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L'imagerie spectroscopique proche infrarouge fonctionnelle (ISPIf) s'est imposée comme
WHFKQLTXH GYLPDJHU L H Cette Xiehire@epOrHatte SUR/EldeMbhXnvdsive

de I'évolution chronique de I'activité hémodynamique corticale. Durant la derniere décennie, ISPIf
combiné avec I'électroencéphalographie (EEG) a été appliqué dans le contexte de I'épilepsie
humaine, etaSSHUPL GY{H[SORUHU OH OLHQ HQWUH. Odpbrid&xtl. LW p QF
plupart des travaux antérieussnt uniquement axesur I'étude des crises d'épilepsie qui sont
aléatoires et se produiseatemenpendanun WHV W GISPIO §ét(e tese cherche & évaluer

la capacité de I'EEGSPIf & observer les changements hémodynamiques associés aux décharges
épileptiformes intercritiques (DEIs), et a déterminer si ces DEIs peuvent également étre utilisés

pour extraire de l'information additionneiervant a la localisation du site Kf@yer épileptique.

En se basant sur des données multimodales-ISIPG recueillies sur umgrand échantillon de

patients (40), combiné a l'utilisation d'un modéle linéaire généralisé (MLG), une premiere étude a
permisla quantification préliminaire de la sensibilité et la spécificité de la techeiguélisanta

détection des zones cérébrales activées par des{doktslalocalisation de la région du foyer
épileptique. Dans un soggoupe de 29 patients atteintsraveau de la région néocorticale, lorsque

mesuré durant des évenements de DEIls, des diminutions de la concentfimogiobine
désoxygénée (HbR) (chez 62% des sujets) et des augmentations de la concentration de
OTKpPRJORELQH R[\JpQpH sujdsfont d¢ikdbervéefRHbMs, cette variation

en HbR et HbO était significativement plus forte denségion du foyer épileptique (qui donc

pourrait conduire a une localisation du foyer épilepfiqiens 28% / 21% des patients. Ces
estimations modges de la sensibilité et de la spécificité suggerent que I'utilisation d'une fonction

GH UpSRQVH KpPRG\QDPLTXH )5+ FDQRQLTXH QTHVW SDV RS\
classique. Par conséquent, une seconde approche a été explorée dans3dica@eH GHX[LgPH pW
par modélisation des variations spécifiques a chaque patient dans la construction de la réponse
hémodynamique associée aux DEIs. Un terme quadratique a également été ajouté au modeéle pour
tenir compte de la nelinéarité de larépons® VVRFLpH j XQH IUpTXHQFH SOXV pC
lors de l'enregistrement. Ces nouveaux modéles ont d'abord été validés numériguement par
VLPXODWLRQV DYDQW GYrWUH DSSOLTXpV j O DQDO\VH GH G
comparée a la FRHaoonique, I'utilisation de la FRH spécifique au patient dans l'analyse MLG a

non seulement amélioré considérablement les scores statistiques et les étendues spatiales des



vii

activations existantes, mais a aussi permis la détection de nouvelles régionsedu eetivées
par des DEls, et ce, sur I'ensemble des cing patients. Ces améliorations dans la détection
d'activations ont également permis d'obtenir des résultats plus précis dans la localisation du site de

foyer épileptiqgue dans certains cas.

Une fois deplus, les résultats présentés dans cette these ont confirmé le potentiel dENIRBG

pour étudier les DElIs. lls ont également démontré que la réalisation d'une analyse minutieuse et
basée sur un modele personnalisé serait nécessaire pour obtenirudtass rés/orables. En
WUDYDLOODQW VXU H#3PV pQuiraitLdand dekdriQ vh o@ifgérformant dans la
VXUYHLOODQFH FKH] OHV SDWLHQWY pSLOHSWLTXHV DXWDQ
condition que dans I'évaluation préopeérea.
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Functional neainfrared spectroscopy (fNIRS) has emerged as a promising neuroimaging
technique as it allows nenvasive and longerm monitoring of cortical hemodynamics. For the
last decades, fNIRS combined with electroencephalogragb@)Bas been applied in the context

of human epilepsy, and has yieldgabdresults.However, nost previous worlonly focused on

the study of epileptic seizures which are random and seldom occur durintNEEStesting. This
thesis sought to evaluate tpetential of EEGINIRS in observing the hemodynamic changes
associaté with interictal epileptiform discharges (IEDsnd to determine whether these IEDs can

alsobe used to extraciseful information in the localization of the epileptic focus site.

Basedon the EEGNIRS data collected from a relatively large number of patientsgA@)using

a standard general linemodel(GLM) approachthe first study of this thesis provided preliminary
estimates of the sensitivity and the specificity of ENBERS in detecting brain areas activated by

IEDs and in locaking the epileptic focus regiomn the 29 patients with neocortical epilepsies,
significant deoxygenated hemoglobin (HbR) concentratexreaseand oxygenated hemoglobin
(HbO) concentratioincreasesorresponding to IEDs were observed in 62% and 38% of patients
respectively. This HbR/HbO response was most significant in the epileptic focus region among all
the activations, and thus could lead to successful identification of the epileptic focus site in
28%/21% ofthe patients. These modest estimates of the sensitivity and the specificity suggested
that using a standard GLM with a canonical hemodynamic response fufitié) might not be

the optimal method in the analysis of IEDs. Therefore, the sestadg of this thesis made a first
attempt to model the patiespecific variations in the shape of the hemodynamic response to IEDs.

A quadratic term was also added to the model to account for the nonlinearity in the response when
frequent IEDs were presein the recordingThe new models were first validated through carefully
designed simulations, and were then applied in the data analysis of five selected patients. Compared
with the canonical HRF, including patiespecific HRES in the GLM analysisnot anly
significantlyimproved the statistical scoraadthe spatial extents @xisting activations, but also

was able todetect new brain regions activated by IEDs on all of the five patients. These
improvements in activation detection also helped obtaireraccurate focus localization results in

some cases.



The results of this thesis again confirmed the potential of usingfRIERS to study IEDs. They

also demonstrated that conducting careful and model based analysis of patient data is required to
yield favorable outome. Should serval limitations be addressedhe future combined EEG

fNIRS may be suitable to be usealitinelyin the epilepsy monitoring unit as a tool for letggm

patient monitoring and presurgical evaluation.
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Figure 4.2Patient#7. (A) MEG dipole localization of epileptic spikes revealing a cluster of sources
in the right inferior frontal gyrus. (B) Reconstructed NIRS channel map over grey matter layer
(Right view). (C) EEG fragment with mdng for right frontetemporal IEDs. (D)
Hemodynamic responses to right fromémnporal IEDs, patient level (2PFDR corrected,
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Figure 5.7 Patient 2. (A) MEG dipole localization of IEDs revealing a cluster of sources located in
the left middle occipital gyrus; (B) EEG fragment with marking for leftgeroccipital IEDs;
(C) Interpolated maps of nonlinear sHRFs, from 10s before an IED to 35s after the IED (left
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(E) The reconstructed linear sHRF and nonlirg##iRF of channel 49 and 62. Compared with
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linear sHRFs, the first peak of the nonlinear sHRFs was greatly enhanced. Confidence levels
of each deconvolved sHRF were presented using the surrogate methodigistical maps

of HbO, HbR and HbT response l&ft tempoeoccipital IEDs, generated from GLMs using
respectively the SPM8 canonical HRF (the first row), linear sHRFs (the second row) and
nonlinear sHRFs (the third row).-Mmaps were E@orrected,p<0.05. Solid black circle
(30mm radius) indicates thegpected most plausible focus region; dotted black circle shows

the contralateral region corresponding t0 fOCUS............oovvviiiiiiimeeee e e 75

Figure 5.8Patient 4. (A) MEG dipole localization of IEDs revealing a clustesources located in
the posterior portion of inferior temporal gyrus; (B) EEG fragment with marking for right
temporal IEDs and right fronrteemporal IEDs; (C) Interpolated maps of nonlinear sHRFs,
from 10s before an IED to 35s after the IED (right viefld) The covered brain areas of the
three selected ipsilateral channels with highest HPAs; (E) The reconstructed linear sHRF and
nonlinear sHRF of channel 6 and 12. Nonlinear sHRFs clearly showed higher HPAs. Both the
linear and the nonlinear sHRFs peaka@r than the cHRF, at around 12s; (F3tatistical
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fronto-temporal IEDs, generated from GLMs using respectively the SPM8 canonical HRF
(the first row), linear sHRF4He second row) and nonlinear sHRFs (the third rownaps
were ECcorrected p<0.05. Solid black circle (30mm radius) indicates the projected most

plausible focus region; dotted black circle shows the contralateral region corresponding to

Figure 5.9 Ipsilateral hemisphere of the epileptic focus (circled in black) for the 5 patients:
depiction of the first order Volterra component (the linear term, V1) and the second order
Volterra canponent (the nonlinear term, V2) in the expected HbO response reconstructed
using the nonlinear sHRFs. Only channels that presented significant nonlinear activations
were chosen for interpolation (Bonferroni threshold). For each selected channel, the mean
amplitudes of the V1 term and of the V2 term in the expected response were calculated. For
illustration purposes, the mean V1 amplitudes and the mean V2 amplitudes of a patient were

both normalized so that the highest mean V1 amplitude had a unit.value...............79

