neurosurgical patients. 231,232 

For this purpose, data quantification review of the language disturbance evoked by brain stimuli 

may support the clinical evaluation in addition to videotape recordings. 

  

We recruited a HS, right-handers to perform language function mapping with r-nTMS. No 

previous knowledge about language lateralization of the selected subjects was gathered. Yet, a 

high proportion of right handers subjects are known to have a left hemispheric language 

lateralization.233 The protocol used for stimulation was optimized according with the recent 

reported studies.220, 225, 233-236 In order to obtain a high error rate, we selected an object naming task 

and applied r-nTMS at opIFG.233 Moreover, due to the lower number of test trials, we selected a 

high stimuli frequency (i.e. 20 Hz) with a train of 5 pulses.79, 234 In our study a similar error rate 

was obtained in comparison to those already reported, consisting the majority in hesitations errors 

and no response errors.219, 233-236 However, the error rate evoked by TMS was less than half 

obtained with DCS in BST. In accordance with Krieg et al (2017),225 numerous stimulations of r-

nTMS are needed at the same site to perturb cortical circuits involved in language function. 

Therefore, trained and independent specialists should evaluate the presence of disturbances to 

minimize misinterpretations in addition to session videotape review. 

 

Vitikainen et al. (2015)199 suggested a ACC based method to automatically and quantitatively 

detect the voice onset after r-nTMS. They recorded an analog signal from a three axis ACC placed 

at submandibular level where the vibration of vocal tract was considered higher than other neck 

sites. They used a EMG system built in TMS equipment with a 10-500 Hz bandwidth filter and 3 

kHz sampling rate. Using this method, a sensitivity of 96% and a specificity of 71% was reported 

for the voice onset detection in comparison with the language specialist offline evaluation. The 

low specificity of the method was attributed to the throat, extra voice movements before the 

response and to trigger related problems. In spite, of some similarities with our methodology, we 

advocate that the ACC based method is useful to either detect the onset of vocal tract vibration 

and to appraise signal oscillations in a way that one could recognize pronunciation activation 
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patterns. In such a way, that speech recording showed word-specific oscillations if the influence 

of physiological factors such as tone and articulation velocity was reduced. Once the control trials 

were performed, a visual oscillation signal (with a set of baseline parameters) was provided and 

differences were more easily recognizable whenever a discordant evaluation was given by 

specialists. Our results showed that ACC recording method was able to detect errors where the 

latency to onset was either absent (i.e. no response) or delayed (i.e. hesitation errors). The no 

response errors are known to be more frequent when a high frequency r-nTMS is used.236 Whereas 

hesitation errors are frequent when mapping the IFG, 223,236 but both type of errors were easily 

identified in real time clinical evaluation. In addition, the described method also detected a similar 

rate of errors where subjects imprecisely articulated syllables, lower their tone or substituted them 

for other sounds. These errors possibly led to a discrepancy between specialists’ evaluation and 

led to ACC recordings consultation, depicting a mean latency or amplitude deviation greater than 

2 of the mean obtained in control trials. These types of errors led in BST to clear no response 

errors after increasing DCS intensity which evoked an additional 11% language disturbances. We 

also recorded the masseter muscles to exclude an anarthria due to peripheral nerve activation and 

ACC artefact contamination (through volume conduction). In our study about 90% of the r-nTMS 

showed activation of the masseter muscles which were reduced by optimizing the stimulation 

technique.237 

 

The influence of physiological aspects such as readiness, correct syllables articulation, level of 

attention and loudness in ACC recordings parameters also contribute to ACC parameters 

deviations. The mean latency to words pronunciation was expected to increase less than 20% of 

the individual mean latency obtained in control trials if he denied lack of attention. Similar 

evaluation was made to keep the subjects volume tone during words pronunciation equivalent to 

the mean control trials. However, the physiological factor more challenging was the velocity and 

correct syllables articulation which was reflected in burst duration. In order to decrease this factor 

influence, a series of control trials were made, before applying a test trial, instructing the subject 

to maintain similar word pronunciation velocity and readiness. We advocate that for further signal 

oscillation analysis based in ACC recording to recognize word-specific waveforms, detailed 

control of these physiological factors should be performed (see discussion of the previous 

chapter). 

3.  DCS mapping in patients   

PBT surgical treatment aims the gross resection. Within the preserved brain tissue, eloquent 

parenchyma with cognitive or sensorimotor functions remains identifiable by DCS in awake 

craniotomy surgery.11,238 Recent automated setups have been described with time synchronization 

between electrical navigated stimuli and language task with videotape and sound recording built 
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on an improved software.239,240 Although, in most neurosurgery departments language DCS is 

performed with simpler setups while a language specialist in real time evaluate the presence and 

type of the language disturbances.103,240 

 

In our study, a selected set of pictures was intraoperatively presented to patients with PBT. The 

PNt in operative theater slightly differed from the one used in HS. Intraoperatively, the time to 

the word defining the object presented was measured from the moment that the probe contacted 

the brain tissue. Therefore, the electrical stimulus was not triggered simultaneously with visual 

stimuli. Such technical limitation should not have influenced negatively the number of language 

disturbances. In fact, recent studies showed a similar ability of the r-nTMS at opIFG to evoke 

language disturbances when delivering the stimuli 300ms after picture presentation in comparison 

with simultaneously presentation.224  In our setup, we estimate a similar delay of the electrical 

stimuli (in relation to the visual stimuli), yet the evoked error rate and patient outcome was similar 

to the previous reported studies.219,239 Additionally, about 300ms after the visual stimuli 

presentation in a PNt, the word production is undergoing and may be accelerated if a loud stimuli 

is given (see next chapter for further discussion). 

