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Summary 
 
Recent developments in neurophysiological methods have broadened our 

understanding of the human brain and improved management of neurological disorders. 

Electric source imaging (ESI) is a non-invasive technique which applies mathematical 

algorithms to localize the source of a given electroencephalogram (EEG) or evoked 

potential (EP) pattern in real time. This technique allows reconstructing brain activity 

measured from scalp electrodes and can be applied in the individual patient to fit 

different clinical purposes. ESI based on high-density EEG recordings significantly 

improved non-invasive preoperative evaluation of epilepsy surgery and helped to include 

patients previously not considered surgical candidates. In experimental settings, ESI is 

performed to localize areas involved in sensory processing. Brain source imaging of 

somatosensory evoked potentials (SEP) are employed during presurgical planning to 

localize the functional cortex and to avoid this region during lesion resection. Research 

laboratories apply ESI to chemosensory event-related potentials (CSERP) to elucidate 

the spatial and temporal dynamics of the olfactory pathway. Nowadays, ESI is used for 

either clinical or research purposes, since it provides objective measurements of brain 

mapping that cannot be achieved by conventional analysis which are restricted to the 

scalp surface. 
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Glossary 
 
EEG Electroencephalography 

EP Evoked Potential 

ESI Electric Source Imaging 

CSERP Chemosensory Event-related Potential 

SEP Somatosensory Evoked Potential 

VEP Visual Evoked Potential 

OEP Olfactory Evoked Potential 

LEP Laser Evoked Potential 

MRI Magnetic Resonance Imaging 

fMRI Functional Magnetic Resonance Imaging 

MEG Magnetoencephalography 

DCES Direct Cortical Electrical Stimulation 

PET Positron Emission Tomography 

SPECT Single-photon Emission Computed Tomography 

MS Multiple Sclerosis 

CIS Clinically Isolated Syndrome 

EDSS Expanded Disability Status Score 

NMOSD Neuromyelitis Optica Spectrum Disorders 

AD Alzheimer’s disease 

PD Parkinson’s disease 

CNS Central Nervous System 
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Introduction 

 

I see the sun, and if I don’t see the sun, I know it’s there. And 

there’s a whole life in that, in knowing that the sun is there. 

Fyodor Dostoyevsky. The Brothers Karamazov (Chapter 4). 

 

Like Helios, the Titan god of the sun, the brain has been an element of fascination since 

ancient Greek times. Studies from the 17th century were mainly focused on the field of 

neuroanatomy and clinical neurology. However, it was not until the end of the 19th 

century that prominent neurophysiologists Richard Caton and Adolf Beck measured 

neural activity in rabbits and dogs by means of electrophysiological recordings1. In 1929 

Hans Berger reported his results on the first human electroencephalogram (EEG)2.  

Since that moment, tremendous progress has been made in terms of EEG recording 

and analysis, hence, redefining its use as a functional imaging technique. This was 

made possible by improving the spatial resolution in terms of sampling (i.e. increasing 

the number of sensors) and applying more sophisticated signal processing techniques 

(i.e. source imaging) to examine the electrical activity of the brain3, 4. This breakthrough 

led to a change of paradigm: from EEG waveform description to topographical analysis 

and functional maps of electrical activity (i.e. electromagnetic source imaging or ESI).  

Source imaging based on multichannel EEG and evoked potentials (EP) helps to 

understand the brain generators of an activity observed on the scalp surface and can be 

applied to solve different clinical and research questions.  

During the past 20 years, ESI has thrived in the field of presurgical evaluation of patients 

with medically refractory epilepsy5, 6. It allows localizing the irritative zone and abnormal 

non-epileptiform interictal activity7, irrespective of the lesion size8, 9 and patient age10, 11. 

The main advantage of ESI over conventional imaging methods (e.g. magnetic 

resonance imaging or MRI) is its high temporal resolution, in the range of milliseconds, 

which permits to determine the onset and the propagation of the epileptic activity across 

time (i.e. network involved). Candidates for epilepsy surgery must undergo pre-operative 
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evaluation to decide if the surgical procedure can help to control seizures. For this 

purpose, definition of the epileptogenic zone is essential12. Multimodal presurgical 

workup includes high-resolution MRI imaging, video scalp EEG, neuropsychological 

evaluation and, if results are inconclusive, the following investigations can be applied: 

interictal positron emission tomography (PET), ictal single-photon emission computed 

tomography (SPECT), magnetoencephalography (MEG), and electromagnetic source 

imaging techniques (ESI)5. 

Source imaging of EP can be used to identify the eloquent cortex, which is the area 

controlling a specific brain function (e.g. motor, sensory or language). Mapping the 

eloquent cortex is useful for multiple purposes: i) to understand and locate brain 

function13, ii) to tailor surgical resections and provide good post-operative outcome in 

patients with epilepsy and/or brain tumours, while limiting possible cognitive or 

sensorimotor deficits14. EP has the main advantage of being non-invasive and is less 

time-consuming than direct cortical electrical stimulation (DCES) which is the current 

gold standard for mapping brain function. As a matter of fact, Papanicolaou and 

colleagues have recently suggested that it is more reasonable to apply invasive 

techniques only if results obtained with non-invasive methods are inconclusive or 

ambigous15.  

 

This dissertation aims at bridging the gap between traditional EEG/EP recordings and 

modern improvements in neurophysiological data analysis. In the first part, basic 

principles of EEG/EP analysis and acquisition will be described (section 1 and 2). 

Secondly, contemporary ways of measuring scalp EEG/EP will be detailed (section 3). 

Finally, suggested clinical use of modern EEG/EP analysis will be tackled (section 4), 

and experimental studies will be included (section 5). A comprehensive review on 

current clinical use of EP was included as supplementary material (appendix). 

 

1. Principles of conventional electroencephalography 

Electroencephalography (EEG) is a non-invasive neurophysiological method which 

monitors, records, and displays spontaneous electrical activity of the brain. It is used for 

diagnosis of brain pathology, specially epilepsy, encephalopathy and sleeping disorders. 

In some countries it is applied as an adjunct test to confirm brain death. 
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1.1. Generation of cortical field potentials 

For neuronal electric fields to be recorded at a distance, it is necessary that a population 

of neurons work together as a functional entity. This is the case of apical dendrites of 

cortical pyramidal cells that are oriented perpendicular to the cortical surface and 

parallel to each other in the form of a palisade. When these neurons are synchronously 

activated, extracellular currents will flow, the longitudinal components will summate, and 

transversal components will cancel-out behaving as a current dipole layer16. The electric 

field potentials generated by a given neuronal population can be recorded at a distance 

by means of electrodes17.  

Equipment for EEG recording consists of scalp/needle electrodes (see section 1.2.), 

lead wires, jack boxes, cables coupled to high-input impedance amplifiers, voltage 

dividers, filters, selector switches and a digital data acquisition system (see section 

1.3.)18. 

 

1.2. Fundamental of EEG measurement 

EEG can be recorded from human brain by the placement of electrodes on the scalp. 

Surface electrodes coated with gold, platinum, or silver (chloride) are the most 

frequently used. Needle electrodes can also be applied. 

Standard electrode placement include the 10‐20 international system or its extension to 

a 10-10 system19, 20. According to the guidelines established in 2016 by the American 

Clinical Neurophysiology Society, 10-20 system is largely enough in a clinical setting 

and the use of a 10-10 system is recommended in presurgical evaluation for epilepsy 

units21. Using anatomical landmarks on the skull in the nasion, preauricular points and 

inion, the head is divided into proportional positions (10% or 20%) to ensure equal inter-

electrode spacing and to provide full coverage of the head sphere. Electrode naming is 

based on a numbering system (i.e. odd = left; even = right hemisphere; Z = midline) and 

letter-based system (e.g. F = frontal, T= temporal lobe). 