Figure 5.10Patient 1. (A) MEG dipole localization of IEDs revealing a cluster of sources located

in the right inferior frontal gyrus; (B) EEG fragment with marking for right frontal IEDs; (C)
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Interpolated maps of nonlinear sHRFs, from 10s before an IED to 35s after the IED (right
view); (D) The covered brain areas of the three selected ipsilateral channels with highest
HPAs; (E) The reconstructed linear sHRF and nonlinear sHRF of channetgl I8 aThe

HPAs of nonlinear sHRFs were nearly twice as much as those of linear ones. Confidence
levels of each deconvolved sHRF were presented using the surrogate series method; (F) T
statistical maps of HbO, HbR and HbT response to right frontal IEDsyaked from GLMs

using respectively the SPM8 canonical HRF (first row), linear sHRFs (second row) and
nonlinear sHRFs (third row).-fhaps were E€orrectedp<0.05. Solid black circle (30mm
radius): projected most plausible focus region; dotted blaclecoontralateral region to the

Figure 5.11Patient 3. (A) MEG dipole localization of IEDs revealing a cluster of sources located
in the junction of right orbitofrontal areas and apdum-anterior insula; (B) EEG fragment
with marking for right frontetemporal IEDs; (C) Interpolated maps of nonlinear sHRFs, from
10s before an IED to 35s after the IED (right view); (D) The covered brain areas of the three
selected ipsilateral channelgith highest HPAs; (E) The reconstructed linear sHRF and
nonlinear sHRF of channel 16 and 120. Nonlinearity was seen to be the most significant near
channel 16. Confidence levels of each deconvolved sHRF were presented using the surrogate
method; (F) Tstaistical maps of HbO, HbR and HbT response to right fra@toeporal IEDs,
generated from GLMs using respectively the SPM8 canonical HRF (the first row), linear
sHRFs (the second row) and nonlinear sHRFs (the third roww)ags were E€orrected,
p<0.05. Sdid black circle (30mm radius) indicates the projected most plausible focus region;

dotted black circle shows the contralateral region corresponding to.focus............... 91

Figure 5.12Patient 5. (A) MEipole localization of IEDs revealing a cluster of sources located
at occipitetemporal junction; (B) EEG fragment with marking for right paretcipito-
temporal (POT) IEDs, bilateral POT IEDs and general spike and waves; (C) Interpolated maps
of nonlinear sHRFs, from 10s before an IED to 35s after the IED (right view); (D) The covered
brain areas of the three selected ipsilateral channels with highest HPAs; (E) The reconstructed
linear sHRF and nonlinear sHRF of channel 19 and 14. Both types of sHR&sjwey
different from the cHRF in characteristics such as peaking time and full width at half
maximum of the main peak; (F)dtatistical maps of HbO, HbR and HbT response to IEDs
combined from right POT IEDs, bilateral POT IEDs and general spike andwgamerated
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from GLMs using respectively the SPM8 canonical HRF (the first row), linear sHRFs (the
second row) and nonlinear sHRFs (the third rowindps were E€orrectedp<0.05. Solid
black circle (30mm radius) indicates the projected most plausibiesfregion; dotted black

circle shows the contralateral region corresponding to fOCUS.............ccovvvviieeeeeeeeennn. 92

Figure 5.13Simulation results: detectability of nonlinearity under the criteria of HPA or AUC. (A)
ROC curves for HPA or AUC to detect nonlinear signals at two different nonlinear
coefficients. SNR was fixed e2dB. The arrow indicates a thresholgef 0.05 on each ROC
curve. (B) ROC curves for HPA or AUC at different SNRs, with-0.2. HPA was a better
indicator than AUC at oW SNRS.........oouiiiiiiiiii s erenre e e e e e e e 93

Figure 6.1 Test result without PCA for (A) Patient 2, (B) Patieffitgtatistical maps of HbO, HbR
and HbT response to IEDs, geatd from GLMs using respectively the SPM8 canonical
HRF (the first row), linear sHRFs (the second row) and nonlinear sHRFs (the third row). T
maps were E€orrected, p<0.05. Solid black circle (30mm radius) indicates the projected
most plausible focus rémn; dotted black circle shows the contralateral region corresponding
L(0 (0o 1 LSO 105

Figure 6.2 Test resull-statistical mapsExpected hemodynamic response was derived using only
one channelith the highest HPA for (A) Patient 2, (B) Patient.4............cccccceeeveeee. 106
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CHAPTER 1 ,1752'8&7,21

1.1 Epilepsy

Epilepsycurrentlyaffects approximately 50 million people worldwjaeakingit one of the most
common neurological diseases glob&iiyorld Health Organization, 201@&pilepsyis a common

and diverse set othronic neurological disordershat can becharacterized by spontaneous,
recurrent epileptic seizuré€hang and Lowenstein, 2003; Engel and Pedley, 2@08kizure,
whichcan last from a feweconds to several minutéesthe result of abnormal, excessive neuronal
discharges, and thereforeusually accompanied by clinical manifestations such as altered mental
state, tonic/clonic movements, and other various experiential symfitunse et al., 2001; Fisher

et al., 2005; Gotman, 2011)ncontrolled seizures are not only a major personal handicap but also
represent a considerable public health burden due to Brglofuhealth care resources and high
number of disability days or unemploymdMegiddo et al., 2016; TelleZenteno et al., 2004;
Wiebe et al., 1999)

About 60% ofpatients with epilepsigave syndromes of focal seizu(@anayiotopoulos, 2005
VHL]XUH LV FIRQWO HIDIBMEGR@Tated in one part of the brain and is initially
associated with unilateral brain hemisphere involvement, as oppogedei@lized seizures which
originate from the whole or a large portion of the brgi EHWZHHQ WKH VHL]XUHYV
paroxysmal discharges (normally from 20 to 200 ms) may occur, and are thus ra#edtal
HSLOHSWLIRURED]L Ak KspikeHEDS have been shown to be spatially correlated
with seizures and are also considered to be fundamental components contributing to
epileptogenesigGotman, 2008, 1991; Gotman et al., 2006; Palmini, 2006; Staley and Dudek,
2006)

The traditonal WUHDWPHQW RI D adalyHs@ig with tHeS hr€setistidn of
antiepileptic drug$AEDSs). However medication fails to control epileptseizuresn around 30%

of the patientgEadie, 2012)in which casalternativereatments such &pilepsysurgery(Duncan

et al., 2016; Kwon et al., 2016)eurostimulatior(Bergey, 2013)or dietary therapyFelton and
Cervenka, 2015jnight be more suitableEpilepsy surgery isn operation to control seizures by
resecting or disconnecting the brain afes is indispensable for the generation of clinical seizures

(known agthe epileptogenic zone, or most equivalently, épaleptic focusegion (Liuders et al.,

R



2006; Nadler and Spencer, 2014; Rosenow and Luders,.Z0€dgnt reports revealed thart
half of the patients with drugesistant focal epilepsyrepotential candidates of an epileptic surgery
(Duncan et al., 2016)and that epileptic surgery usuallydis to good seizure freedom outcomes
(34% to 74%of seizure freedom ratdepending on different reportg)obst and Cascino, 2015)
Researchd evaluate the eligibility of a patient for an epilepsy surgerg to better predict the
outcome of the surgeryrelies on the applicetn of contemporaryneuroimaging techniques both
in clinical diagnosisespecially intheprecisadentificationof theepileptic focusegion(De Ciantis
and Lemieux, 2013; Ramli et al., 201&hdto understandhe mechanisnof epilepsyat amore

fundamental leve{Ryvlin and Rheims, 2016)

1.2 Functional near infrared spectroscopy
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Figurel.l (A) Schematialiagram of the near infrared light propagation through different layers of
the head. (B) Light absorption spectra of major chromophores, reproduce(Ngagen, 2010Q)

Functional neamfrared spectroscopy (fNIRS) is a novasive neuroimaging technique that
capable of continuouslgnonitoring tissue oxygenation and corichemodynamics in the brain
(Jobsis, 1977)When light within the near infrared wavelength range (650nm to 90018m)
projected onto the scalp by optical emittatsis able to travel for a few centimeters before
eventually being captured by light detectors. Photon transport thi@elpy et al., 1988%uggests
that the averaged path of photon propagation follows a roughly bahapad pdern

(Haeussinger et al., 2011; Okada et al., 19899 Figre1.1A. Previous simulation studies showed



that keepinga distance of three to five centimetdsstween an emitter and a deteaisually
ersures dight penetration depth of one to two centimet@gangman et gl2013) and thusa

reasonable sensitivityithin the top two to three millimeters of theaincortex(lrani et al., 2007)

During its propagation in brain tissue, near infrared light attenuates as a result of reflectance,
scattering, and absorption. Aglifying assumption is made that reflectance and scattering usually
remain at a constant level for a certain wavelength of light if travelling along the same trajectory
(Desjardins et al., 2012)herefore, variations in light intensity detected by the detectors are
considered to be due to the changes in absorption, which is dominated by its main light absorbers:
HbO and HbR (Figure 1.1B). Contious measurement of near infrared light attenuation enables
the reconstruction of local HbO and HbR concentration changes, and thus alloweriong

monitoring of cortical hemodynamics.