 

The disruption of language functions was possible in all patients but one (patient 9) after defining 

a higher threshold of action (minimum intensity to evoke a speech arrest during a counting task). 

However, in our study, the electrical stimuli did not evoked language disturbances using 

individual threshold of action (patient 2, 3, 11 and 15) but evoked with slightly higher intensity 

stimuli (mean of 0.8 mA). In these test trials, ACC recordings detected some (imprecision) errors 

which showed a non-significant parameters deviation after an assessment discrepancy between 

language specialists. These findings which could be interpreted as a DCS “false negative” for 

language function may in part be explained by: lack of sensitivity of the method used for language 

disturbances detection; tumor involvement of the opIFG in the frontal lobe73 and neuroplasticity 

process’s (patient 9)237 not revealed in preoperative functional neuroimaging. Despite of the 

etiology, the ACC recoding’s were able to detect a deviation from the mean parameters from 

control trials. Changes in the waveform pattern during control trials as and synchronic evaluation 

between stimuli and phonation, allowed further ACC recording’s analysis instead of just voice 

onset (latency). Therefore, when occurring mild and articulation imprecision errors, quantitative 

and online data readily accessible from ACC demonstrated parameters deviations. 
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Conclusion 

 
In this study, we recruited healthy subjects and patients to perform a PNt while brain stimulation 

was applied to infer the ability of an ACC to record infraglottic phonation pattern variations. ACC 

of words pronunciation was able to detect errors either through latency increase and oscillation 

pattern deviation in presurgical planning after r-nTMS. In awake craniotomy, a complementary 

role of the ACC allowed to detect subtle changes in latency and amplitude recordings in addition 

to the clinical evaluation. 
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Appendix 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10.4 – Accelerometer recordings of five pronounced words by healthy subjects (3 female, from fifth to seventh subjects). 
Recordings were made after placing the acc at midline, 2 cm above the above sternal head, using a filter bandwidth of 20-200 hz. 
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CHAPTER XI 

SPEECH EXECUTION: PREPARATION AND READINESS 

 

Introduction  

 
Preparation to perform a simple motor task implies enhancement of excitability in the structures 

required for its execution. In simple reaction time (RT) tasks, the readier the subject is for task 

execution, the lesser should be the requirement for cognitive processing.241 It is under these 

conditions that the StartReact effect may appear, 242,243 i.e., a significant shortening of RT when a 

startling auditory stimulus (SAS) is presented together with the IS (i.e. visual stimuli).   

 

A task undoubtedly involving cognitive activity is speech. 244,245 In one of their experiments, 

Stevenson et al. (2014)200 showed that the StartReact effect was present in vocalization of a 

syllable, using this observation to support cortical involvement in the physiology of the StartReact 

effect. Indeed, speech is a motor task requiring more cognitive processing than moving a limb 

segment.246 However, the relationship between cortical processes and speech production is not 

straightforward. There are example conditions in health or disease in which utterance of a word 

may be an automated action. This is the case with recurring utterances in aphasia patients,247 some 

phonic tics in patients with Gilles de la Tourette syndrome,248 mantra-type practices249 or swearing 

in response to pain.250 In all these examples, words can be uttered without intervention of 

cognitive processes or dedicated thinking.  

 

We reasoned that through experimental manipulation it would be possible to diminish the 

cognitive processing needed for speech production to a minimum; this would allow subjects to 

prepare the articulatory channels for word pronunciation in advance and up to the extent that the 

StartRact effect could be made evident. We used the Snodgrass and Vanderwart (1980)83 picture 

naming set to arrange for word pronunciation tasks with varying requirements of cognitive 

processing. In this type of test, when pictures are presented randomly, subjects require a high 

degree of cognitive processing to retrieve from memory the word corresponding to the object 

represented in the picture. 251,252 Consequently, we should not expect a StartReact effect in these 

cases since execution circuits cannot be prepared beforehand. However, we predicted that if we 

allowed subjects to know what picture to expect, then they could prepare the articulatory 

mechanisms corresponding to the selected word beforehand. If this is the case, the StartReact 

effect would be fully expressed. 
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Our aim was to improve our understanding of the relationship between cognitive and executive 

aspects of word pronunciation, considering the StartReact effect as a probe for the degree of 

preparation. We further checked the influence of preparation in word utterances by repeatedly 

presenting the subjects with a set pattern of three subsequent images thus allowing them to learn 

what picture to expect after a few repetitions. We hypothesized that, as described for limb 

movements,253 the StartReact effect would appear only when subjects have learned the sequence 

and are able to fully prepare the task-specific execution channel in advance.  

 

Methods 

 
A group of 27 healthy, right-handed subjects participated in the study (aged 25 to 66 years, 10 

women, 34 ±12 years old - mean age ± standard deviation). The Ethics Committee of the Hospital 

Clinic of Barcelona approved the study protocol and all subjects signed an informed consent prior 

to inclusion in the study.  

1. Recording pronunciation 

We attached an ACC (Pro-Tech, U.S.A) with a sampling rate of 2000 Hz over the cricothyroid 

cartilage with a filter bandwidth between 1 Hz and 200 Hz and a 16-bit resolution amplifier 

incorporated within a EMG equipment. We selected these technical parameters in order to 

detected phonation onset due to signal high amplitude (see chapter IX for further details). 