Routine EEG uses between 21 and 32 active electrode sites. It has been acknowledged 

that spatial sampling provided by these systems is not enough in research, resulting in 

an approximation of averaged-reference data and inaccurate source localization7.  
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1.3. Digital EEG and data analysis 

Digital EEG refers to the recording, storage, and analysis of the data on the computer. 

Analog conditioning of EEG data is achieved by using a high-gain and low-noise 

amplifier and filtering devices. Digital conditioning of EEG is made through the analog-

digital converter. The advent of digital EEG allowed data to be reviewed off-line while 

manually applying frequency filters (i.e. high and low pass) and spatial filters (i.e. bipolar 

versus referential montage). These post-hoc changes allow for noise reduction and, 

thus, more accurate interpretation of the EEG. 

Traditional EEG analysis relies on visual inspection of traces and, therefore, on the 

clinician’s expertise. For this reason, EEG appraisal remains somewhat subjective. It is 

true that experienced neurologists can distinguish the type of epilepsy only by 

“eyeballing”. However, in epilepsy surgery, precise identification of epileptogenic zone is 

far more complex, and the implication is much more important. One way to solve this 

conundrum is by applying sophisticated EEG analysis (for more details see section 3.3.).  

 

2. Principles of evoked potentials  

Evoked potentials (EP) are defined as electric responses of the nervous system to 

externally induced stimulation and recorded from the scalp using a standard EEG 

electrode setting. The main role of EP is to evaluate the functional integrity of the 

sensory and motor systems. EP can detect abnormality whenever imaging techniques 

are not feasible or the results are equivocal. 

Conversely to EEG, which reflects the brain’s spontaneous electrical activity, EP are 

time-locked to a given stimulus. Since a single EP response has a rather small 

amplitude, stimulus averaging allows response summation and background noise to be 

cancelled, thus, increasing the signal-to-noise ratio.  

The response is characterized by a succession of negative and positive peaks called 

components whose shape and latency vary according to the stimulus applied. For 

instance, somatosensory EP (SEP) occur within 20ms after stimulation, whereas, visual 

EP (VEP) are long latency potentials occurring at 100ms. Peaks are named according to 

their polarity (P = positive; N= negative) and latency or as number in a sequence. 

Traditional EP analysis is based on waveform description in terms of absolute latency 
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(ms), amplitude (uV), intercomponent latency, amplitude ratio between two waveforms 

and left-to-right asymmetry.  

Since results are affected by technical factors and interindividual variability (sex, age, 

body size, etc.), a control population of healthy subjects (n>20), with no family or 

personal history of neurological disease, should be studied to establish the normative 

data set for each laboratory22. Individuals of the same age range than the group of 

studied patients should be included. A result is considered abnormal whenever it varies 

2.5-3.0 standard deviations (SD) above the mean of the control group.  

EP are named according to the stimulated neural pathway. Routine EP testing includes 

visual, somatosensory, motor and (brainstem) auditory. The type of stimulation and 

parameters (intensity, duration, stimulation rate and repetitions) depends on the tested 

EP modality. International recommended standards for clinical practice, recording and 

interpretation were elaborated for some EP modalities23-26. 

As this dissertation is based on a series of publications in the field of EP, only a few 

techniques are summarized below. Technological aspects of EP acquisition, 

interpretation, description, and clinical uses of visual, somatosensory, and olfactory 

(CSERP = chemosensory event-related potentials) will be detailed. However, this essay 

will not include an explanation on other EP modalities: auditory, nociceptive (laser) and 

motor EP. A review of the clinical use of the different EP modalities is included in this 

dissertation (see appendix)27. 

 

2.1. Visual evoked potentials  

Visual evoked potentials (VEP) quantify the integrity of the visual pathway from the 

retina to the occipital cortex. VEP measures an electrical signal that is recorded at the 

scalp in response to a light signal.  

 

2.1.1. Technical aspects 

The most common luminous stimulus is a checkerboard pattern-reversal given its low 

inter-subject reliability. Black and white check sizes and field types are adapted 

according to the clinical question. For instance, smaller checks (15’’) are more sensitive 

to foveal disorders, whereas larger check (30 or 60’’) stimulate the peripheral vision and, 

instead, minimize problems related to amblyopia. Concerning field type, full pattern 
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stimulation is routinely used, and hemi-field stimulation is applied when evaluating 

chiasmatic or retro-chiasmatic lesions. Given its high inter-individual variance, un-

patterned stimulation (flash instead of black and white checks) is reserved to patients 

who cannot fixate, namely infants, unconscious/sedated and those with severely 

impaired visual acuity.  

Electrodes are placed over the occipital region (Oz, O1 and O2), referenced to a frontal 

electrode25. Main components include a succession of negative-positive-negative peaks 

labelled as N1 peaking at 75ms, P1 peaking at 100ms and N2 peaking at 145ms. 

Changes in latency, amplitude and waveform topography are reported. However, 

difference in P1 (P100) latency and inter-ocular variance of this component is the most 

reliable measurement in clinical practice.  

 

2.1.2. Clinical correlates 

VEP and its multifocal variant (mf-VEP; stimulating up to 60 simultaneous sectors of the 

visual field), are used to assess optic nerve damage28. Since VEP latency reflects the 

“myelin status” of the optic nerve, it is helpful in assessing demyelinating disorders of the 

central nervous system (CNS), for example multiple sclerosis (MS) and neuromyelitis 

optica spectrum disorder (NMOSD)29, 30.  

MS is a chronic autoimmune condition, which affects young adults, and is characterized 

by axonal loss, demyelination, and astrocytic gliosis. Disease diagnosis requires 

objective evidence of CNS lesions disseminated in time and space, typical clinical 

presentation, and exclusion of an alternative diagnosis. The McDonald criteria for 

diagnosing MS were revised in 2017 and allowed shortening the time to diagnosis31.   

NMOSD is distinct from MS in that is associated with serum aquaporin-4 

immunoglobulin G antibodies (AQP4). Clinical features, imaging findings and treatment 

response also differs from MS. The core clinical characteristics required for patients with 

NMOSD with AQP4 antibodies include damage in the optic nerve (more than half of the 

optic nerve length or including optic chiasm), spinal cord (extensive transverse myelitis), 

area postrema, brainstem, cerebral parenchyma, or diencephalon32. 

Historically, VEP were used to support MS diagnosis but they were swiftly replaced by 

MRI31, 33. Curiously, a recent observational real-life study showed that MS misdiagnosis 

is not unusual (up to 24%), and it mainly occurs due to misinterpretation of nonspecific 
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MRI findings (e.g. non-specific white matter abnormalities). Authors suggested that a 

normal VEP exam can help to differentiate from other MS mimics with a negative 

predictive value of 92.5%34. In addition, several trials used EP to monitor disease 

progression under disease modifying treatments35 and to predict future disability for up 

to 20 years36. Finally, the advent of neuroprotective agents repurposed the use of VEP 

as a biomarker for remyelination and treatment response in MS trials37-39.  

Although EP measurements are frequently used in MS, few data are available on its 

clinical value in NMOSD. A recent longitudinal study showed increased VEP 

abnormalities in a cohort of 167 patients with NMOSD despite the absence of acute 

visual symptoms (i.e. optic neuritis)40. In addition, a comparative study with optical 

coherence tomography showed superiority of VEP in assessing asymptomatic visual 

impairment in NMOSD41. To sum up, these findings support the diagnostic (i.e. ruling-

out MS mimics), prognostic and monitoring value of VEP in demyelinating CNS 

disorders and optic neuropathies. 

Pathologies which alters conduction in the retino-striate pathway will result in VEP 

abnormalities. This includes optic nerve damage of tumoral (e.g. glioma), toxic (e.g. 

alcohol, medication such as tacrolimus or ethambutol), ischemic, nutritional (including 

vitamin B12 deficiency), genetic (e.g. Friedreich’s ataxia, mitochondrial disorders, 

albinism) or compressive origin (e.g. sarcoidosis) (for a review see Holder, 200442). VEP 

are frequently delayed in different eye conditions, namely glaucoma and amblyopia43. It 

is also extremely helpful in the assessment of functional visual loss and detection of 

malingering44. This list is indicative only and non-exhaustive.  