1.3 Problem statement

Recent work of our group and others haloredthe potential of fNIRS, combined with
electroencephalography (EEG), in the context of human epil&psyg, 2014) Hemodynamic

brain responses attributed to epileptic events, mostly seizures, are routinely observed with a good
degree of statistical significance and in concordance with clinical presentation. Especially, previous
studies wih a large fNIRS head coverage suggested the potential of usindNHEG as a focus
localization tool for focal seizure$Nguyen etal., 2013, 2012; Watanabe et al., 2002)
Unfortunately, as seizures are unpredictable, one may not always be able to record seizures even
during a prolonged EE@&NIRS recording It is likely, however, that IEDs will be recorded as they

are typically nummus in patients with drugefractory focal epilepsyA few recent studiebave

showed that the hemodynamic response to IEDs was also observable with(KNi&8do et al.,

2011; Pellegrino et al., 2016; Pouliot et al., 20HY)wever the overall sensitivity and specificity

in detecting brain regions activated by IEDs and in localithegpileptic focus were not estimated

due to the limited number of patiemtsolved in those studies

Furthermore current observations dhe cortical hemodynamics in epilepsy are still confounded
in many waysFor examplethe relation between the fNIR8easured hemodynamic change and
the underlying epileptiform discharge is tnfully understood.The neurovascularcoupling
mechanisnduring normal cortical processing may not apply to the epileptiditions(Schwartz,

2007) as supported by many evidences includiagsterton et al. (2010)showing that the



hemodynamic response teDs did not follow a canonical shapetimeir patients with benign
rolandic epilepsy (please refer to chapter 2 for a detailed description of neurovasaplizvgcand
hemodynamic responseSuch variability in the hemodynamic response nuaynplicatethe
interpretation of EEGNIRS dataand decreasthe localizationaccuracyusing IEDs Although
many methods have been applied for fMRI to account for the papecific hemodynamic
response shape in BOLD signals, similar work has never been done for iNHe&her a simple

but robust model can be proposed for fNIRS data processing remains to be investigated.

1.4 Objectives, hypothesesnd research work overview

The general objective of this Ph.D. projextto (1) confirm the usefulness of EEMNIRS in
detectirg the hemodynamic respontelEDsand in localizing the epileptic focus a relatively
controlled setting, e.g. the epilepsy monitoring umith chronic drugrefractory epileptic patierts
(2) support the understanding of the complex oxygenation pscaaes network associated with
IEDs in focal epilepsy.

Two individual objectives are stated below with corresponding hypotheses.

Objective 1:Based on the EE®NIRS data collectedrom a relatively large number of patients,
provide a preliminary assessmeaf the sensitivity and the specificityn detecting the
hemodynamic response (hemoglobin) to IEEDd in localizing the epileptiocusregion

Hypothesis 11: Both the bcaland the remoteemoglobin concentration changes associated with

IEDs can baletected using multichann®EG-fNIRS with a large head coverage

Hypothesis 12: The localhemodynamiaesponse to IEDs follosvthe neurovascular coupling

mechanism during normal cortical processiagd thus has a similar shape to the canbnica

hemodynamicesponse functian

Article 1: Peng, K, Nguyen, D.K., Tayah, T., Vannasing, P., Tremblay, J., Sawan, M., Lassonde,
M., Lesage, F., and Pouliot, P., fNIFEEG study of focal interictal epileptiform discharges.
Epilepsy Resear¢cii08(3), 491505, 2014.

Objectve 2:Developand implemenhew analysis methods process EE@NIRS datathat model

the patientspecific variations in the shape of the hemodynamic response function to IEDs.



Hypothesis 21: The shape of the hemodynamic response function to IEDs \aiess time,

patients and brain regions. Besides, the relation between IEDs and the associated hemodynamic

response is not linear if very frequent IEDs are present.

Hypothesis 2: Compared with a canonical hemodynamic response functiaiyding a
hemodyamic response function that is specific to a patient in data analysis improves the ability of
EEGINIRS in detecting the brain regions activated by IEDs as well as in localizing the epileptic

focussite

Article 2: Peng, K, Nguyen, D.K., Vannasing, P.rdmblay, J., Lesage F., and Pouliot P., Using
patientspecific hemodynamic response function in epileptic spike analysis of human epilepsy: a
study based on EE®NIRS, Neurolmage 126, 239255, 2016.

In parallel, auxiliary collaborative work during thiseis havéed toother publications:

Review article on the literature of using mudtiannel EE&NIRS to study focal seizures and IEDs

in human epilepsyco-written by four authors:

Peng, K, Pouliot, P., Lesage, F., and Nguyen, D.K., Mahannel contiuvous EEGNIRS
recording of focal seizures and interictal epileptiform discharges in human epilepsy: a review,
NeuroPhotonics3(3), 031402, 2016.

Article on assssing the possibility of using combined continuous wave fNIRS and time resolved
spectroscopy(TRS) to monitor cortical tissue oxygen saturation variati@wsing language
productionon epileptic patientsor which | designed the experiment protocol, participatdaten

data acquisitioms well aperformedthedata analysis and interpretation

Peng, K., Kassab, A., Nguyen, D.KAuger, H., Dehaes, M., Hoge, Resage F., and Pouliot P.,
Observing cortical tissue oxygen saturation variatcuring language produonon patients with
epilepsy usingombined functional near infrared spectroscopy time restved spectroscopyn

preparation

Article on thestudy of cortical hemodynamic changes during status epilepticus, for which I
analyzed th&EG-fNIRS data related ttEDs:

Kassab, A.Peng, K, Tremblay, J., and Nguyen, D.K., Clinical applioatof functional near

infrared spectroscopy in epileptic patients in the intensive apeeparation



This thesis is organized as follows. Chapter 2 gives a lteeaturereview onneurovascular
coupling during normal cortical processing, as wall tae application of currerfunctional
neuroimaging techniques in human epilepgydy Chapter Jriefly introduces the diffuse optical
imaging basis, andescribes thenethodologyof this studyin details (including both the hardvear
setup and the datmalysis) In chapter 4 and chapter 5, two published papers are fully included to
address the first two individual objectivézeneal discussions and conclusions of the entire study

are providd in chapter 6 and réspectively



CHAPTER2  /,7(5%$785( 5(9,(:

2.1 Neurovascular coupling and hemodynamic responskinction

Neurovascular coupling describes the relationship between local neural activity and the subsequent
changes in cerebral blood flofHuneau e al., 2015) It is considered as the basis of many
functional neuroimaging techniquesg.fNIRS, which rely onthis coupling to infer underlying

neural activity from observed hemodynamic char{geso et al.,2013) This section gives a brief

review of the neurovascular coupling and hemodynamic response during normal cortical
processing. Howevegs stated in section 1.i8,should be noted thahe couplings likely to be

altered in many pathologié&irouard and ladecola, 2006hcluding epilepsySchwartz, 2007)
Therefore, undstanding the link between epileptic events and their hemodynamic response

remains a vital area of resealdfoges et al., 2012)

Various cellularmprocesses of neurons consuemergy, in terms of thadenosine &riphosphate
(ATP) (e.g.reestablisimng resting membrane potenta recyclingneurotransmittejsATP is first
synthesized by anaerobic glycolysis, butmestly provided through mitochordrial oxidative
phosphorylation in glucose metabolisaprocess whictequiresa constant supply of botixygen
and glucosgSperlagh and Vizi, 1996; Surin et al., 2012Zherefore, when a brain region is
activated, e.g. by a stimulus, it gssextra demand on the need of oxygen and gluaosethus
triggers an increase in regional cerebral blood flow (rCBF) which is responsible to deliver those
two energy substrateslowever, as the increase in blood flow is more coupled with glucose
consumpion (Paulson et al., 2010)he loss in oxygen is actually overcompensated, leadiag
net increase of regional oxygen concentratibhnis process can be explicitly described by the
emerging model of thexygenresponséHeeger and Ress, 200&ith thefollowing three phases:
1- increased neural activity triggeas increasen oxygenconsumption, resulting ia temporary
decreasén local oxygen concentration{ E2 ; + & 2- after a delay of one to two seconds, a
large increase in rCBF triggered the same neural activivercompensates the consumption of
oxygen, andsignificantly increases the ratio of local HbO concentration to HbR concentration
+E2 9 +E3- the ending of the oxygenated blood oversupply gradually brihgs

concentratiorof bothHbO and HbRto the baseline leveFor example,ifure 2.JA depicts the



hemodynamic response (hemoglobin akwbd flow) measureen 7 healthy subjectéDesjardins
et al., 2009)

Figure2.1: Hemodynamic responseeasured on 7 healthy subjects using fNIRS (for HbO, HbR
and HbT) or diffuse correlation specompy (for CBFYDesjardins et al., 2009)

Consideringhevascular bed within a small volume of tisagan expandable compartme(etg.

the balloon mode))the vasodilation of the venules and veins during the perfusion of extra blood
flow also causes an increasa@gionalcerebral blood volumeCBV) (Buxton et al., 2004, 1998)
which can be reflected by the increase in the concentration of total hemoglobin (HbT) in Figure
2.1 under thavidely acceptedypothesis of conaht hematocri{Boas et al., 2003; Hoge et al.,
2005; LloydFox et al., 2010)

These changes in HbR concentration anddBV produce variations in the bloaxkygenation
leveldependent (BOLD) signalthe most common functhal image signal that can be depicted
with a BOLD-functional magnetic resonance imaging (BOfNIRI) system (Arthurs and
Boniface, 2002; Buxton et al., 1998)ifferent methodshave been applied propose a functign
namely the hemodynamresponse function (HRR)hat represesta typical shape of the BOLD
response tohe neural activity on impulsestimulus e.g.usingPoisson functior{Friston et al.,
1994) Gaussian functio(Rajapakse et al., 1998 Gammavariatefunction(Friston et al., 1998;
Worsley etfal., 2002) Figure 2.2 depicts the shapes of the Gamma {Rfen, 1997)the Glover
HRF (Glover, 1999and the SPM canonical HRFriston et al., 2007#nodelled for BOLBfMRI.