2. SAS 

The SAS was obtained by discharging the magnetic coil of a magnetic stimulator (MagStim, 

London, UK) over a metallic platform at an intensity of 100% of the stimulator’s capacity. This 

delivered an auditory stimulus of 130 dB (sound-pressure level), suitable for eliciting the auditory 

startle response).242 This was monitored by surface EMG recording from orbicularis oculi and 

sternocleidomastoid muscles, with pairs of silver cup electrodes (2 Hz to 5 KHz). We chose these 

muscles because their activation indicates that the subject has normal startle responses. 

3. Experimental procedure and study conditions 

The study conditions used for the PNt were similar to those described in the previous chapters of 

this section, and were schematically presented in Figure 11.1. Briefly, there were control trials, 

containing only the IS, and test trials, in which the presentation of the IS was accompanied by the 

delivery of a SAS. We created blocks of thirty trials presented with an inter-trial time of 20 s 

(from trial onset to trial onset). For each trial, the same sequence of black background, attention 

cue (“X” letter) and forewarning signal (“X” disappearance), prepared the subject to the visual 
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stimuli (picture) 2 s later. The IS was presented as a visual stimulus (i.e. picture). The picture was 

shown for 3 s and, therefore, the whole trial lasted 9 s, allowing for 11 s of rest from the end of 

one trial to the beginning of the next one. We divided the study in three consecutive sessions in 

different days (at least one day apart). The set up and experimental settings were the same in all 

three sessions. We ensured the quality and similarity of the recordings through measuring and 

comparing the electrodes impedance at the beginning of each session. We also selected only 

pictures whose names are either one or two syllables long, but this study was conducted in 

Spanish, instead of Portuguese.   

 

Subjects were also asked to inspect the set of 24 selected pictures before starting the experiment 

and in this case, to pronounce aloud the word as early as possible at presentation of the picture. 

The correctness of the word articulation was not evaluated, but imperceptible pronunciations were 

automatically rejected. In every condition, test trials containing a SAS were presented 

simultaneously with the IS in 6 out of the 30 trials. Presentation was semi-random, as no SAS 

were presented in any of the first 3 trials, nor after another test trial.  

i. First session 

For the first condition in the first session, subjects were asked to select one pictur and memorize 

the word defining the selected picture. This picture was used as the IS for all 30 trials. Therefore, 

subjects were expected to fully prepare beforehand the motor structures needed for pronunciation 

of the expected same word in all trials (SW condition). In the second condition, which we ran 

after a period of rest of 20 minutes after ending the SW experiment, we used the same paradigm 

but subjects were presented with the whole collection of 24 pictures shown randomly, with no 

possibility to prepare the word to pronounce (RW condition). Subjects were often reminded that 

they had to pronounce the word defining the object shown in the picture as fast as possible along 

the test. 

ii.  Second session 

Subjects were presented with the images for the PNt, as in the second condition of the first session. 

However, test trials were presented with varying intervals between IS and SAS in 6 different 

blocks of 30 trials each (6 test trials per block). Intervals IS-SAS were -100, 0, 100, 200, 300 and 

400 ms. If signs of boredom were detected, subjects were scheduled to continue the test in another 

session. With this experiment, we aimed to identify the change from cognitive to executive mode 

in the process of word pronunciation. We reasoned that, at a given interval, subjects could be 

ready for uttering the selected word after finishing cognitive processing. This might be made 

evident by the StartReact effect being significantly different for that interval with respect to 

others.254-256 On top of that, replication of the block of trials with 0 ms interval was used for the 
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evaluation of consistency of data between this session and the first one. The order of presentation 

of the 6 blocks was also semi-random.    

 

Subjects were told that this session was just a short version of one part of the second session (i.e., 

presentation of random pictures), with some variation. We used, instead, only three pictures, 

presented repeatedly in perfectly sequential order for 30 trials. The purpose was for the subjects 

to learn the sequence and, therefore, come to know the word to be pronounced at due time (learned 

word - LW - condition). We selected three pictures in such a way that the corresponding words 

to be pronounced would have a similar number of letters. This was intended to minimize potential 

differences in brain processing requirements for retrieval of each word.257 As in the other 

conditions, subjects were told at the beginning of the experiment to respond as accurately and 

rapidly as possible. In this particular condition, they were reminded to do so at the presentation 

of the 10th picture, as we considered this time sufficient for subjects to have learned the sequence. 

4. Data reduction and statistical analysis 

The primary outcome measure, RT, was the latency of onset of the first oscillation after the 

stimulus, as measured by the ACC. We also evaluated the overall shape of the response, 

characterized by number of bursts, maximum burst amplitude and duration, as secondary 

measures. These parameters were largely phoneme-specific and were expected to differ between 

words but to be rather consistent for each word. Therefore, we limited the measurement of 

amplitude, duration and number of bursts to conditions SW and LW, where there was the 

possibility to compare the outcome for each word between control and test trials. We also 

measured latency and size of the responses to SAS recorded in the orbicularis oculi and 

sternocleidomastoid muscles in test trials, using the automated area measurement method 

provided by the EMG equipment. 