 

2.2. Somatosensory evoked potentials  

Somatosensory EP (SEP) assess the entire sensory system, from the peripheral nerve 

to the somatosensory cortex via the dorsal column pathways. They are used in a variety 

of clinical settings (see section 2.2.2.). 

 

2.2.1. Technical aspects 

The most frequently stimulated sites include median nerve at the wrist for the upper limb 

and tibial nerve at the ankle for lower limb evaluation. Cranial nerves (trigeminal), ulnar 

nerve and peroneal nerve can also be assessed.  
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Transcutaneous electrical stimulation is applied to a mixed nerve using a constant 

current/voltage stimulator. Stimulus intensity is adjusted to elicit a painless thumb/toe 

twitch, probably leading to simultaneous activation of cutaneous, muscle and joint 

afferents, as well as efferent fibers (muscle)45. Unfortunately, this is considered a 

drawback of the technique, which is sought to stimulate both sensory and motor 

cortices. Other stimulation techniques such as thermal, laser (pain pathway) and 

vibrotactile (skin mechanoreceptors) stimulation were developed to specifically activate 

the spino-thalamic and the lemniscal pathyway, respectively46-48. Nevertheless, these 

are not used in routine clinical practice. 

Electrodes are placed along the neuraxis at a peripheral (Erb’s point or popliteal fossa), 

medullar (cervical, lumbar), and scalp level (centroparietal ipsilateral and contralateral to 

the stimulated side, centroparietal midline)23. Several components are recorded at these 

sites: 1) the first waveform constitutes a peripheral response arising at 9ms for the upper 

limb (N9) and 8ms for the lower limb (N8), 2) followed by a negative potential ascending 

from the spinal cord (upper limb: N13; lower limb: N22), 3) then a negative peak 

originating from multiple generating sources from the brainstem and the thalamus (upper 

limb: N18; lower limb: N34) and, 4) finally, a main component originating from the 

primary somatosensory cortex (upper limb: N20; lower limb: P37). Criteria for 

abnormality include prolonged absolute latency and interpeak latencies, as well as the 

absence of the abovementioned components determined by visual inspection. 

 

2.2.2. Clinical correlates 

Sensory function is difficult to assess and is based on subjective observations that are 

verbally expressed by the patient. SEP provides an objective and functional assessment 

of the somatosensory pathway and can help on patients with diagnostic uncertainty. 

Until the advent of imaging methods, SEP were used to depict subclinical lesions or to 

validate sensory complaints49. Currently, SEP is considered complementary to structural 

exams (MRI) and clinical examination. 

The role of EP was largely studied in MS. Initially, they were performed as a decision 

diagnostic support50, 51. Nevertheless, with the establishment of the 2010 McDonald 

revised diagnostic MS criteria, clinical and radiological features prevailed and EP were 

disregarded52. With time, SEP were reappraised as a monitoring and prognostic tool in 
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combination with other EP modalities (i.e. establishing EP scores)53. In an early study, 

combined abnormal SEP and motor EP performed at disease onset, were highly 

predictive of clinical disability (Expanded Disability Status Scale or EDSS) at five years 

(OR 11.0)54. Further retrospective studies showed similar results53, 55-57, suggesting that 

SEP may be useful to identify MS patients at high risk of long-term disease progression 

and guide on the decision-making process regarding disease modifying therapies35.  

The role of SEP in non-traumatic comatose patients has been largely established58, 59. 

Bilateral absence of cortical median nerve SEP predicts poor outcome in 

hypoxic/ischemic brain damage and, thus, can help to decide on withdrawal of life 

sustaining therapies. Despite a low pooled sensitivity (around 46%), SEP is highly 

specificity with a 0.7% false positive rate for poor outcome, as described on a systematic 

review including eight studies59. However, to avoid overinterpretation of SEP results, this 

decision must be based in a multimodal approach by means of neurological 

examination, auditory EP mismatch negativity, EEG and brain imaging60, 61. Modern 

EEG recording by means of ESI was applied in research studies to detect transition into 

different brain states62. To our knowledge, no study has been reported so far on SEP 

source imaging and coma prognostication. It would be interesting to know if this 

technique provides additional information to conventional SEP (i.e. gain in sensitivity).  

SEP are used in a preoperative and intraoperative setting to guide surgical resections of 

lesions which are lying in functional areas. The main aim is to avoid permanent 

postoperative neurological damage. Intraoperative SEP monitoring is performed to 

obtain a “real time” picture of the entire sensory system all through surgery. Clinical uses 

for intraoperative SEP monitoring include intracranial and spinal surgery, as well as 

cerebrovascular interventions (for a review see MacDonald et al. 201963). Some 

limitations of the technique are mainly related to anaesthesia and other physiological 

variables (i.e. hemodynamic, temperature, etc.). These variables can modify the EP 

response64. International recommendations were established for intraoperative 

monitoring with SEP63. Preoperative assessment in patients with drug resistant epilepsy 

and in neuro-oncology will be detailed in section 3.2. 

 

Optimal recording conditions, criteria of abnormality and clinical use has not yet been 

well established in other EP modalities. Non-routine examination comprises pain-related 
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laser evoked potential (LEP), chemosensory event-related potentials (CSERP), 

vestibular myogenic (VEMP), multimodal assessment (mmEP) (for a review see 

Lascano et al., 2017)27.  

 

2.3. Chemosensory event-related potentials 

Olfactory dysfunction is a frequent complaint encountered by the ear and nose 

specialist. It is observed in neurodegenerative disorders or as a complication of head 

trauma or post-viral infection. Chemosensory testing should be considered to determine 

the severity of the complaint, provide safety counselling, start olfactory training (i.e. 

sniffing a set of odorants) and propose therapies (intranasal vitamin A and oral omega-

3)65.  

Chemosensory examination includes i) psychophysical assessment, including tests of 

odour threshold, identification or discrimination by means of sniffing sticks, and ii) 

electrophysiological tests: electro-olfactogram (i.e. potentials measured at the level of 

the olfactory epithelium) and CSERP (for a review on olfactory assessment see Doty 

2015)66. As opposed to psychophysical tests, which depend on the subject’s ability to 

cooperate, CSERP provide an objective and reliable measure of the entire olfactory 

pathway.  

 

2.3.1. Technical aspects 

Odour stimuli is delivered into the nostril by means of a computer-controlled 

olfactometer. This device allows precise administration of a rectangular-shaped stimulus 

into an odorless and constant airstream, trying to reproduce a “physiological” setting and 

avoiding irritation of the olfactory mucosa. Different odour types, scent concentrations, 

stimulus duration, flow rate and interstimulus interval are applied to suit the clinician’s 

needs (see section 2.3.2).  

Electrodes are placed in the midline (Fz, Cz and Pz) and in centro-parietal locations (C3, 

C4), referenced to linked earlobes. A minimum of 10-30 consecutive artefact-free trials, 

separated by an interstimulus interval of > 1 second, are required to measure reliable 

responses and avoid habituation. Typical CSERP response includes a negative-positive 

complex (N1-P2) peaking between 200-700 ms. Earlier (P1) and later components (P2-
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P3) are inconstant and depend on the stimulus property. CSERP response also varies 

according to demographic factors, for example gender and age67. 

 

2.3.2. Clinical correlates 

CSERP have received increasing attention in the past 20 years. Ear, nose and throat 

clinics propose the use of CSERP as a complementary tool in the assessment of 

olfactory dysfunction, especially if the nature of the problem is unclear68.  

Post-viral anosmia, following an infection of the upper respiratory tract, is one of the 

main causes of olfactory dysfunction in adults. Smell loss is a common complaint in 

patients with coronavirus disease 19 (COVID-19) given the probable neurotropic 

properties of the virus69. Although the exact mechanism underlying olfactory dysfunction 

in COVID-19 is poorly understood, viral infection can be responsible of damage of the 

olfactory mucosa and the olfactory receptor neuron. In this sense, CSERP can help to 

establish prognosis of the olfactory disorder70. A study by Rombaux and collaborators 

performed in 27 patients with post-infectious olfactory loss showed that persistence of 

CSERP predicts a favourable outcome with an 83% specificity71. 