1 7 T L
I\ Peak
0.8} \ Gamma HRF
0.6/ — Glover HRF
=== SPM canonical HRF

0.4* ]
0.2 / .

+—)

0l Dispersion | - ES——
\ - ."/-.‘

0.2 \._ .~ «—— Undershoot
-0.4 ‘ ’
0 5 10 15 20 25 30
Time (s)

Figure2.2: Depiction of the Gamma HRF, the Glover HRF and the SPM canonical HRF modelled
for BOLD signals reproduced fronu et al., (2006)

As seen in Figure 2.2, an HRF for BOLD signals retains a shape that starts with a significant
positive peak within 4 to 6 seconds after the stimulus, normally fotidwyea relatively smaller
QHIJDWLYH QDGLU WKH 3 XQGHUVKRRW’ ™ WKibtov e &.(ROBHUVLVW
While the positive peak is a resuitainly of the decrease in HbR in the second phase of the
HPHUJLQJ PRGHO LQWURGXFHG DERYH W KridinXeQradHdhas& RRW ™ F
that the blood volume returns to baseline more slowly than blood flow, leading to an increase in
localHbR concentratiofBuxtonet al., 1998)Moreover, it should also be noted tiamestudies

have alsaeporteda decrease {2s) of the BOLD signashortly after the stimulus onset kurior

to the normapeakincreas€Ernst and Hennig, 1994; Hu et al., 1997; Malonek and Grinvald, 1996;
Menon et al., 1995; Yacoub and Hu, 2QG49pecially when operagrat high static magnetic field
strengths(e.g. > 3Teslg 80 XGDJ 8 O X G D.-Thid Wi¢crbaSas denoted as the
3SLQLWLDO 6disvéed tb eflectltMransientmismatch between the incredsmetabolism

and tle CBF increasé.e. the first phasé the emerging modg{Hu and Yacoub, 2012However,

the dipis small is noalways presenteid the observatiofBuxton, 2001; Lindauer et al., 2001)

2.2 Current functional neuroimaging techniques forhuman epilepsy

The presurgical evaluation of a patiemth eplepsy first includes the application of structural

Magnetic Resonance Imaging (MRI), a preferred technique to determine the extent of an
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epileptogenic lesion as well as the relation of the lesion to eloquent ¢(Duagan et al., 2016)
However, recent reports estimated thadre than20% of patients with refractory focal epilepsy
DUH 3@XH JD W@iL¥adlesional), meaning that no distinct lesion can be recognized on their
MRI images(Bien CG et al., 2009; Oertzen et al., 2002; TéHenteno et al., 2010Dn some
other patients, the structural findings may also be discordant with their clinical sen(iCkxgyo

et al., 2008; Rysz et al., 1998\ this case, functional mapping of epileptic activities needs be

considered.

2.2.1 Electroencephalography

The most utilized(and theearliest) functional neuroimaging technique tlirectly visualize
abnormal neural activities is to perform a multichannel electroencephalography (EEG) recording
(Swartz, 1998)During the scan, an array of electrodes are placed &h@nscalp to continuously
record voltage fluctuations resulting from ionic current within the neu{®hsehy, 1984at a
relatively high temporal resolution (from 250Hz up to 20,000Ragal epileptiform abnormalities

can be clearly distinguished from backgrowmdEEG(Grigg-Damberger and Foldvai$chaefer,

2012) e.g. interictal discharges (IEDshow brief (20:200ms) asymptomatic paroxysmal EEG
transLHQWV ZKLOH pLFWDOY GLVFKDUJHV VHL]XUHV DUH VXGG
pattern of evolution (with respect to phtude, frequency and spatial extelatsting at least several
secondsA routine EEG of 2680 minutes is able to capt IEDs inapproximately 50% of epileptic
patientgSalinsky et al., 1987Performing repetitive routine EES&ssion®r asleep EEGession
canfurther increase the possibility of observing IEDs to lye@% of he patient§Doppelbauer

et al., 1993; Liporace et al., 1998) circumstances when seizures need to be recordedidang

video-EEG monitoring is conductg@Ghougassian et al., 2004)

EEG plays an important role in epilepsy managentérst of all, EEG helps in epilepsy diagnosis

and in determiningseizure typesand thereby in choosing AED ulieation and predicting
prognosis(Binnie and Stefan, 1999; Smith, 2005econd, for focal epilepsy, EEG has been
confirmed as a useful tool in the localization of the epileptic focug(Bleanmer et al., 2008Jor

example, witha relatively dense array of electrodd28 channely mounted RYHU WKH SDWLH
head Michel et al. (2004korrecty localized theepileptogenizonefor more than 90% dtheir

patients (44 in totalyith interictal dataEspeciallywith intracranial EEG (icEEGElectrodesan

be placeckitheron the exposed surface of theinto record electrical activitfrom the cerebral
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cortex(a techniquealled 3 H O H F W U R F REWWOG - RurwibeSakd Flink, 2003; Lachaux et

al., 2003; Miller et al., 2007; Yang et al., 2014y within the desired brain areas (called
stereoelectroencephalograpf$EEG) (Alomar et al., 2016; Bechtereva and Abdullaev, 2000;
GonzalezMartinez and Lachhwani, 2014; Kratimenos et al., 1993; Thivard et al.,,20G8)oid
signal attenuation from extracerebral layers and to improve spatial resoltienmks to its high
sensitivity and specificityBlount et al., 2008; Hill et al., 201L2cEEG is currently considered as
WKH 3JROG VWDQGDUG’ ™ |IRU cGsle@ian@BtbDntvdt @) 200& HhahG et@lH SW L F
2013; Zumsteg and Wieser, 200Burthermore, spatial analysis of EEG signals in the time and
frequency domain enables studies itlte functional connectivity netwoik epilepsy(Panzica et

al., 2013; Rotondi et al., 2016; Sargolzaei et al., 2015; Wendling et al., Ea@d)y, research has
been conducted to assess the possibility of using EEG signals for automaticaesetdetection

or predictionfAhammad et al., 2014; Minasyan et al., 2010; Mporas et al., 2015; van Mierlo et al.,
2014) seeRamgopal et al. (20149r arecentreview.

The limitations of EEG are obvioubBitracranial EEGs invasive limited in both sampling time
and areaandatrisk for possiblecomplications such as bleeding or infect{@&hount et al., 2008;
Zhang et al., 2013)or scalp EEGits signal is attenuated (sometimmgncancelled) by soft
tissues/bone and frequently degraded by muscle arfifadtch decreaseits sensitivity in
detecting epileptic eventkieb et al., 1976)especially in identifyinghe earliestmoments of a
seizure(Devinsky et al., 1989; Spencer et al., 198%) generat enough potentials to be detected
by a scalp electrode Jarge area of th cortexhas to be activated synchronoysiften of the order
of a few square centimete(&mith, 2005) Moreover, EEG monitoring does not provide
information on blood volume and oxygenation which could lkeeduatehe metabolic impact of

seizures or IEDs.

2.2.2 Magnetoencephalography

Magnetoencephalography (MEG) is fanctional neuroimagingtechnique thatis able to
noninvasivelymeasure theveak magnetic fields associated with intracellular current flow within
neuronsat a high spatiotemporal resolutig@ohen, 1968; Hamalainen et al., 1993pmpared

with scalp EEG, one of the major advantages of MEG is that its signal is less affected by distortion
from theskull and intervening soft tissRay and Bowyer, 2010Themainclinical use of MEG

in epilepsyis todetect and lod& e the source opathological activity in patientsisuallythe IEDs
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(Albert et al., 2014; Englot et al., 2015; Ray and Bowyer, 2010; T8paroza et la, 2008)
However, MEG sourcelocalizationwas also reportetb be successfulor some patientsvith
seizuregEliashiv et al., 2002; Fujiwara et al., 2012; Tanaka et al., 2004 restingstate data
(Krishnan et al., 2015Previous studies involving r@elatively large number of patients reported
thatthe accuracy of epileptifocuslocalization withMEG might potentiallybe close tahat of
ic((* WKH 3JR O Gprewd&Ighat BuffiGient IEDs are present in the recordliag et al.,
2008; Papanicolaou et al., 2005; Stefan et al., 2003; Wu et al., 2006; Zhang et al.F2013)
examplePapanicolaou et al., (200p¢rformed focus localization on 41 patief®9 with temporal
lobe epilepsy and 12 with extratemporal temporal lobe epjepish both MEG andeEEG but
did not seestatisticaldifferencebetweerthe percentages patientscorrectly localized wittMEG
(56%) and ¢EEG (54%).Recent development of sophisticate algorithms that is alperiorm
colocalization based ocombinal MEG-scalpEEG datamay furtherimproveits accuracyfAydin

et al., 2015, 2014; Stefan, 2010

However, MEG often has poor sensitivity in recording paroxysmal activity within the mesial
structures of the brain, as magnetic fields associated with medial dischesdjgsly to decay
rapidly (Shigeto et al., 2002Jurthermore, MEG is not suitable for lotgrm recording, making

it challengingto record seizures (although not impossilfgaumgartner et al., 2000; Knowlton,
2008)