 

For each condition, data were grouped separately in control and test trials. We defined the 

StartReact value as the mean percentage shortening of RT in test trials with respect to control 

trials, according to the formula: 

 

 StartReact Value (%) = 100 – ( !"#$	&"'&	&()#*'	+,
!"#$	-.$&(.*	&()#*'	+, ∗ 100).       (11.1) 

 

Before performing statistical tests, we made sure that the extracted data complied with all 

assumptions required. A p-value lower than 0.05 was considered statistically significant. Data 

comparison between control and test trials was made using one-factor ANOVA, separately for 
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each condition. For comparison of the StartReact values among conditions, we normalized the 

data by assigning 100 to the mean value of RT in control trials per subject and condition.  

 

For the condition RW, we first confirmed no differences between data obtained in the first session 

and data obtained in the second session for the interval 0 ms. These data were grouped to obtain 

a robust baseline for comparison with data obtained for the various IS-SAS intervals. For that, we 

used repeated measures one-factor ANOVA and, in case of significant differences, the 

Bonferroni’s post-hoc test.  

 

In the LW condition, in which different results were expected according to sequence learning, we 

subdivided the trials in two groups according to whether the subjects had learned the sequence or 

not. Learning was determined by the observation of consistent RT shortening in control trials 

(shorter than 25% of the mean RT for the first three control trials). To avoid uncertainties, we 

excluded from the analysis the four trials that followed the one for which learning was assumed. 

The two groups of trials (before learning; LW-1 and after learning; LW-2) were treated as two 

different sub-conditions for calculation of the StartReact value. We compared the StartReact 

value between the two sub-conditions using the paired t-test.   

 

In SW and LW conditions, the comparison of secondary measures between control and test trials 

were used to ascertain if SAS had any effect on the characteristics of ACC recordings (i.e., 

modified word pronunciation). For this purpose, we represented the data from test trials as a 

percentage of the mean among control trials for each individual and condition (counting LW-1 

and LW-2 as two separate conditions), to obtain separate StartReact values for each condition. 

Data comparison was done on the grand mean from all individuals and conditions, using a one-

factor ANOVA. 

 
Figure 11.1 – Schematic representation of the experimental procedures. Subjects were instructed to utter as 
soon as possible the word defining the picture that was shown as imperative signal (IS) in the computer’s 
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screen. Trials commenced with subjects fixating their gaze on the letter ‘X’ in the center of a black 
background. Disappearance of this symbol was the forewarning for the IS to be shown 2 s later. There were 
three different conditions: presentation of the same picture, requiring pronunciation of the same word in all 
trials (SW), randomly presented pictures, requiring pronunciation of words that subjects had to retrieve 
from memory at random (RW), and a perfect sequence of pictures, leading to learning the word to 
pronounce (LW). A startling auditory stimulus (SAS) was semi-randomly applied together with the IS in 6 
out of 30 trials for each condition. 

 

Results 

 
All subjects tolerated well the experiment with no signs of boredom or fatigue, as per direct 

questioning. The number of rejected trials was less than 5% per subject with no accumulation in 

any condition. Reasons for rejection were movement artifacts during ACC recordings (37.3%), 

noise in the laboratory environment during the experiment (38.7%), errors due to lack of attention 

(i.e., 25.0%). There were sternocleidomastoid muscles’ EMG bursts in all trials with SAS, at a 

mean latency of 76.9 ms (standard deviation, SD=10.5 ms) and in the orbicularis oculi muscles 

at a mean latency of 46.7 ms (SD= 8.7 ms). Representative examples of the ACC recordings are 

shown in Figure 11.2 for SW and RW conditions. As seen in that figure, shape of the 

accelerometric oscillations and number of bursts composing the response were consistent in 

repeated utterances of the same word. Data in all conditions had normal distribution 

(Kolmogorov-Smirnov test p>0.05) and homogeneity of variance (Levene’s test p<0.05) was 

found in each condition.  

1. SW 

Pictures preferred for this experiment were “libro” (book) and “pez” (fish), selected respectively 

by 44.4% and 27.8% of the subjects. We carried out a multiple comparisons ANOVA to analyze 

possible differences between control and test trials. Significant differences were found for RT 

(F[1,25]=9.94; p=0.004) and for response amplitude (F[1,25]=7.19; p=0.013) but not for duration 

(F[1,25]=0.80; p=0.373). Table 11.1 shows the absolute mean values for all measures. The 

StartReact value was 29.5% (SD=7.3%). Mean amplitude was 157.5% (SD=16.1%), and mean 

duration was 96.9% (SD=5.2%), in test trials with respect to control trials. In test trials, SAS 

induced bursts of EMG activity in the orbicularis oculi and sternocleidomastoid muscles, with 

mean sizes of 75.2 mV.ms (SD=12.8 mV.ms) and 83.2 mV.ms (SD=38.9 mV.ms), respectively.     

2. RW 

As expected, mean RT in control trials was longer in the RW than in the SW condition (paired t-

test; p=0.005). At 0 ms interval, pooled data from the two sessions showed no significant 

differences in mean RT between control and test trials (509 ms with SD=40 ms in control trials, 

vs 505 ms with SD=32 ms in test trials; p>0.05). However, repeated measures ANOVA showed 
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significant differences when comparison involved all intervals examined in the second session 

(F[5,21]=5.89; p<0.02). The Bonferroni post-hoc test showed shorter RT in test trials than in 

control trials only at the interval of 300 ms between presentation of the picture and application of 

the SAS (p=0.013), with a StartReact effect value of 9.0% (SD=4.9%). Figure 11.3 shows the 

mean results in the RW condition for each interval in percentage of baseline. The orbicularis oculi 

and sternocleidomastoid muscles’ bursts in SAS trials were present with no differences in size 

with respect to the SAS trials in the SW condition (p>0.05). 