Several CSERP studies were performed to better understand olfactory function in 

neuropsychiatric disorders72, neurodevelopmental delay73, neurodegenerative diseases 

(Alzheimer’s and Parkinson’s74), MS75, temporal lobe epilepsy76 and sino-nasal 

diseases. Although CSERP showed its ability to detect olfactory dysfunction in these 

group of patients, how the results apply to an individual subject and to solve a unique 

question is currently unknown. In addition, the lack of clinical practice guidelines and the 

high machinery cost, make CSERP difficult to apply in routine. For more information 

concerning future perspectives of the technique see section 4.3. 

 

3. Electroencephalography as a functional neuroimaging method 

The use of specialized techniques to examine brain function is referred to as functional 

neuroimaging and has revolutionized the way we study neuroscience in humans.  

Functional neuroimaging is used to explore how human brain works and the way it is 

connected. For this to occur, the technique should provide an optimal spatial and 

temporal resolution as well as complete spatial coverage. Unfortunately, most imaging 
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methods do not possess all these properties and a trade-off must often be made 

between spatial and temporal accuracy.  

 

3.1. Brain functional imaging techniques  

Modern functional neuroimaging methods can be divided into two groups: i) 

electromagnetic-based devices, by means of EEG and MEG, and ii) hemodynamic 

techniques, namely functional magnetic resonance imaging (fMRI) and PET. All these 

methods have their advantages and disadvantages.  

There is a clear trade-off between metabolic-based and electromagnetic-based 

methods. While the first provide an excellent spatial resolution, in the order of mm3, the 

second offers measurements with a superior temporal resolution, in the millisecond 

range77, 78. The temporal resolution with: i) fMRI is limited by the slow hemodynamic 

response time (in seconds), and with ii) PET is constrained by the measurement of the 

radiotracer activity and imaging reconstruction (in seconds or minutes). In a nutshell, 

EEG and MEG capture ongoing human brain physiological changes much better than 

other brain imaging techniques (such as fMRI or PET scanners), while providing good 

quality resolution in the space domain.  

Although EEG and MEG are very similar methods, the former records brain electrical 

fields, while the latter measures brain magnetic fields. Several studies suggest that 

localization precision with EEG can be superior to that of MEG, provided they present 

the same number of sensors79. This is partly because EEG is sensitive to both radial 

and tangential dipoles, whereas MEG signals are mainly generated by intra-neuron 

currents derived from tangentially oriented sources to the surface of the scalp80, 81. The 

advantage of one technique over the other is still a constant matter of debate79, 82, 83; 

nonetheless, EEG has the benefit of being more affordable and readily available on a 

clinical setting.  

 

Recent engineering approaches have been developed to improve the spatial resolution 

of these modalities, called (electrophysiological) source imaging. Typically, these 

approaches require a large spatial coverage by means of electrodes in case of EEG and 

sensors with MEG recordings. 
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3.2. High-density electroencephalography  

Standard electrode placement provides an incomplete coverage of the human skull (for 

more details see section 1.2.). In order to obtain good spatial resolution, the 

International Federation of Clinical Neurophysiology (IFCN) recommend the use of at 

least 75-256 scalp electrodes to record EEG in a research setting, especially in non-

invasive epileptic source localization84. This is referred to as “high density EEG”. These 

recommendations are based on several studies showing epilepsy focus misplacement 

whenever conventional EEG setup was applied (i.e. < 32 electrodes). Conversely, more 

accurate localization was obtained while using a larger number of sensors and individual 

head template models3, 85, 86.  

Moreover, powerful multi-channel EEG recording systems with high sampling rates and 

complex software were manufactured to keep up with the increasing number of 

electrodes87, 88. With the advent of commercially available multichannel EEG systems, 

mapping of the scalp electric field became possible. However, the cost of the equipment 

and the required computational expertise could be considered a downfall. 

 

3.3. Mapping and electric source imaging  

In electrophysiological terms EEG/EP mapping is sought to be a precursor to electric 

source imaging (ESI) since correct analysis of these scalp field maps provide valuable 

information on the underlying sources in the brain. Scalp EEG can be portrayed as a 

constantly changing map constituted of shifting electric currents originated from the 

underlying post-synaptic potentials. Since each electrode represents a current sample 

point; an increasing number of electrodes will improve the “map’s resolution”. 

The aim of ESI is to study a specific brain function and relate it to its architectonic 

structure89, 90. However, there are several constraints that need to be solved: the EEG 

forward problem (calculate the potentials at the electrode position from an intracranial 

source) and inverse problem (find the underlying brain generators which are generated 

by a measured EEG).  

To reach the scalp, pyramidal cell post-synaptic potentials must pass through several 

layers of brain tissue, cerebrospinal fluid, skull, and skin, with different conductivities, 

thus attenuating the electric fields. This current flow attenuation needs to be properly 

modelled to determine the scalp field map recorded by a set of electrodes and 
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generated by a given source, this is known as the EEG forward problem91. The use of 

realistic three-dimensional head models based on accurate co-registration of scalp 

electrodes’ position with the MRI volumes, allow to solve the forward problem. Local 

skull thickness on the individual head and exact electrode position are applied to 

determine how that electrical activity relates to the different sources in the brain. It is 

highly recommended to use the individual MRI of the patient to build the head model. 

Amongst the different head models, boundary-element and the volume element 

methods are the most frequently applied (for a review see Michel and He)92. 

An understanding of the so-called forward problem is necessary to approach the inverse 

problem. The EEG inverse problem tries to find the electrical intracranial source which 

better explains the result observed on a surface EEG (source reconstruction). The main 

limitation of the inverse problem is that there is no single solution93. The only way to get 

around this conundrum is to assume that neural sources are better described by a given 

model (i.e. equivalent dipoles, distributed solutions) and, subsequently, reduce the 

number and spatial configuration of possible solutions. The choice of a model depends 

on the type of dataset and the number of neuronal generators. Some inverse solutions 

restrict the number of sources (e.g. equivalent dipoles)94, while others represent the 

brain activity with several points distributed across the entire space (e.g. distributed 

solution)95. The latter has the advantage that it considers the brain as a “network”, which 

can be particularly useful while analysing epileptic activity. To this day, no consensus 

has been established with respect to the choice of head modelling and the inverse 

solution algorithm. Several academic and commercial software packages for EEG/MEG 

source localization are available. For a recent review on the technical and 

methodological aspects of ESI see Michel & Brunet 201996. 

 

4. Clinical yield of high-density electric source imaging 

4.1. Presurgical localization of the epileptic focus 

About a third of people with epilepsy are drug-resistant and many of them are potential 

surgical candidates (50% will be candidates and 2/3 seizure free)97, 98. However, 

accurate localization of the cerebral abnormality that might cause epilepsy can be quite 

challenging. The main aim of surgery is to achieve seizure freedom, although this is not 

always achieved. 
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Characterization of the epileptogenic zone has evolved across time. Luders and 

colleagues defined it as “the area of cortex that is necessary and sufficient for initiating 

seizures and whose removal is necessary for complete abolition of seizures”99. 

However, there are other areas interacting with the epileptogenic zone which are also 

responsible for epileptic seizures: the irritative zone (interictal epileptic spikes 

generator), the seizure onset zone (seizure generator), the symptomatogenic zone (area 

producing ictal symptoms), the epileptogenic lesion and the functional deficit zone 

(malfunctioning area during the interictal period). Unfortunately, the epileptogenic lesion 

is not always visible in brain MRI. Around 16% of patients with drug resistant epilepsy 

presented with normal MRI and only 38% became seizure free after surgery (versus 

66% in the MRI positive group)100. Proper identification of the epileptogenic zone and 

potential overlap with the other areas, particularly in MRI negative patients, may lead to 

surgery and, ideally, increase the likelihood of seizure freedom. 