2.2.3 Combined EEGfMRI

Unlike EEG and MEGBOLD-fMRI providesindirect measures of neural activity by detegtihe
hemodynamic changes associated with th{aro and Mohamed, 2006B8OLD-fMRI works
based on the different magnetic properties of H#R and HbO molecules (i.e. HbR is
paramagnetic while HbO is diamagnefiGpebel, 2007)According to the neurovascular coupling,
increased neural activity triggers a subsequeatease imCBF (please refer to section 2.The
increase inrCBF overcompensates the consumption of oxygen and reduces local HbR
concentrationleading to an increase of tBOLD signal (activationfBerman et al., 2006; Cohen
and Bookheimer, 1994onverséy, a decrease in CBF increases local Hafdhaentration and
produces a decreasing BOUBsponsddeactivation)(Gold and Lauritzen, 2002; Tomasi et, al
2006)
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Combined EEEMRI enables the observation of BOLD signal changes related to epileptic events
at a high spatial resolutiqg€unningham et al., 2008; Moeller et al., 20¢8n Graan et al., 2015)

With a general linear model (GLMhatassuneda canonical HRFit was shown thatEEG-fMRI

was able to locate brain regions thatrelated witHEDs on 70% to 80% of the patierf@rouiler

et al.,, 2011; Salekaddadi et al., 2006)Regarding focus localization, several studies have
confirmed the potential of EE®/IRI (Gotman et al., 2006; Lemieux a&l., 2001; Moeller et al.,
2009; Pittau et al., 2012dyor example, on some patients, fMRI was abléotate significant
BOLD response related to IEDs that was close to the icB&f{Bed epileptogenic zorfgulliemoz

et al., 2011)Recentlya localization accuracy of 64%as reported bittau et al(2012a)based

on their observations @8 patients who had IEDs duriieGfMRI scan.

EEGfMRI also helps predicturgicaloutcomen the presurgical evaluation of a patié#h et al.,
2013; Coan et al., 2015; Thornton et al., 2010a; van Houwadt, &013) Previous work suggested
that resecting brain region that does nioicludethe areapresentingsignificant IED-correlated
BOLD signal usually reswdtin a poor surgical outcome, while conducting surgengrethe area

of maximal BOLD signathangds concordant with resection is more likely to lead to postsurgical

seizurefreedom(An et al., 2013; Thornton et al., 2010a)

Using EEGfMRI to investgate epileptic network is another important application in epilepsy
(Gotman, 2008; Kobayashi et al., 2006a; Leitalet2013) IED-related studies revealed complex
and specific propagation network of the hemodynamic changes associated with foog@nEDs

al., 2015; Fahoum et al., 2012; Luaakt 2014; Vulliemoz et al., 200Besides, it was also shown

that epileptic discharges affect the default mode network, which may explain the reduction in
consciousness level and cognitive reseduging epilepsy (Centeno and Carmichael, 2014;
Fahoum et al., 2013; Pittau et al., 2012b)

Although less common, EE@GARI has also ben appliedto map seizureelated hemodynamic
changes antasyielded promising results, e.g. in focus locdiiaa (SierraMarcos et al., 2013)

and inseizurenetwork studyMoeller et al., 201Q)seeChaudhary et al. (2018)r a recent review.
Howewer, EEGfMRI generally has difficulties in recording seizures as they are unpredictable and
rarely occur at the exact moment of scanniBg Bonaventura et al., 2006The difficulty in
recading seizures with fMRI is exacerbated by the fact that small patient movements during a

seizure (which is very likely) can have a severely negative effect on data dGalityan et al.,
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2006; Hajnal et al., 1994in which case complex artifact removal analysis is reqDedaire et
al., 2009; LeVan et al., 2010; Thornton et al., 2010b)

2.2.4 Ictal Singlephoton emission computed tomography

Singlephotonemission computed tomography (SPEGIg technique thas ableto provide three
dimensional (3D) imaging of theynamic changes irCBF (Groch and Erwin, 2000; Livieratos,
2012) Gammaemittingradiotracersre firstinjected LQW R W KH S ®©raugiHo@dstréant R G\
and are irreversibly trapped in the tissue compartrimstantly after they cross the blobdain
barrier Therefore, he distribution of the radiotracers is considered to be proportional to the
cerebral perfusion seconds after the tracer igactnd isableto bemaintained for a few hours

which permit subsequenimage acquisitioifFougére et al., 2009; Kim et al., 2011)

Ictal SPECT identifies the epileptic focus region based on the fact that the increase in rCBF from
baselingi.e. the hyperperfusion at its maxnum at the site of seizure origiGoffin et al., 2008;

Van Paesschen, 2004arly analysis showed good sensitivity for ictal SPECT localization (>
80%) (Devous et al., 1998; Spanaki et al., 19%)thermore, a recent multimodal neuroimaging
technique called subtraction ictal SPECT coregistered to MRI (SISCOM) combiees
information fromictal SPECT and structural MRI, and shows its advantagedognizingthe

extent of epileptogenic zome discoveringootential epileptogenic regiofBrinkmann et al., 2000;

/HH HW DO 1HZH\ HW DO 2 1 % U CohCordthii doalization
results with SISCOM and with other localization modalities might indicate favorable postsurgical
outcome(Ahnlide et al., 2007; Kudr et al., 2013; von Oertzen et al., 2011)

Compared withthe high sensitivitythe localizationspecificity of ictal SPECT is lowr (~70%),
especially with extratemporal lobe epilepgidewton et al., 1995; Weil et al., 2001) a SPECT
scanthe time for the radiotracers to be injected, to trawvehe brainand to be fixedn the brain
tissuenormally takes more than 40 secorfdan Paesschen, 2004&herefore, ictal SPECTan
rarely discriminate between the seizure onset zone and areas receiving propagate(Faciétg

et al., 2009; Paesschen et al., 2008)al SPECT is now used more along with other imaging
modalities (e.g. icEEGIo assist in the formulation of an epileptogenic zone localization, rather

thanbeing used taletermine a resection direc{lpuncan et al., 2016; Lascano et al., 2016)
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2.2.5 18Ffluorodeoxyglucose positron emission tomography

Positron emission tomograpl§ET)is similar to SPECT in termsf its use of radioactive tracers
and detection of gamma ra{Bailey et al., 2005; Livieratos, 2012ut has aelatively higher
spatial resolution andetter signal contras(Kim et al., 2011; Spencer, 1994Jhe 18F
fluorodeoxyglucosean analogue of glucoses often selected as the radiotrac@fDG-PET).
Therefore, thalistributionof FDG in thebraintissue reflects cerebral metaboligfougére et al.,
2009; Lee et al., 2001yvhich isalsoan indirect measure of neural activijowever, in epilepsy,
FDG-PET is normallyappliedin the interictalperioddue to a long tracer uptake tir(ee30 min)
which is significantlylonger than averaged seizure durafigim et al., 2011; Sager et al., 2011)

The basis of FD&ET in focus localization is thapileptogenic zonef focal epilepsiesisually
shows interictal hypometabolis(&ngel, 1988; Savic et al., 199 FHDG-PET was reported to be
most sensitivén localizingthe epileptic focafor temporal lobe epilepsigsougeére et al., 2009;
Rathore et al., 2014; Spencer, 1994)th its sensitivity comparable to ictal SPEC¥80%)
(Drzezga et al., 1999; Gok et al., 2013; Kim et al., 2011; Won et al., 1988over,FDG-PET
helps selectgood surgical candidatesPatients showingunilateral temporal hypometabolism
ipsilateral to the EEG foanormally have a higher possibility aichieving postsurgical seizure
freedom(Kim et al., 2011; Willmann et al., 2007)

FDG-PET suffers from low localization specificitgites showing cerebral hypometabolism might
distribute much wider thate actual epileptogenic zoieuncan et al., 2016)naking it difficult

to decide the precise extent of the atede resected only an FDGPET imageis presented
(Sarikaya, 2015)Besides, FDE&ET is a single snapshot that lacks temporal information, which
is adisadvantagsharedwith SPECT.

2.2.6 Combined EEGNIRS

Except for EEG, none of the techniques reviewed above is suitable fetelongecording for

several reasons including cost, availability, safety and portability, which may be addressable by
fNIRS. In past decades, differegroups have assessed the clinical potential of &S as an
auxiliary method of epilepsy diagnog&delson et al., 1999; Arca Diaz dt,&2006; Buchheim et

al., 2004; Cooper et al., 2011; Haginoya et al., 2013, 2002; Jeppesen et al., 2015; Munakata et al.,
2004, Pellegrino et al., 2016; Rizki et al., 2015; Rechbarbe et al., 2008; Seyal, 2014; Shuhaiber
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et al., 2004; Singh et al., 201Slone et al., 2012; Sokol et al., 2000; Sokoloff et al., 2015; Steinhoff

et al., 1996; Villringer et al., 1994; Vinette et al., 2015; Wallois et al., 2009; Watanabe et al., 2002,
2000; Yducel et al., 2014a8ummarized in Tabl.1. In these works, theemodynamic effects of
epileptic events (mostly seizures) were preliminarily investigated in adults, children and neonates.
Early studies revealed heterogeneous patterns of oxygenation changes that might be specific to
seizure typegAdelson et al., 1999; Haginoya et al., 2002; Sokol et al., 200dhstéet al., 1996;
Villringer et al., 1994) For example, Villringer et al. reported cerebral blood volume increases
concordant with seizure origin in three patients with presumed extratemporal epiéipsger

et al., 1994 while a reproducible deoxygenation was also observed over the frontal lobe by
Steinhoff et al. on two patients with mesial temporal lobe epil€p®inhoff et al., 1996)Sokol

et al. stdlied 8 patients with drug refractory temporal epilepsy using fNIRS and showed distinct
patterns of cerebral oxygenation for complex partial seizures and for rapidly secondarily
generalized complex partial seizu(@&okolet al., 2000) Haginoya et al. studied various types of
pediatric epileptic seizures with fNIRS in 15 children and reported heterogeneous CBV changes
depending on seizure types (convulsions, absence, tonic status epilepticus, and infantile spasms)
(Haginoya et al., 2002)These initial observations suggested the utility of fNIRS in epilepsy
research but did not make direct progress towards evaluating its preclinical value for focus
lateralization or localization because of the limiteomber of subjects, the use of a single fNIRS
channel (frequently affixed to the hairless skin overlying the frontal cortex to avoid hair
contamination) distant from the seizure focus, heterogeneity in seizure types, and/or lack of clear
confirmation of tle epileptogenic zone. One pioneer fNIRS study on focus lateralization was
carried out by Watanabe et al. in 2002, where they performed bihemispheric sampling of brain
hemodynamics and correctly lateralized the focus for 28 of the 29 pdiéaiisnabe et al., 2002)