3. LW 

The first control trials in which subjects showed signs of learning (i.e., shortening of RT for more 

than 25% of the first three trials) were between the 10th and the 13th trial. Therefore, depending 

on the individual performance in learning, LW-1 included 10 to 13 trials while LW-2 included 12 

to 15 trials (those remaining after excluding 4 trials following the one showing the first signs of 

learning for each individual). Table 11.1 shows the mean values for each of the two sub-

conditions. By definition, RT in control trials of LW-1 was significantly longer than in LW-2 

(unpaired t-test; p<0.001). The StartReact value was almost absent in LW-1 (see Table 11.1) but 

reached 25.1% (SD=6.2%) in LW.2. Figure 11.4A shows selected control and test trials and 

Figure 11.4B shows the mean RT absolute values for LW-1 and LW-2. The ACC response 

amplitude was larger in test than in control trials for both sub-conditions, with statistical 

significant difference in LW-2 (147.0%; SD=17%; p<0.027), but not in LW-1 (127.4%; 

SD=23.1%; p>0.05). Mean duration was not different between control and test trials in both 

subconditions. The size of the orbicularis oculi and sternocleidomastoid muscles’ bursts was not 

different between LW-1 and LW-2 (p>0.05). 

  
Table 11.1 - Reaction time, amplitude and duration of each condition tested. The values represent the mean 
(and standard deviation) of reaction time, amplitude and duration in control and test trials for each 
subcondition. 

Trials 
Control trials Test trials 

SW LW-1 
 LW-2 SW LW-1 LW-2 

Reaction time (ms) 282 (40) 437 (38) 311 (30) 200 (20)* 438 (21) 233 (10)* 

Amplitude (uv) 322 (84) 237 (90) 218 (114) 443 (54)* 302 (70) 320 (38)* 

Duration (ms) 194 (9) 249 (13) 258(14) 190 (10) 247 (10) 247 (6) 

* Statistical significance (i.e using a p<0.05 level) in the comparison of the corresponding conditions between 
control and test trials is marked with an asterisk. 
SW: Same word condition; LW-1: Trials in which the subjects have not yet learned the pictures’ sequence; 
LW-2: Trials in which the subjects have already learned the pictures’ sequence. 
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Figure 11.2 – Example of accelerometer recordings of the word uttered in conditions: same word (SW) and 
random word (RW). In 4 trials a startling auditory stimulus (SAS) was randomly presented together with 
the IS (trials marked with a small bar at onset and an asterisk). In the SW condition, the word was uttered 
significantly faster in trials with SAS than in those with no SAS (left side trials). However, there was no 
significant effect of SAS in RW trials (right side trials)- 

 

 
Figure 11.3 –Effects of startling auditory stimulus (SAS) on reaction time (expressed in percentage of the 
mean at 0 ms in the vertical axis) in the random word (RW) condition, with respect to the interval between 
the imperative signal and SAS presentation (expressed in ms in the horizontal axis). The asterisk is 
indicating the only interval for which there was a significant effect of SAS. 
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Figure 11.1 - A) Example of superimposed accererometer recordings from uttering the same word in the 
learned word (LW) condition. We show the superimposition of 10 representative control traces and of 5 
representative test trials (from different subjects) in each of the two subconditions. Note the variability of 
reaction time (RT) in control trials, shown by the light grey color, and the marked decrease of RT in test 
trials of the LW-2 subcondition in comparison to those of the LW-1 subcondition. B) Bars showing the 
grand mean RT values and their standard deviation for control and test trials in each subcondition. The 
comparison between control and test trials showed statistical significance only in LW-2 subcondition 
(asterisk). 

 

Discussion 

 
The main conclusions extracted from the results of our study are: 1. The StartReact effect takes 

place in word pronunciation tasks as in other motor tasks, provided that preparation has been 

possible; 2. The StartReact effect is inhibited during cognitive tasks related to word retrieval from 

memory, but reflex startle reaction can still take place; and 3. Prediction of subsequent stimuli 

after learning entails sufficient preparation of articulatory mechanisms for the StartReact effect 

to appear with word pronunciation. 

1. The StartReact effect and motor preparation 

The need for fully prepared motor circuits to express the StartReact effect has been reported in 

many previous publications but not for the tasks used in this study. Speeding-up the pronunciation 

of a word by a SAS has implications for better defining the cognitive and executive aspects of 

speech production. We think that in the conditions SW and LW-2 of our study, words were uttered 

after full preparation of the execution channel, in many ways similar to a ballistic hand movement. 

In fact, the mean StartReact value was similar to that observed for limb tasks.258-260  
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In the task of vocalization of a syllable, Stevenson et al. (2014)200 reported a slightly less marked 

StartReact effect than when performing hand movements. However, these authors used a 

microphone for voice recording and the difference relative to limb motor tasks could be attributed 

to the delay in reproduction of the syllable. Although our results are similar to those reported by 

Stevenson et al. (2014)200 and Maslovat et al. (2015),261 our interpretation differs: in contrast to 

these authors, we think that there is no need to invoke cortical activity to explain the StartReact 

effect when vocalization of words is already fully prepared. This does not mean, though, that 

participation of cortical circuits can be ruled out. Obviously, various cortical sites are involved in 

speech production but some speech constructs can be accessed and executed with no or little 

previous cognitive processing. This seems to be the case, for instance, in some reflex expressions, 

usually swearwords, which are used when in rage or disgust in spite of being socially 

inappropriate. It is the case also with the speech utterances of patients with non-fluent aphasia 

after a left hemisphere stroke, 247,262-264 possibly generated in a post-lexical prearticulatory 

structure accessible by various inputs even if the main language connections are interrupted. 