At present, there is no standalone technique which can reliably detect the epileptogenic 

zone. Presurgical evaluation of the epileptic candidate includes a multimodal approach12 

by means of semiology, neuropsychological exams, PET, high-quality structural MRI, 

video-EEG telemetry, ictal single-photon emission computed tomography (SPECT), 

MEG. When these techniques are concordant, epilepsy surgery can be proposed, 

provided that the epileptogenic zone is not lying in areas of the cortex that are vital for 

language, sensorimotor or other cognitive functions (for further information on mapping 

the eloquent cortex see section 4.2.). This highlights the importance of a multimodal 

approach in the presurgical assessment of epilepsy. 

Current technological advances in terms of EEG/MEG recording and analysis, motivated 

the use of EEG and/or MEG source imaging to estimate the underlying brain activity 

using an electric conduction model constructed from the individual patient’s MRI (for 

further information see section 3.3.). ESI has proven its worth in identifying interictal and 

ictal epileptic activity, and, thus, assist clinicians to determine the epileptogenic zone. A 

recent study showed that interictal ESI maximum correlated with the seizure onset zone 

recorded with intracranial EEG in 38 patients with focal epilepsy. The resection of the 

depicted area was associated with a favourable surgical outcome101. Moreover, 

resection of the seizure onset zone without including areas presenting with interictal 

epileptiform abnormalities resulted in poor surgical outcome in 6/13 patients with lateral-
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temporal and extra-temporal epilepsy102. However, these results cannot be generalized, 

since accurate localization of the irritative zone does not always imply that lesion 

resection will lead to seizure control. 

Despite the advantages of the technique a survey on the clinical use of ESI across 

Europe showed that only 9/25 centres applied this technique as part of their multimodal 

diagnostic workup103. This might be due to technical and financial reasons. ESI requires 

expertise in analysing the EEG and advanced computer skills to process the data (e.g. 

spike selection, co-registration of patient’s MRI, source localization). Recent efforts have 

focused in developing a semi-automated spike detection method and source localization 

from long-term EEG recordings. Results were compared to seizure-free outcome at one 

year, showing a 78% of diagnostic accuracy104. Automated detection of interictal activity 

is an interesting alternative, to improve analysis procedure. 

 

4.2. Preoperative mapping of the eloquent cortex 

4.2.1. Non-invasive localisation of the somatosensory cortex  

Localizing and delineating the eloquent areas prior to surgery is extremely important if 

planned resection occur near these areas. This is particularly relevant during 

preoperative assessment for epilepsy surgery (see section 4.1.) or brain tumours. Since 

certain lesions can distort visual inspection of anatomical structures in the MRI, accurate 

preoperative delineation of the central sulcus by means of SEP and/or motor mapping is 

crucial to ensure successful outcome in intracranial surgery. Sensory and motor 

mapping can be combined to optimize localization results. 

As opposed to fMRI, SEP has the advantage of evaluating “real-time” changes of the 

sensorimotor systems for a relatively low cost and, due to its good safety profile, it can 

be repeated several times on the same patient. However, fMRI provides a more 

accurate spatial resolution. Combination of both techniques could allow for more 

accurate identification of the eloquent cortex, providing better surgical outcomes. 

Preoperative SEP is nowadays possible by means of ESI and can be used to: i) predict 

post-operative outcome, ii) for medical-legal reasons and, iii) to identify and avoid 

functional sensory cortex surrounding the unhealthy brain tissue. Although very few 

centers perform source imaging based SEP recordings, it can be used as part of a 

multimodal evaluation in association with other neurophysiological techniques (i.e. 
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electrocortical stimulation, motor EP, MEG) and imaging methods (i.e. functional MRI) to 

minimise the risk of causing long-lasting deficits.  

Besides electrical stimulation of the median and tibial nerves, other methods were 

developed to specifically activate the somatosensory cortex, while avoiding participation 

of the motor cortex: pneumatical, vibrotactile, nociceptive (laser EP or LEP), etc48, 105. 

However, these methods are not part of the routine evaluation of a patient with sensory 

complaints in a presurgical setting.  

In this essay, we present a method for presurgical evaluation of the somatosensory 

cortex by means of a painless pneumatical tactile stimulation combined with modern 

analysis of EP (i.e. ESI). Localization accuracy will be assessed in comparison with 

invasive procedures and fMRI in a group of pharmacoresistant epilepsy patients and in 

healthy subjects. 

 

4.2.2. Neuroanatomical correlates of olfactory function 

Unlike other sensory modalities, olfaction bypasses the thalamus, sending projections 

directly to the piriform cortex and, later, to other brain regions. Even though the 

anatomical circuitry has been largely established in animal models106 and imaging 

studies107, little is known about the spatio-temporal dynamics of olfactory processing in 

the human brain.  

Initial neuroimaging investigations of the human olfactory system were conducted in the 

early 90’s, using PET and fMRI, and provided important information on the structures 

involved in smell108, 109. As stated above, these techniques render a high spatial 

resolution with a low temporal precision (see section 3.1.). For this purpose, 

electrophysiological measurement of olfactory function by means of CSERP were 

developed. CSERP responses vary in terms of amplitude and latency according to the 

stimulated nostril, age, sex, odour characteristic (hedonistic versus aversive 

compounds) and concentration67.  

While hemispheric specialization of cognitive domains such as language and 

computation are well established, lateralization of olfactory processing is currently 

unknown. Several studies proposed a right hemispheric dominance in the treatment of 

olfactory information, relationship with the hand-dominance and the olfactory bulb 

volume was suggested108, 110.  
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This dissertation presents the first CSERP study recorded with EEG source imaging in 

healthy volunteers. It provides additional information on the spatio-temporal neural 

dynamics in processing of olfactory sensory stimuli.  

 

4.3. Olfactory assessment in neurological disorders 

4.3.1. Presymptomatic detection of neurodegenerative diseases 

Olfactory dysfunction is one of the earliest pre-clinical signs of Parkinson's disease (PD), 

Alzheimer’s disease (AD) and subjects with mild cognitive impairment (MCI)111. Even 

though the mechanisms underlying olfactory loss are different between AD and PD, it is 

known to correlate with disease stage112 and is independent of normal-aging smell 

loss113. A recent meta-analysis including almost 80 scientific publications, suggested 

that PD’s olfactory dysfunction is partly explained by a peripheral olfactory process 

impairment (i.e. abnormal sniffing pattern) rather than a disturbance in higher-order 

cognitive skills. The opposite seems to be true for AD113. However, in terms of 

electrophysiological findings, there is no such distinction, since both disorders are 

associated with prolonged latency but normal amplitude of CSERP components74.  

CSERP latencies of late components (P3) were significantly prolonged in asymptomatic 

individuals carrying the E4 allele of the apolipoprotein E gene (APOE4)114, 115. These 

individuals are sought to be at risk of AD, cognitive decline and vascular diseases as 

compared with those carrying the E3 allele. The identification and validation of markers 

for diagnosis and follow-up of AD and other forms of dementia is extremely important. 

Accurate diagnosis of AD can be difficult in elderly patients presenting with combined 

cognitive, behavioural, and affective complaints. CSERP could be used as a screening 

tool for dementia in patients with early cognitive complaints and to differentiate from late-

life onset depression116. Early disease detection and staging, together with 

cerebrospinal and plasma biomarkers, can be useful to select candidates for treatment 

trials in AD. Given that these therapies aim at reducing the neurodegenerative burden of 

the disease, CSERP can serve as a follow-up tool, with a satisfying test-retest reliability, 

for degenerative olfactory changes in AD. 

Although PD is generally thought of as a movement disorder, several non-motor 

symptoms, including loss of the sense of smell and sleep disorders, occur at early 

stages of the disease. Conversely, cognitive decline does not emerge until late in the 
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progression of PD. Abnormal smell function assessed by CSERP predicted early 

cognitive decline (i.e. Montreal cognitive assessment score) in recently diagnosed 

patients117. In this study, CSERP was capable to predict cognitive impairment in PD.  