Their recent work on mesial temporal lobelepsy presented four successful focus lateralization
cases when using HbO changes as the ifeki et al., 2015)However, the behavior of other

chromophores was not discussed andrmégion on remote changes was not elaborated.
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Table2.1 Summary of the literature on EEGIRS in human epilepsy (Other groups)

Work Number  Number of Epilepsy type and event Major contributions
of patients channels

Villringer et 3 1 Focal seizure (extratemporal) Increases in blood volume and HbO concentra
al. (1994) were found over the presumed epileptic fo

region.

Steinhoff et 2 1 Focal seizure (temporal) Reproducible cerebral deoxygenation was dete
al. (1996) in the ipsilateral frontal cortex.

Adelson et 3 1 Focal seizure (foci not specified) A perfusiormetabolism mismatch was observ
al. (1999) during seizures.

Sokol et al. 8 1 Focal seizure (temporal) Complex partial seizures andpidly secondarily

(2000) generalized complex partial seizures shov
distinct pattern of cerebral oxygenation.

Watanabe e 12 8-24 Focal seizure (10 temporal, 2 In all 12 cases, rCBV increased rdgidn the focus
al. (2000) parietal) side after partial seizure onsets.

Haginoya et 15 1 Cryptogenic or symptomatic, Heterogeneous CBV changes were repo
al. (2002) generalized or focal, seizure  depending on seizure types.

Watanabe e 29 8-24 Focal seizure (25 temporal, 2 Significant hyperperfusion on the side of seizu
al. (2002) frontal, 2 parietal) foci was observed in 96% of cases (28/29).
Buchheim 3 1 Generalized seizure (absence) Absence seizures were associated with a deci

et al. (2004) in HbO and an increase in HbR over the fror

cortex.

Munakata et 3 24 Generalized seizure (West  An increase in rCBV occurred in multiple are

al. (2004)

syndrome)

during clusters of spasms.




18

Table 2.1 (Continued) Summary of the literature on ER{RS in human epilepsy (Other groups)

Work Number  Number of Epilepsy type and event Major contributions
of patients channels
Shuhaiber 1 2 Focal seizure (frontal) Seizures produced a progressive decline and
et al. (2004) fluctuations in regional oxygen saturation (£$@n
the side ipsilateral to the focus.
Arca Diaz 1 2 Focal seizure (frontal) Fluctuations in rS@ were observed in bilater:
et al. (2006) frontal regions during concurrent seizures.
Roche 6 1 Generalized seizure Generalized spikand-wave discharges were
Labarbe et related to complex oxygenation changes in froi
al. (2008) areas.
Wallois et 1 2 Focal seizure (temporal, neatal  Seizurelike discharges induced increases first
al. (2009) seizures) HbR, then in HbO and HbT. An undershoot w
seen only for HbR.
Cooper et 4 Up to 60 Generalized seizure (neonatal Transient hemodynamic events identified w
al. (2011) seizures) associated first with an increase followed by a re
decrease of HbO concentration.
Slone et al. 5 2 Focal seizure (temporal) A decrease in HbO, HbT and oxygen satura
(2012) (SO) were observed in the frontal lobe up to 15 r
before the seizure onset.
Sato et al. 1 48 Focal seizure (frontal) Increased cerebral blood flow was seen in
(2013) seizure onset zone after the onset of
supplementary motor area seizure, with ra
propagation to adjacent areas.
Seyal 6 1 Focal seizure (temporal) Preictal SQ increase was observed in the fror
(2014) lobe, followed by periictal S© decreaase anc

postictal increase.
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Table 2.1 (Continued) Summary of the literature on ER{RS in human epilepsy (Other groups)

Work Number  Number of Epilepsy type and event Major contributions
of patients channels
Singh et al. 1 58 Neonatal seizures High amplitude HbO, HbR and HbT increased pi
(2014) to extended decreases were seen to becaged
with all seven electrographic neonatal seizures.
An increase in HbO, HbT, blood flow ar
Yucel et al. 2 6-7 Focal seizure metabolic rate .Of oxygen (QMFépwas chatec
(2014a) over the epileptic focus_reglon during seizures
subsequent deoxygenation phase was also se¢
one gizure.
Jeppesen e 15 2 Focal seizure (10 temporal, 3 NIRS-measured hemoglobin concentration chan
al. (2015) frontal, 1 parietal, 1 unspecified) in the frontal lobe during seizures may not
suitable as biomarkers for seizure detection.
Rizki et al. 4 44 Focal seizure (mesial temporal) EEGfNIRS captured HbO increases duri
(2015) seizures in mesial temporal lobe epilepsy, wr
could be used to lateralize the epileptic focus si
Sokoloff et 11 2 Neonatal seizures Neonatal seizures were associated with redt
al. (2015) rSCG on both hemispheres.
Vinette et 4 2 Focalseizure(3 temporal, 1 Slowly varying changes in hemodynamicsght
al. (2015) central) precede epileptic seizures.
Upto 8 An HbO respons¢o IEDswas observed over tF
Pellegrino 9 emgt(:alr; Focal IED(3 frontal, 3 temporal, 2 pres:JmeId f(t)_cus r(;[glorl;_lfotr 8 [I)atlznts.t_The re_?pn
et al.(2016) an occipital, 1 parietabcciptal) was longlasting, often bilateral and patiespecitic
detectors in its shape.
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Table2.2 Summary of the results ofur group using EE@NIRS in human epilepsy

Number of
channels

Epilepsy type and event

Major contributions

95-120

Focalseizure(temporal)

An initial HbO increase with an HbR decrease v
first observed in the focus area. Long comp
partial s&zures were asgiated with a subseque
HbR increase while HbO continued to increase
even decreased. Similar hemodynamic profile
seen over the region contralateral to the focus &

Work Number
of patients
Nguyen et 3
al. (2012)
Nguyen et 9
al. (2013)

44-203

Focal seizurdfrontal)

Over the seizure focus, an initial concentrat
increase for HbO and HbT from baseline to pi
was noted, followd by a gradual decline to
plateau or to the baseline. The behavior of F
concentration was heterogeneo8snilar changes
in HbO, HR and HbT were seen in homologo
contralateral region, albeit of lower amplitudes.

Pouliot et 9 (3 had
al. (2014)  seizures)

47-173

Focal seizurand IED(2 occipital,
1 parieteoccipital

An HbR decrease associated with seizures
located in the focus region f&/3 patients.For
IEDs, an HbR decrease consistent with the fc
region was seen on 6/7 patients.

Machado et 1 43 FocallED (frontal) EEGINIRS VKRZHG DQ LQFUHDYV

al. (2011) +E5; +E79 VSDWLDOO\ FR
presumed epileptic focus.

Pouliot et 3 100150 Focal IED(1 left frontocentre  The hemodynamic response to IEDs contai

al. (2012) tempoal, 1 right frontal, 1 left  significant second order inhibitive component

parietcoccipital)

the caseof numerous IEDs taking place in rag
succession
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In the pasfew years, the feasibility of applying aptical imaging technique in the study of the
hemodynamic response to neonatal seizures has been explored by differen{@oopes et al.,

2011; Singh et al., 2014; Sokoloff et,&015; Wallois et al., 20093ee alsaVallois et al. (2010)

for a review of early discoveries. Their recent results showed that the shayeeheihodynamic
changes associated with neonate seizures might be distinct from the standard responses to
functional stimulations on older children or adults. Since reading neonatal EEG can be extremely
challenging, and performing SPECT, PET or fMRI on raes is usually not possible due to
ethical and technical restrictiofi@/allois et al., 2009)their studies are remarkable in showihg t

potential of fNIRS for monitoring in neonatal intensive care units.

Another particular interest of recent fNIRS work was in the observation of oxygenation variations
preceding the EEG onsets of epileptic seizures. With-BRS, two different groups derved

preictal oxygenation changes over the frontal lobe prior to temporal lobe s€i2axed, 2014;

Slone et al.,, 2012)Although a subsequent atteimpf using fNIRSmeasured hemoglobin
concentration changes as biomarkers for seizure detection was unsu¢deppksen et al., 2015)

this endeavor suggests a potential for fNIRS as a home monitoring seizure detection or prediction

device.