These repetitive utterances are considered to be stored in sites beyond the inhibitory control of 

descending tracts and, therefore, they may behave as reflex responses in non-fluent aphasia 

patients.191,247,263, Moreover, spontaneous speech may be observed at onset of speech recovery in 

patients with aphasia after a left-hemisphere stroke and who are not completely conscious of their 

utterance.247 We have not found a study on the origin of reflex swearwords or other utterances 

that healthy subjects may pronounce in certain conditions such as pain, disgust, emotional stress 

or sports competitions (both players and spectators), but it is possible that subcortical centers 

related to word pronunciation beyond cognitive control may also be responsible for them. 

2. Cognitive vs executive modes of word pronunciation 

Another relevant finding of our study is the absence of the StartReact effect in the pronunciation 

of the same words by the same subjects when cognitive engagement was required, as in RW or 

in LW1. This is likely due to the lack of motor preparation for task execution in those conditions. 

243,258 Indeed, the process of word pronunciation in PNts could arbitrarily be divided in two phases: 

cognitive and executive. These could be understood as two modes in which the brain works 

according to speech production requirements. In the cognitive-mode subjects’ attention is focused 

on understanding the image shown in the picture and retrieving from memory the word 

appropriate for its definition. This process, which we may relate mostly to cortical activity, is 

likely to be blinded to interfering inputs.265 We hypothesized that, at some point between picture 

presentation and word pronunciation, a StartReact effect could occur indicating a high level of 

preparation for task execution. In fact, in the RW condition, SAS applied at most intervals neither 

shortened nor lengthened RT. The exception was a barely significant shortening of RT (9%) at 

the interval of 300 ms after picture presentation, and a non-significant tendency to lengthen RT 
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at the interval of -100 ms. The latter indicates that an early SAS could potentially disturb the 

cognitive process as it was the case in some previous work.266 The RT shortening seen at an 

interval of 300 ms is compatible with an effect of the SAS at a time when subjects might have 

been ready for word pronunciation. An alternative to consider is intersensory facilitation. 267,268  

 

In fact, it is difficult to completely separate in practice the StartReact effect from intersensory 

facilitation, even if the two phenomena have rather different physiology: intersensory facilitation 

is understood as a reinforcement of the sensory signal activating the motor circuits through a 

conventional route, while the StartReact effect is thought to occur within the motor pathway, 

either at the motor cortex200,269, 270 or in subcortical centers. 242,271,272 

 

In any case, the size of the effect was small, not comparable with what would be expected for a 

standard StartReact effect. This raises the possibility that during the RW condition, the brain does 

not totally disengage from the cognitive-mode, but is, instead, expecting to continue the task as 

instructed. We therefore believe that the StartReact effect can only be elicited in full when the 

brain is engaged in an executive-mode and there is no simultaneously ongoing cognitive task. 

Cognitive tasks may entail some inhibition or control of inputs to the central nervous system in 

order to protect the process from potentially disturbing stimuli. A relevant observation is that SAS 

application in RW induced startle responses in the orbicularis oculi and sternocleidomastoid 

muscles. The dissociation between the startle reaction and the StartReact effect is already 

known273 but, in the context of our study, it may indicate that inputs to the central nervous system 

can be conveniently gated to protect cognitive processes. Because the whole RW task was 

demanding regarding cognitive processes, preparation of subcortical motor structures could not 

be completed prior to IS presentation and so the execution of the task only benefited from the 

SAS to a very limited degree. 

3. Effects of learning on preparation for word pronunciation  

Probably the most relevant finding of our study is the fact that the StartReact effect was observed 

with values similar to SW when subjects learned the sequence of words presented in LW. A 

similar finding was reported by Maslovat et al. (2011)253, where the authors examined how 

preparation of unimanual movements changed as a result of practice. We extend the observations 

of Maslovat et al. (2011)253 to the speech area. We considered PNt very convenient form of motor 

activity for the study of changes occurring in the degree of preparation with learning. By 

presenting only three selected pictures sequentially repeated, we expected subjects to learn the 

presentation pattern. They were reminded at due time that they were required to utter the word 

defining the picture as fast as possible, which might have been of help to some subjects to realize 

that there was a sequence present. Repeated presentation of the same pictures might have caused 
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a downgrade of cognitive demands up to the extent that the brain could disengage from the 

cognitive-mode and enter the executive-mode. In PNt a large cortical area is activated where 

speech processing takes place.274-276 It has been demonstrated that task repetition and training 

leads to reduction of task-related brain activity. 277,278 In our subjects, learning might have 

enhanced the transition from a cognitive process devoided of preparation to an executive process 

in which the task is more rapidly and automatically executed. 