In addition, odour assessment can help to distinguish between PD and tauopathies 

associated with parkinsonism: corticobasal degeneration and progressive supranuclear 

palsy118. However, olfactory ability should not be used to distinguish multiple system 

atrophy and dementia with Lewy bodies from PD. Olfactory function is also affected in 

these diseases and even predicted conversion to dementia with Lewy body in a group of 

9/34 (26.5%) patients with REM sleep behaviour disorder at 2.5 years119.  

It becomes evident that olfaction provides a window for understanding 

neurodegenerative diseases. However, there is a strong need for the application of 

reliable tools with low inter-rater variability to evaluate the olfactory function. To 

conclude, CSERP is a reliable method and several studies have proven its worth in the 

early diagnosis, prediction of cognitive impairment and assessment of treatment 

response in neurodegenerative diseases.  

 

4.3.2. Prognostic value in neuro-oncology 

A recent study showed a strong correlation between olfactory dysfunction and 

unfavourable outcome in a cohort of 73 patients with gliobastoma multiforme120. 

Interestingly, there is no correlation between olfactory function and MRI findings, since 

both patients and controls (i.e. subjects with other neurological diseases) showed no 

radiological abnormalities in the olfactory pathway. Although neurotoxic effects of 

radiotherapy and chemotherapy cannot be ruled out, it has been hypothesized that 

malignant stem-like cells might infiltrate the olfactory bulb, thus, causing olfactory 

impairment. We can postulate that olfactory testing including CSERP could help to 

predict patients at risk of developing a more severe disease course. 

 

4.4. Prognostic marker in multiple sclerosis 

MS is a disease with an heterogenous presentation and different disease subtypes 

(progressive versus relapsing-remitting forms). The treatment of MS is evolving rapidly 

with an increasing number of therapies. Current treatment target is to achieve “no-

evidence of disease activity” (NEDA): absence of inflammatory activity on MRI, clinical 
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relapses, and disease worsening (EDSS score). Patients achieving NEDA at two years 

had a positive predictive value of 78% for lack of progression at 7 years121. Specialized 

MS centres are also including brain atrophy and neurofilament light chain concentration 

into the equation (NEDA-5). It makes sense to adopt a composite score using different 

clinical and paraclinical studies. EP has many advantages over other paraclinical 

studies: it can be repeated numerous times and at different stages of the disease, it is 

relatively cheap, and it is very easy to perform. 

Although several studies have proven the use of multimodal EP in predicting clinical 

evolution in MS (see section 2.1.2. and 2.2.2.), some evidence exists concerning the 

added value of ESI as a prognostic marker. Microstate analysis of high-density EEG 

performed in 53 relapsing-remitting MS patients showed a correlation between altered 

temporal fluctuation of scalp topographies, decreased cognitive performance and an 

increased two year annualized relapse rate122. We can hypothesize that 

electrophysiological tools could be use in MS disease prognosis and treatment 

monitoring, together with imaging and biological biomarkers. However, further studies 

are required to validate this finding. 

 

5. Experimental studies 

This dissertation is based upon five studies which were published in peer-reviewed 

journals:  

I. Brodbeck V, Spinelli L, Lascano AM, Wissmeier M, Vargas MI, Vulliemoz S, Pollo C, 

Schaller K, Michel CM, Seeck M. EEG Source Imaging: a prospective study of 152 

operated epileptic patients. Brain 2011; 134: 2887-2897. 

II. Lascano AM, Pernegger T, Vulliemoz S, Spinelli L, Garibotto V, C. Korff, Vargas MI, 

Michel CM, Seeck M. Yield of MRI, high-density source imaging (HD-ESI), SPECT 

and PET in epilepsy surgery candidates. Clin Neurophysiology 2016; 127: 5-7. 

III. Lascano AM, Grouiller F, Genetti M, Spinelli L, Seeck M, Schaller K, Michel CM. 

Surgically relevant localization of the central sulcus with high-density SEP compared 

to fMRI. Neurosurgery 2014; 74: 517-26. 

IV. Lascano AM, Hummel T, Lacroix JS, Landis B, Michel CM. Spatio-temporal 

dynamics of olfactory processing in the human brain : an event-related source 

imaging study. Neuroscience 2010; 167: 700-708. 
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V. Lascano AM, Brodbeck V, Lalive P, Chofflon M, Seeck M, Michel CM. Increasing the 

diagnostic value of evoked potentials in multiple sclerosis by quantitative topographic 

analysis of multichannel recordings. J Clin Neurophysiol 2009; 26: 316325. 

All studies applied modern techniques for electroencephalography (EEG) and evoked 

potentials (EP) recording and analysis, by means of electric source imaging (ESI), to 

solve a given research question in different neurological domains: epilepsy, MS, and 

olfactory processing.  

Even though the hypothesis and type of disease studied differs, the technique applied 

remains the same. This essay intends to show that ESI is a neurophysiological tool that 

can be easily applied in clinical practice and provide additional information, while 

compared to conventional EEG or EP analysis, in terms of diagnosis, prognosis, and 

disease/treatment monitoring. 

While application of ESI in clinical practice is varied, this dissertation assesses its use in 

three specific domains:  

 

Pre-surgical evaluation of epileptic patients 

Accurate pre-operative assessment allowing to define the epileptogenic zone and to 

avoid the eloquent cortex (see below) is vital to ensure success of surgical treatment in 

intractable epilepsy. Studies I and II examined the clinical value of source imaging 

based on high-density EEG recordings (ESI) as a standalone technique (study I) or in 

association with other imaging methods (study II). Results and success rate were 

measured in terms of post-operative outcome (i.e. seizure-freedom). 

The first study assessed the sensibility and specificity of ESI based on high-density EEG 

recordings (i.e. 128-256 electrodes) versus standard EEG setup (19 to 32 electrodes) 

and other imaging techniques in a prospective cohort of 152 epileptic patients. It also 

compared the use of an individual head model versus a template brain for source 

localization (see section 3.3.).The second study compared the added value of ESI in 

association with other imaging techniques in a larger number of patients (n=190).  

 

Mapping brain cortex 

Study III and IV assessed the use of high-density EP recording to map brain sensory 

functions in normal subjects and epileptic patients. Study III demonstrated the capability 
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of imaging the somatosensory cortex by means of non-invasive electrophysiological 

measurements as opposed to invasive intracranial EEG findings (DCES) and functional 

MRI. Study IV investigated large-scale spatio-temporal dynamics of olfactory sensory 

processing by means of source imaging based high-density EP recordings in a group of 

twelve healthy volunteers.  

 

Topographic analysis of evoked potentials in multiple sclerosis 

Study V compared sensibility and specificity of both conventional and topographic EP 

analysis, while using multiple sclerosis as a disease model. Traditional EP analysis 

relies on latency and amplitude measures of the different components. Whereas, 

modern analysis includes objective detection of EP components and extraction of novel 

information in terms of electric field potential. Reliability, validity, and clinical utility of ESI 

analysis of visual and somatosensory EP was evaluated in this study.   
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Study I 

Brodbeck V, Spinelli L, Lascano AM, Wissmeier M, Vargas MI, Vulliemoz S, Pollo C, 

Schaller K, Michel CM, Seeck M. EEG Source Imaging: a prospective study of 152 

operated epileptic patients. Brain 2011; 134: 2887-2897. Doi: 10.1093/brain/awr243. 