Some other studies focused on the applicadiorecent fNIRS methodological improvements to
epilepsy. For example, aiming at removing the movement artifact from clinical fNIRS recordings,
Yucel and colleagues proposed to use collodied prismbased optical fibers which were
eventually proven todhelpful in recovering the hemodynamic response to three epileptic seizures
in their study(Yucel et al., 2014a)Serving the same purpose, datsed filtering techniques were
also adapted into the analysis of long term fNIRS @diaette et al., 2015)In addition, efforts

have been made by Machado et al. to provide an optimal fNIRS emitter/detector montage in IED
studies to maximize sampling sensitivity over onsaxeral brain region®achado et al., 2014)

The personalized montage was used in their fellpnwstudy of IEDs on 9 patients, in whian

HbO response with a patiespecific shape was located over thgileptic focus region and
sometimes over the unaffected contralateral area agRedliegrino et al., 2016)

In summary, preliminary workf other groupsonfirms the clinical potential and usefaks of
fNIRS: 1) it was seen as a robust tool to explore hemodynamics associated with seizures on adults,

children and neonates; 2) studies of seizures indicated a potential for epileptic focus localization;
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3) it can possibly be used to study preictahbdynamic changes; 4) fNIRS hardware and software
have steadily improved over the last few years and will most likely continue to improve, which

may in turn benefit future clinical studies.

Our group has been trying to complement the current researchgoarayl recording from more
channels (typically 10050) to reconstruct-dimensional (2D) topographic images of activations
with much larger brain coverage. The relatively large number of channels ascertained complex
local and remote oxygenation changesociated withfocal seizures in a fair number of patients.

Our work on temporal lobe seizur@dguyen et al., 2012)frontal lobe seizurefNguyen et al.
2013)and posterior seizuréBouliot et al., 2014gonfirms that continuous EEIIRS can indeed

detect hemodynamic changes during focal seizimesost cases, we observed an increase in HbO
but more heterogeneous behavior of HbR (usually decreased, sometimes unchanged or even
increased) over the epileptic focus region. Thelsanges can last much longer than the EEG
evidence of seizure activityn addition, early complex hemodynamic changes outside the focus
were frequently observed, notably in contralateral homologous areas but also in more remote
regions as seizures evolve. In summahe hemodynamic changes associated wjileptic
seizuresare more complex than previously thought, @ath sometimegsomplicatethe focus

localizationprocess

On the other handyur groupalso published the first studiéisat showed clinical potentialof
EEGINIRS in studying the hemodynamic response tafdeDs(Machado et al., 2011; Pouliot

et al., 2014)For examplepn a 10 yeaold boy with right frontal lobe epileps¥achado et al.
(2011)observeda significant HbO increase and an HbR decreéasgorally synchronized with
IEDs andspatially @ncordant with the presumegbilepticfocusregion With careful modeling
(Pouliot et al., 2012alsoshowed that the hemodynamic response is associated with significant
inhibitive nonlinearitiesvhen numerous IEDs take place in rapid successind that modeling

this nonlinear contribution helped to obtain duncordantocalization of the epileptic focus with
fMRI for some patient¢Pouliot et al., 2012)However, due to the limited number of patients
involved in these studietje overall sensitivity and the specificitgf using thefNIRS-measured

hemodynamic response to IEDsietivaton detection and ifocus localizatiomwerenotestimated
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CHAPTER3  7+(25<$1' 0(7+2'2/2*<

This chaptefirst gives a brief introduction of the theory of light propagation in diffused media.
The rest of this chapter covers the hardware setup as well as the algsasgripeline that were
used in the two IEBelated studies presented in chapter 4 and chapter 5.

3.1 Brief introduction of diffuse optical imaging basics

3.1.1 Forward modeling and inverse problem

Photon transport in biological tissue can be equivalently sintutaienerically with Monte Carlo
method or analytically modeled wittheradiativetransport equation (RTEs follows(Durduran
et al., 2010; Wang and Wu, 2007)

-2",;*:@ L FQW . |BGR F 4. QP E5 RGP E 4,1, . ROPBGD,@  (3.1)
The RTE isa differential equation describirige changein thelight radiance . : & whichis
defined as the light powger unit arealong the Qlirection at the distanc&nd time PThe first
two terms in the right hand side of the RTEEQ® . : B3P, and Fac. 1 &GP, represent the loss in
light radiancedue tobeam divergence ardjht extinction (i.e. absorption and scattering), while
the last two terms describe the energy incident from the light s&acd from light scattering
from any direction@into the direction QIn the RTE, Ris the speed of light in the mediuri.is
the scattering coefficientd, L axE 85 where dgis the absorption coefficientB: QQd;is a
probability density function that represents likelihood of light scattering fronthe direction
into Q The scattering coefficienéi,and the scattering coefficiends are respectively the
reciprocals of the photon scattering length and the photon absorption length, widefireed as
the typical distances tralsel by a photon before it is scattered or absorBeth the scattering

coefficient and the absorption coefficient are dependettie wavelength of the light.

Unfortunately the RTE is quite complex and is difficult to soffRutily and Chevallier, 2006)n
brain imaging, the RTE is often simplified into the diffusion equation @Ejhe photon fluence
rate O: P, by assuming that brain tissue is highly diffusive, Bg.( &s(Boas et al., 2004b)
The DE is less accurate compared with Me@Gtelo methods or the RTE, but is more efficient in

computation:
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—© _ N=%; 4 ®and &% B arethe position
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where &is the photon diffusion coefficien& L

dependent absption coefficient andeduced scattering coefficiemih diffuse optical imaging, the

tissue is usuallgonsideredo be homogeneous, thue haveds: 8 L &5 &L & L &) Note that
aldiffers from &gas &lincorporatesézand the anisotropy factof, i.e. &LL :s F C;&where

CL O... “4; Pis the averaged cosine of the scattering arddte a single scattering evefthis

is because that light tends to scatter predominantly in the forwatidiv. Thereforethe typical
distance traveled by a photon before its direction is randomized by scattering events is longer than
the photon scattering length (thég€< &, 3U H G)XIF su@mary, the DE explains themporal
changes in phoh concentration in a unit volume (the right hand side) as the contribution from the
source (the first term on the left hand side) plus the photons scattered into the volume (the second

term) minus the photon loss due to absorption within the volumeh{tideérm)(Buckley, 2011)

The DEneedde solvedo find the absorption and scattering properties of the tihis is known
as the inverse problemwhichis often ilkposedn real practic€Gibson et al., 2005 he reader is
referedto other materials (e.@uckley (2011); Durdurantel. (2010); Wang and Wu (20Q#pr
a discussion oits theoreticalsolutionunder different boundary conditiorsssuch discussion is
out of the scope of this thesia.the context of NIRS, thmain absorbeof near infrared lights
hemoglobin (HbGand HbR) Therefore, by using two or more wavelengths within the near infrared
range (650nm to 950nme.g. & and &), the absorption coefficiemtf each wavelengthas can be
related to theHbO concentration,% g and HbR concentratn, % ¢ g with the following
extinction equations

80:8; L YioQRotE o QRot

1o , (3.3)
d5:9%; L YioPRoeE ioPhoe

where Yis the extinction coeitient dependent othe type of hemoglobin and the wavelength of

the near infrared lighThe extinction coefficients of HbO and HbR corresponding to different light

wavelengths have been measureditro and are available onlin@rahl, 1998)
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3.1.2 The differential pathlength approach

Equation 3.8 also holds for relative values of hemoglolboncentratio{ % g@nd % gkand

absorption coefficient§ &g, i.e.

86:8; L Yise YaoeE Yige Yot (3.3)
80:8; L Yioe hoeE ioe %ok

Therefore if we areonly interested in théemporalconcentratiorchanges of hemoglobifmather

thanabsolutevalueg, we simply need tdfind the relative changeaa absorption coefficientBom

the NIRS recordingdn this casea much simpler ifferential pathlength approach can be applied

using only thevariations in thepticaldensity(OD) of the detected light
1&84@P L FZ—"F; (3.4)

where @s the distance of the NIRS source and detd@D) separation;Qis the detected photon
fluenceat time P O, is thedetectecphoton fluenceluring baselineThreehypotheses amequired

here. First, the relative changes in absorption coefficients are much smaller than their baseline
values, i.e. 83' &g Second, the absorption change is homogeneous along the light pathway
within the tissueFinally, the scattering chga is negligiblei.e. &L N r. Under these hypotheses

the Tg/lor series can be used to expanelOD whena small change in absorptispresentfor

a certain wavelength of light and a certain SD separéilarduran et al., 2010)

..... IEVk | 4B 0 .