 

A recent neuroimaging study showed significantly reduced brain activity in cortex (i.e left IFG, 

right dorsal anterior cingulated cortex, left superior lobule) and bilateral caudate nuclei, in healthy 

subjects after learning the appropriate name of pictures presented in both chinese or english 

language after a 8-day training sessions.279 A reduced RT to response and cognitive control was 

also reported after learning.279 In fact, would be expected that activity in many cortical centers at 

the beginning of the task would lead to a pattern of activity suppression, similar to the one seen 

with SW repetition276 indicating lesser relevance of speech-related cortical areas in uttering a fully 

prepared (or learned) single word. The basal ganglia-thalamo-cortical loops are known to have 

important functions in planning and executing actions.280-282 These primitive functions283 are 

likely to be independent from higher cognitive processing. In cases where cognitive process is 

present (i.e., unprepared actions) more time is needed to input these data to basal ganglia for 

configuration of the appropriate planning of action.280,281 Other findings from animal 

experimentation suggest that there is greater influence of nuclei of the basal ganglia in the delivery 

of inputs to reach the point of no return in RT.284 These aspects point to the basal ganglia nuclei 

as the most likely site where motor preparation for fast responding is set. From there, an increase 

in excitability may occur to facilitate responding upstream towards the motor cortex and the 

corticospinal tract, as well as downstream to the reticular formation and the reticulospinal tract, 

through the pedunculopontine nucleus and the nucleus reticularis pontis caudalis.  

4. Implications of our findings for the interpretation of the physiology of the 

StartReact effect 

 The exact pathways followed by the SAS inputs for the StartReact effect to occur are still a matter 

of debate. So far, studies on the physiology of the StartReact effect have not distinguished 

between the processes needed to retrieve and express the motor program. We thought that, if a 

cortical route is engaged, there should be a different effect when subjects are involved in a 

cognitive task than when they are fully ready for task execution. We demonstrated that this is the 

case with PNts in which subjects could be led to prepare conveniently the execution of the task 

after learning.   
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It would be an oversimplification to attribute to a single descending motor tract the execution of 

a task that involves anticipatory activity, prime movers and readiness of various circuits to prepare 

for a feedforward compensation for the inputs provoked by the execution of the task. Therefore, 

our view is that the prepared task is executed through activation of a pack of tightly linked 

commands issuing from cortical and subcortical centers. We advocate that what is relevant for 

the StartReact effect to occur is motor preparation, a concept that involves enhancement of 

excitability in various levels of the motor system. 285,286 At such a stage, the slightest excitatory 

input may activate the whole system with minimal delays between cortical and subcortical motor 

centers and it is possible that both circuits in fact work together with mutual potentiation and 

reinforcement.   
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GENERAL DISCUSSION AND CONCLUSIONS 

 
 
Human speech and language function performed using a diversity of brain, respiratory and 

pronatory structures. Such cognitive function is probably more explored than other cognitive 

functions because of the human’s aptitude to communicate in society. In patients with PBT, the 

maintenance of this function allows an increased quality of life in comparison with those patients 

with a compromised language function. Therefore, presurgical planning in patients with tumors 

near or involving known brain language network6 proposed for tumor surgical resection, should 

include neuroimaging and neurophysiological tools usage such as DTI, fMRI and nTMS.137,123 

However, evidence based on randomized double blind clinical trials remains to be shown.287,230 

Despite widely use of neuroimaging tools, the navigated TMS utility increased in the last few 

years and European groups report a strategy chance in about one third of the patients during 

surgical treatment.123 

 
In section A, an effort was made to revise the fundamental and updated knowledge about the 

biomedical technology used in clinical experiments. Overall, during clinical routine, the appraisal 

of the methods and equipment used to diagnose or to investigate a pathophysiological process is 

out of the most relevance. The knowledge about the “basics” of each technique allowed 1) to 

select the technology for that specific clinical doubt, 2) to modify and redirect the technique used 

for clinical applicability, 3) to exclude such technology from other applicability’s, and 4) to 

overthink the experiments results taking into account each limitation.  

 

Neuroimaging is based on biophysics, but if during clinical practice, this type of knowledge is 

secondary due to standardization of imaging aquisiction,96-288 in research, the signal origin and 

processing may represent different physiological phenommns.30 In addition, due to the 

development of tools which offers the opportunity to process signal imaging without financial 

and software constraints, mathematical and programing knowledge is desired. In this dissertation, 

such knowledge allowed 1) adapt Matlab based tools to perform kurtosis based tractography, 2) 

development of scripts either to perform effective connectivity analysis based on graph theory 

model or to connect a EMG to a TMS equipment in order to perform a PNt in a synchronized 

fashion between recording and magnetic or visual stimuli. In neurophysiological field, 

electronics, electrical fields and current distribution understanding is also desired. Because along 

the developed experiments an electronic device based on a Arduino microcontroller was used to 

deliver a 5V o amplifier signal recording during PNt. Connectivity analysis was also based after 

estimating a ROI with 6x6x6 mm3 which derived from the current density (0.025 cm/m2) beneath 

the bipolar electrode used for DCS (5mm apart, using 5mA). Lastly, a speech recording method 
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was developed using a uniaxial ACC and “conventional” amplifiers present in available EMG 

equipment’s and its utility, reliability and caveats were studied. In conclusion, nowadays clinical 

assessment knowledge based on purely anatomical and physiological fundaments, is needed but 

is yet not sufficient to perform clinical translation research. 