• Impact Factor: 11.814 

• 5-year Impact Factor: 11.773 

• Average citations per year: 19.2 

• Sum of times cited (without self-citations): 192 

• Copyright clearance (license number): 4840790546832 (Oxford University Press) 
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Study II 

Lascano AM, Pernegger T, Vulliemoz S, Spinelli L, Garibotto V, C. Korff, Vargas MI, 

Michel CM, Seeck M. Yield of MRI, high-density source imaging (HD-ESI), SPECT and 

PET in epilepsy surgery candidates. Clin Neurophysiology 2016; 127: 5-7. Doi: 

10.1016/j.clinph.2015.03.025 

• Impact Factor: 3.675 

• 5-year Impact Factor: 3.743 

• Average citations per year: 8.6 

• Sum of times cited (without self-citations): 43 

• Copyright clearance: Permission is not required 
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Study III 

Lascano AM, Grouiller F, Genetti M, Spinelli L, Seeck M, Schaller K, Michel CM. 

Surgically relevant localization of the central sulcus with high-density SEP compared to 

fMRI. Neurosurgery 2014; 74: 517-26. Doi: 10.1227/NEU.0000000000000298. 

• Impact Factor: 4.605 

• Average citations per year: 17 

• Sum of times cited (without self-citations): 2.43 

• Copyright clearance (license number): 4840811164343 (Oxford University Press) 
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Study IV 

Lascano AM, Hummel T, Lacroix JS, Landis B, Michel CM. Spatio-temporal dynamics 

of olfactory processing in the human brain : an event-related source imaging study. 

Neuroscience 2010; 167: 700-708. Doi: 10.1016/j.neuroscience.2010.02.013 

• Impact Factor: 3.244 

• 5-year Impact Factor: 3.504 

• Average citations per year: 3.0 

• Sum of times cited (without self-citations): 33 

• Copyright clearance: Permission is not required 
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Study V 

Lascano AM, Brodbeck V, Lalive P, Chofflon M, Seeck M, Michel CM. Increasing the 

diagnostic value of evoked potentials in multiple sclerosis by quantitative topographic 

analysis of multichannel recordings. J Clin Neurophysiol 2009; 26: 316325. Doi: 

10.1097/WNP.0b013e3181baac00. 

• Impact Factor: 1.673  

• Average citations per year: 0.75 

• Sum of times cited (without self-citations): 9 

• Copyright clearance: The manuscript may only appear in the electronic thesis if 

password protected 
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Conclusion 

Source imaging (ESI) is a model-based and non-invasive imaging technique that 

combines temporal and spatial components of EEG/EP. It provides new insights in 

understanding brain function (study III and IV) and adds valuable information in terms of 

diagnostic yield (study V), prognosis, and localization precision (study I and II). Hopefully 

the five studies presented in this dissertation helped to answer the following questions: 

 

Is ESI useful in presurgical assessment for epilepsy surgery? 

Study I and II show that ESI is a non-invasive method which precisely localizes the 

sources of the interictal EEG signal recorded with scalp electrodes in patients with focal 

epilepsy. The accuracy of ESI was higher when high-density EEG (i.e. > 128 electrodes) 

and an individual head model was employed. Although localization precision of ESI was 

somewhat better in patients with temporal lobe epilepsy, no statistically significant 

difference was found compared to patients with extratemporal lobe epilepsy.  

While comparing with other techniques, EEG source localization using high-density 

array showed the highest sensibility and specificity rate (84% and 87%, respectively), 

while compared to structural MRI (76% and 53%), PET (69% and 44%) and SPECT 

(58% and 47%). The second study showed that the combination of structural MRI and 

ESI best correlated with favourable postsurgical outcome in terms of seizure freedom. 

The positive predictive value for good outcome was 92% and negative predictive value 

was extremely high (100%). If only one of the exams was positive, the proportion of 

seizure-free patients dropped to 63% and nuclear imaging techniques were not able to 

add further information. Since the different techniques provide complementary 

information, a multimodal approach is required in presurgical epilepsy evaluation. 

The question remains as to whether the results provided by ESI change the 

management plan of the patients. Ictal and interictal ESI provided relevant information in 

the surgical decision-making process in 14-34% of drug-resistant focal epileptic patients 

in two prospective studies123, 124. In a Danish cohort, 13/28 (69%) of patients in whom 

ESI led to a change in clinical management, intracranial EEG recordings confirmed 

location at a sub-lobar level124.  

Intracranial EEG recording is still considered as the “gold standard” in terms of 

localization precision. ESI can achieve anatomical concordance at a sub-lobar level with 
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a median distance of 15 millimetres from the source maximum to the nearest electrode 

revealing pathological activity101. To summarize, ESI could have an important role in 

defining surgical strategy (i.e. lesion resection and intracranial electrode implantation 

site) and should be part of the multimodal workup in the presurgical evaluation of 

epilepsy surgery. 

 

Is ESI valuable in mapping functional brain regions to create a presurgical plan? 

Surgical treatment of lesions lying in close vicinity to functional eloquent areas of the 

brain remains a challenge. Basic knowledge in anatomy is not enough to establish the 

extension of lesion resection. Brain mapping is not generalizable and should be 

performed on an individual patient-level. 

Several techniques are used to identify the brain lesion (i.e. tumour, epileptogenic foci, 

etc.) and allow sparing of the eloquent cortex to avoid permanent handicap. DCES using 

subdural electrodes is considered the gold standard for mapping brain function. 

However, this method is invasive, time-consuming and requires patients’ ability to 

understand and complete a given task, which can be particularly delicate in children. In 

this case, alternative non-invasive techniques for mapping brain function should be 

privileged.  

A recent meta-analysis of 34 studies (n= 353 patients) confirmed that MEG and 

functional MRI (fMRI) provide information on language lateralisation and localization of 

the central sulcus using a motor stimulation paradigm in paediatric epilepsy surgery 

candidates14. At present, fMRI is the most frequently used non-invasive imaging 

technique for surgical planning. Nonetheless, fMRI may not be appropriate in patients 

who are claustrophobic or with vascular malformations (AVM). Electromagnetic based 

studies (MEG, EEG) should be considered as an alternative in these cases. 

Study III compares localization precision of source imaging based on high-density SEP 

and DCES in six candidates for epilepsy surgery (n=4 were < 13 years old). A median 

distance of only 13 mm was observed between SEP and DCES, showing a good 

correlation between both techniques. Moreover, high-density SEP was compared to 

fMRI in 4/6 patients and in 18 healthy volunteers showing high anatomical concordance 

except in the dorsal-ventral orientation, which is probably explained by differences 

related to each technique. Finally, fMRI and high-density EP showed comparable 
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distances with DCES, indicating they have similar capacities to localize the 

somatosensory cortex.  

Compared with DCES, electric source imaging SEP has the advantages of non-

invasiveness and ability of mapping the entire brain. This method can be considered as 

part of the presurgical workup since it can provide functional information non-invasively, 

especially in those patients in which fMRI is contraindicated or difficult to perform (i.e. 

limited cooperation, alterations in the vascular coupling). An alternative solution is to 

combine both techniques and quantify the concordance between fMRI and EEG results. 

When applying source imaging in clinical settings, optimizing its benefits, and mitigating 

its limitations necessitates an understanding of the fundamentals of the technique. 

 

Is ESI able to map the human olfactory cortex? 

The human olfactory system represents one of the oldest sensory modalities in 

phylogenetics terms. The most unique aspect of human olfaction, compared to other 

sensory systems, is the lack of thalamic relay and its predominant ipsilateral cortical 

projections. Olfactory human system includes the olfactory nucleus, the olfactory 

tubercle, the frontal and temporal piriform cortices, the amygdala, and the entorhinal 

cortex125. 

Prior studies have used fMRI and nuclear medicine imaging procedures to examine 

human olfactory networks108, 126. However, imaging techniques do not provide 

information on the temporal aspect of olfactory processing. Electrophysiological 

methods, namely CSERP embedded with the ongoing EEG, are more suitable for this 

purpose. 