 

In section B, kurtosis based tractography of the CST and AF was estimated in healthy subjects 

and in patients with PBT using a 1.5T MRI scanner. The main purpose was to study the language 

involved white matter tracts. The DKI based estimated tracts showed a higher consistency 

(number and volume) in patients when compared with DTI based tractography, mainly for the AF 

(chapter V). Our clinical experiments intended to show that a alternatively tractography method 

is available and is compatible with high clinical output of patients. This method compensates 

some of the DTI caveats, showing a high performance within voxels with crossing fibers with 

higher microstructure complexity.40 However, the fibers delineated by DKI-tract in our 

experiments, were not tested functionally (with DCS) and the methodology used for DTI-tract 

was the same as used for DKI-tract which may imposed some limitations for the former method. 

Although, further clinical trials, should be performed using DKI-tract, mainly for CST delineation 

because when resecting a tumor, a distance of 5 mm evaluated from the point given by a 

navigation system is proposed by literature289 in order to avoid neurological motor morbidity. But 

in our neurosurgery department, just resections within 3mm from the CST showed definitive 

motor deficit (unpublished data), and in some patients, distances between 5 to 10 mm may evoke 

a motor permanent deficit.290 Therefore, these results may reflect the “non” delineated fibers by 

DTI-tract due to complexity brain microstructure (i.e. edema, cancer cells). 

 

The experiments developed in section C intended study a more cognitive component of the brain 

language function. The use of nfMRI data derived multi-language tasks BOLD activations at 

presurgical stage, do not reduce the number of DCS stimuli or decrease the time and therefore the 

patient discomfort of eCM during awake surgery.  This experiment was developed to either 

perceive the spatial resolution of BOLD activation data from presurgical planning into 

intraoperative setting. Thus, mCM could minimized the time for language CM by associating an 

high specificity technique (DCS) to a high sensitivity technique (fMRI). However, no influence 

was denoted, leading the better understanding of the fMRI caveats regarding spatial resolution in 

patients with PBT.45,125 As stated, task-specific fMRI is a sensible tool to brain language 

hemisphere lateralization and gyrus involved in language network detection. However, the 

relevance of such identified brain regions for language network is lacking leading at  false positive 

language function brain regions.291 In chapter VII and VIII, we developed clinical experiments in 

order to extract connectivity metrics from task-specific and resting state fMRI, respectively, 

through graph model theory analysis. Patients with PBT performed fMRI at diagnose and after 
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tumor regrowth, which allowed to identify intra and interhemispheric neuroplasticity mechanism 

of language function compensation. Therefore, intrahemispheric language related classical 

regions were associated with higher participation coefficient and betweenness centrality when 

PTB involved either frontal lobe or the temporal lobe. To perform such analysis, connectivity 

measures were extracted using an atlas-based approach. However, this method of analysis within 

a dysmorphic brain hemisphere may show some constraints either due to the absence of brain 

parenchyma or the presence of the brain tumor. Therefore, a SCA from brain regions with 

language function identified by DCS was driven in chapter VIII to obtain a more accurate 

estimation of the connectivity measures. In this chapter, we showed that brain regions with 

language and motor function, have a central location (i.e. betweeness centrality; participation 

coefficient) within the eloquent network showing either a high node degree or a low participation 

coefficient. As in other studies, central features of the brain regions which acts as hubs show an 

important role for the neurological function tested. Overall, these measures may provide 

complementary information about the region function within a network. Although, neuroimaging 

preprocessing and functional connectivity analysis methodology should be standardized to avoid 

processing errors. 

 

In the last section of this thesis, we intended to ensure and standardize a useful and available 

technique for speech recording. To achieve this purpose, a transductor ACC was used to record 

speech phonation during words pronunciation. Caveats and reliability measures were made in 

healthy subjects, and word-specific recordings were defined. In addition, a graphical atlas was 

provided at supplementary material of the chapter IX. However, experimental conditions should 

be controlled to ensure a reliable and reproducible word-specific graphical representation 

recorded by the ACC. In fact, preparation, readiness and loudness alters the word pronunciation 

sound (subjectively evaluated) besides language disturbances evoked by infectious laryngitis or 

brain stimulation at IFG (chapter X). Such method demonstrated to be useful for example for r-

nTMS language mapping at presurgical planning. In addition, allowed to detect language 

disturbances evoked by DCS intraoperatively during patients’ neuropsychological language 

testing. ACC of words pronunciation was able to detect clinical language errors either through 

subtle latency increase and oscillation pattern deviation. In 11%  of the discrepancy cases, current 

intensity was increased evoking language disturbance  avoiding a false negative result. In 

addition, the method developed allowed to study the mechanisms involved in speech execution. 

Vocalization may not be a cognitive function, but just a motor action without from speech 

processing. In the last chapter XI, we showed that a prepared task is executed through activation 

of a pack of tightly linked commands issuing from cortical and subcortical centers.242 The 

StartReact effect was used to demonstrate that when a cognitive processing is prepared or learned 
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in a way that a subject can anticipate it, speech execution involves various levels of the motor 

system, but without participation of classical brain regions in speech processing (i.e. IFG).   

 

This thesis aimed to contribute to the understanding of speech and language function. 

Translational experiments were developed in order to improve simple and reliable methodologies 

that could enhance speech appraisal and minimize neurological morbidity associated with surgical 

treatment of patients with PBT. This improvement was applied to presurgical planning and 

intraoperative stage patients’ management using neuroimaging and neurophysiological tools. 

Overall this thesis results contributed to speech and language pathophysiological understanding 

from the speech execution, recording to neuroplasticity mechanisms occurred during tumor 

growth to maintain speech processing capacity. 
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