ESI can be used to understand the neural generators of CSERP. Study IV provides an 

insight into the spatiotemporal pattern of activity of olfactory processing by applying 

hydrogen sulfide as stimuli. CSERP map topography showed initial activation of the 

medial temporal lobe (parahippocampal gyrus and amygdala) and lateral temporal lobe 

ipsilateral to the stimulated nostril. Subsequently, activation spread to the same areas 

on the contralateral side and, finally, to the bilateral inferior frontal gyrus. To conclude, 

source imaging CSERP provides simultaneous spatial and temporal information on 

olfactory central processing in healthy volunteers. Further studies should be performed 
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to study the clinical interest of source imaging CSERP in patients with olfactory 

complaints and in early detection of neurodegenerative disorders. 

 

Does ESI applied to visual and somatosensory evoked potentials provide more 

reliable information than conventional waveform analysis? 

Traditional analysis of EP relies on visual inspection of the generated waveforms. 

Absence of quantitative analysis lends itself to a problem of subjective interpretation of 

EP results. Study V proposes an objective measure of EP components based on their 

potential distribution over the scalp87. Visual and somatosensory stimulation was applied 

in a group of 26 patients with MS. Results were compared to: i) those obtained after 

traditional EP analysis to assess sensitivity and ii) a matched control group of healthy 

volunteers and patients with other neurological diseases to test for specificity.  

Amongst the different EP components and assessment types, topographic recognition of 

VEP P100 component rendered the highest sensitivity and specificity rate (72% and 

100% respectively) versus conventional waveform analysis (56% and 90%, 

respectively). Quantitative analysis of somatosensory multichannel EP parameters 

showed more accurate results than traditional analysis. Our findings agrees with 

previous studies which have shown the clinical value of VEP over other modalities127, 128. 

To sum up, topographic analysis of VEP is a reliable and sensitive method of objectively 

quantifying pathological results in MS. Results need to be validated in larger cohorts, 

correlated with different clinical/paraclinical parameters and in combination with other 

EP modalities (sum score), in order to improve disease and treatment monitoring in MS.  

 

In a nutshell, EEG/EP source imaging is functional brain imaging technology with a high 

temporal and spatial resolution. This technique is extremely attractive because of its 

low-cost and non-invasiveness. It is, therefore, suitable for children and non-cooperative 

subjects. Nonetheless, its use in clinical routine remains limited and traditional EEG/EP 

analysis prevails. To achieve a change in paradigm, clinicians should abandon 

ambiguous waveform description and switch over to a comprehensive analysis of the 

electric field.  
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Current challenges and future perspectives  

 

The advent of new technologies has changed the landscape of neuroscience which 

became more explorative and fuelled the field of brain connectivity, brain stimulation, 

neurorobotics, and neuroinformatics. Unfortunately, clinical neurophysiology failed to 

keep up with the progress made since many of those technological innovations were not 

applied in routine neurological practice. A main issue of concern is that clinical use of 

many neurophysiological methods is not being updated and, thus, lack modern 

standards and guidelines of use.  

 

Simplification of high-density EEG analysis 

After years of research in the epilepsy field, ESI has finally found a place as part of the 

presurgical evaluation work-up of patients with focal epilepsy. Since 2017, the 

International Federation of Clinical Neurophysiology recommends the use of ESI 

whenever standard EEG recordings provide ambiguous or inconclusive results84. 

However, one main limitation of high-density EEG recordings is that it requires computer 

skills and knowledge of the different steps involved in electric source reconstruction.  

One way to solve this conundrum is to simplify the EEG analysis process and limit data 

managing. A recent publication showed that visual high-density EEG inspection (i.e. 

select maximal amplitude spike and determine their location) and ESI provided 

concordant results in 2/3 of the patients129.  

Other ways of rendering ESI more attractive for routine use in the clinical setting is to 

improve software user experience. It is of utmost importance to avoid overwhelming 

users with data entry and data processing by automating the entire selection and source 

localization process from high-density EEG recordings104. This proposal can also be 

applied to high-density EP studies. 

 

Validation from a larger data set 

Even though ESI allows accurate localization of the epileptogenic zone, a recent 

systematic review concluded that there is insufficient clinical evidence on its diagnostic 

added value130. Study I and II need to be validated in a larger data set.  
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Previous studies did not address the role of ESI on the clinical decision-making process. 

Value of combined ESI and MEG source imaging (technique referred to as EMSI) was 

assessed prospectively and blinded to clinical data in a set 85 patients with normal MRI 

or discordant data before intracranial EEG recordings6. Blinded decision based on EMSI 

results changed the management plan in 29/85 (34%) patients. However, a limitation of 

this study is that implantation of intracranial electrodes was not blinded to EMSI results. 

There is a need for prospective studies in which preliminary decision is made blinded to 

the ESI data and, subsequently, the final decision is based upon this result.  

 

Biomarker in neurological disorders 

The terms biomarker refers to a set of clinical and paraclinical signs which can be 

measured reliably and reproducibly. Reliability of any EP can be improved by 

standardizing recording procedures across laboratories. The creation of international 

guidelines for the recording, interpretation and analysis of all EP modalities is required.  

This is the case for CSERP and laser-induced pain-related EP (LEP).  

As detailed in the previous sections, the future of EP lies in its capacity to monitor 

treatment and prognosticate disease progression. In this dissertation we used MS as a 

model to assess CNS status by means of a neurophysiological approach. Although 

there is no such thing as a disease-specific biomarker in MS, EP can be combined with 

different modalities (i.e. sum score) or together with other paraclinical exams to increase 

diagnostic/prognostic yield. Efficiency and added value of EP in MS clinical trials should 

be further tested. 

 

Objective pain assessment in multiple sclerosis 

Pain in MS has been reported by Charcot in the end of the 19th century: spanning from 

trigeminal neuralgia to tonic spasms, Lhermitte sign, radicular and thalamic pain (for a 

review see Seixas et al., 2014)131. Despite the fact that its prevalence rises to 25-60% 

(depending on the cohort)132, MS specialists usually neglect this complaint since it is 

poorly understood. However, pain affects MS patients’ quality of life and, thus, requires 

our utmost consideration.  

While pain in MS is common, in many cases the exact mechanism is unknown. A 

distinction can be made between nociceptive (e.g. back pain) and neuropathic pain (e.g. 
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ongoing pain extremity), since the latter is supposed to result as a consequence of 

demyelination, inflammation and axonal damage133. In addition, neuropathic pain 

responds to antiepileptic medication and antidepressants as opposed to nociceptive 

pain. Targeting optimal pain-related treatment will avoid medication overuse and will 

improve pain relief. 

Clinical assessment of neuropathic pain usually relies merely on psychometric tests. 

Nowadays, there are very few objective methods readily available that can measure or 

locate neuropathic pain with precision. LEP allow studying the spinothalamic pathway 

and could be helpful in determining lesion pain site (e.g.: cortical, medullar, etc.) 134, 135. 

Laser-generated radiant heat pulses (Nd:YAG) excite free nerve endings in the 

superficial skin layers and selectively activate A-delta and /or C nociceptors.  

A recent study showed that 90% of 10 patients presenting with neuropathic pain had 

abnormal LEPs (vs. 16% with nociceptive pain) and only 30% presented with 

pathological SEP results136. This finding points to a high sensitivity and specificity and, 

thus, highlights the importance of LEPs in MS pain assessment and treatment 

management.  

Current research project aims at studying the underlying nociceptive mechanisms in MS, 

by means of LEP. Very few studies have addressed this topic 136, 137. The main aim is to 

validate LEP as a tool 138, 139, which allows determining whether pain is from neuropathic 

or nociceptive origin in an MS population. LEP’s results will be correlated with 

epidemiological features (e.g. age, disease type, disease duration, lesion location: 

medullar vs cortical) parameters of disease activity (e.g. relapse rate, handicap score, 

MRI lesions), biological signs of neurodegeneration (serum neurofilaments) and pain 

assessment questionnaires (DN4 for neuropathic pain and visual ratings). A fatigue and 

a depression scale (Hamilton Depression Rating Scale) will also be included. This 

project has a practical impact, since abnormal findings will lead to treatment decisions 

and guide pharmacological approaches for addressing pain in MS140. 
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