1&80 E 8&YL E 85 N1&&yE a@aag‘@;Nl&:émééQ@;E!—i 8 (3.5)

\ 0 1 &é&p, &, 84D
08p
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The last step in equation 3.6 employs the modified fBeerbert Law (MBLL), which is an
approximation that is currently widely applied aptical brain imaging(Delpy et al., 1988;

IEYK | 49 a&o
P

Desjardins et al., 2012; Kocsis et al., 200@): 44 is called the differential

absorption pathlengthNith the MBLL, @:aa@is expressed as the multiplication of the SD
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distance @nd a differential pathlength factor (DPF) to accountiferadditional path travelled by

the photongn the mediundue to scattering eveniBhe DPF is dependent on the light wavelength,
and can be measured with additional instruments or computed with Monte Carlo simulations
(Bonnéry et al., 2012; Chatterjee et al., 2015; Duncan et al.,.1996)

Note that equation 3.6 assumes the distribution of the small absorption change to be spatially
uniform in the medium. However, if the changdight absorption is rather localized, equation 3.6
leads to systemic underestimates fdp(and thusfor the hemoglobin concentration change as
well). This is defined as the partial volume effect in optical imaginghis case, the DPF in
equation 3.6 must be replaced with a corrected partial pathlength factor (PPF) that incorporates
both thedifferential pathlengtfand thepartial volume(Steinbrink et al., 2001; Strangmanhag.,

2003)

BE ;
El¢

22 (& L (3.7)

where 2 8 (:4; is a wavelengtidependent partial volume factor (PVHh the field of brain
imagingwith focal activationsa PVF of 4060 is often appliedBoas et al., 2001; Strangman et
al., 2003)

Combining Equatios 3.3b, 3.4 3.6 and 3.7/we obtain the explicit fon to derive hemoglobin

concentratiorchanges from detected OD variations:
1&34@P L FZ@ AL @R2 (& @Yioe %oeE aoe %RoE (38)

3.2 Multichannel EEG-fNIRS recording methods

In the sectin above, we brieflyreview the theory relating light propagation properties to
hemoglobin concentration when a single SD channel is edever, h our recordings on
epileptic patients, wemployedmore channels (typically 100 1&0)to reconstruct 2@opographic
images of brain activationg his brings additional instrumentaind methodological challenges

which are introducetdespectively in the following subsections

3.2.1 System setup and recording protocol

In the two studies presented below (chapter h&pter 5), we used a homeodified commercial

fNIRS imaging system (ISS Imagent, Champaign, IL., USA). Helmets of different sizes were
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designed to ensure a best W WR D SDWLHQWV KHDG G5HFRUGLQJ KDUC
electrodes, 64 fibre sourcasd 16 fiber detectors mounted on the helmets. A deteetsplaced

3 to 5 cm away from several adjacent sources, forming multiple optical Soateetor (SD)
channels (Figre 3.1A). Optode positions were then-pegistered onto &D high-resolution
anaomical MRI (obtained prior to EE®NIRS) using BrainSigHt' (Rogue Research, Montreal,
Canada) (Figre 3.1B). 3D coordinates of a SD channel were considered as the midpoint of its
source and detector. In our studies, channel positions were intentiorraiiged so that the
covered area included the whole lobe with thegoenowledged epileptic focus, the corresponding
contralateral lobe, and as much area from the other lobes as possible, especially on the suspected
focus side.Two wavelengths omachside of the 800nm hemoglobin isosbestic point (i.e. the
wavelength at which the absorption rates of HbR and HbO are eegrallised: 690 nm which is

more sensitive to HbR and 830 nm which is more sgadio HbO. Optical intensity information

is collectedby an ISS oximeter at 19.5Hz.

Figure3.1: (A) Example ofhelmetconfigurationin onesimultaneous EE@NIRS recordingon an
epileptic patien{B) Co-registered optode distribution projected onto the s&alprces/detectors

are marked in blue/green respectively.

EEG datawererecorded at a sampling rate of 500 Hz using a Neuroscan Synamps 2TM system
(Compumedics, Charlotte, NC., USA), andrethen banepass filtered between 0.1 Hz and 100
Hz to remove instrmental noise and other artificial disturbancEse electrocardiogranEKG)

of the patientvasalso plotted.
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After installation of the helmet, multiple sessidbgicaly 15 min eachpf simultaneous EEG
fNIRS recordingwereperformedor each patienDuring recordingsthe patientwassimply asked

to sit comfortably and relax a dark roomAfter theacquisition, the EEG dat# the patientvere
reviewed offline by certified clinical neurophysiologists. Seizomeet and seizweffset times,
definedrespectively as the earliest and latest clinical or electrographic evidence of seizure activity,
weremarked directly on the EEG along with IEDs using Analyzer 2.0 (Brain Products, Gilching,
Germany). Physiological date.g. the heartbeatgjerealso marked on theEKG and are semi

automatically filtered.

3.2.2 Data processing and statistical analysis

The data processimvgascarried out with our irfhouse Matlab (MathWorks, USA) toolbox, namely
nirs10, whichis based on statistical parametric map@i§PMs) (Friston et al., 2007and NIRS
SPM(Jang et al., 2009; Ye et al., 2009)

For each patient, the anatomical MRI image was segmented to obtain a grey matter layer, from
which four 2D cortical projections (frontal, dorsal, right and left) were extracted. The positions of
fNIRS optodes on the standard SPM8 anatomical atlas were then mapped back to these
WRSRJUDSKLFDO SUR Mdidywatier@ayerRl WKH SDWLHQWY

The opticaldata of each SD channe&lerefirst transferred into hemoglobin concentration changes
usingthe MBLL (equation 3.8). The DRFor the two near infrared wavelengths (690nm & 830nm)
were calculatedbased on the empirical law derived Byncan et al. (1996However, the age

factar wasnot considereth our computation of the DPBpe to a recergtudyfrom our group in

which they confirmed that the difference in DPF between young and old adults was not statistically
significant (Bonnéry et al., 2012)A PVF of 50 wasused in the first two studies of this thesis
(reported inchapter 4 and chapter S)he extinction coefficients of HbO and HbR corresponding

to the near infrared light of 690nm and 850werereferred fromPrahl (1998)Relative changes

in HbT concentration were obtained by addingethetHbO and HbR concentration changes.

Y%aoF %oeE %ok
After converting optical data into hemoglobin centration changes, a first challeng@as to

interpretthese changes, i.e. to separate the hemodynamic response to epileptic events from noise

and other systemic physiological signals (e.g. heartbeats, respiration or Mayer wave). In our study,
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this wasaddessed by employing a general linear model (GLM) widiebomposes the detected
hemoglobin concentration change into a linear combination of the expected hemodynamic response

to epileptic or physiolgical events plus an error term:
LL>gigd g H & ? EOL ,UED (3.9)

..Is anM by N matrix where each column contains tklepoints of the recorded hemoglobin
concentration change time course of one channel (thabkannels in totaj): 5is anM by 1
regressonector denoting the expected hemoglobin concentration response to a certain of event
(epileptic or physiologicaP regressasin total); U is anN by 1vector ofregression coefficiest
corresponding ta 5 Os anM by N noise term.The GLM is considered as a standard analysis
method in the detection of brain activation with BOIRI (Friston et al., 2007; Monti, 2011,
Worsley and Friston, 19953nd has been adapted to fNIRS stuies et al., 2007; Plichta et al.,
2007; Schroeter et al., 2004; Yeakt 2009)thanks to the similar physiological basis as well as the
comparable experimental designs between fMRI and fNIRSQur GLM for one session of
recording we include a regressor for each type efileptic eventnarked in our EEG traces (i.e.
sdzures and/or different types of IEDs, e.g. left temporal lobe IED and right temporal lobe IED for
a patient with bilateral temporal lobe epilepsy)heartbeat rate regressor derived fmmEKG
recordings and a constant regresgar. each type oépileptic event the expected hemoglobin
concentration respongee. the regressoryasformulatedby convolving the time and duration of

the eventsdlsomarked on EEG datawith abasis functionnormallyanHRF:
‘ali,y DUQPFU@U (3.10)
where Dis the selected HRF.

For all channels,hie estimatedregressiorcoefficiens fandthe error covariancenatrix owere
derivedfrom the GLM (equation 3,9)ith least squaresstimation(Ye et al., 2009)

gL, ?s (3.11)
oLse<, !, ;?5, 1, o 0 25 1= 380 (3.12)

where , is the temporal autocorrelatiom the recorded hemoglobin data. & denotes the

Kronecker product? is thecommonerror variancematrix of all channelgN by N) as follows:
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Ifﬁ Ar6 ® g
3| ;r C5 C? r k: (3.13)
ir r r &0

Suppose that thégth regressor: 5 is from an eventof interest, the next step is to conduct a
hypothesigest for the corresponding coefﬁcieﬁg’ to test whether. 5 can explain the variance
in ..at a stastically significant leveHowever, in order tweconstruct 2D topographic maps of
brain activationssuchstatistical tesheeds tde performed at pixelevel of the four 2D cortical
projections(rather than at the channel leyelyhich thus requirespatial interpolation of the
channelwise regression coefficien8andtheerror covariance matrix. A central difficulty here

is that the sparse and irregulapatial distribution offNIRS recordings (unlike the dense
measurementBom fMRI) breals the basic assumption of homogeneous Gaussian random field
model in theconventionakpatial analysis of functional signalkhis problem habeen addressed
in Ye et al.(2009) by proposingan inhomogeneousterpolation kernelw, and analyzingthe
interpolated fNIRS statistics with the inhomogens Gaussian random field theorgy
incorporating their contributionsve were able to conduet tstatistical test onhe interpolated
regressiorcoefficientat every pixeb, L}d’ - 3 of each of the four 2D projacins testing thenull
hypothesis that the interpolated hemoglobin concentration charle @kel b is not correlated
with the expected hemodynamic response toltjiie event, i.e.L'J&Y - & L r, with the following t
statistic and effective degreef freedom(EDoF) (Ye et al., 2009)

&y Aj

¥ Yy

(3.14)

Raol

'& K (L rrpp__; (3.15)

where Ngis the elementin w! $wcorresponding to the pixdd; % is the Lth element in the
diagonal ofo in theequation3.12, 0 L :, ', ;?5, 18::, 1 :?5 T:l- — L uF,:, T, ;?5,1..
is the residual forming matrix-”; denoteghe trace operatorhe portion of the brain tissue within
the pixelb on the 2D map isonsidered to be activated by the event of intergstif the absolute
value of its tstatistic islarge enouglthat it cannot baresult ofthe type | errofsee below)The
detailed derivation of thé} gand ' & K (is well documetedin the publications from the authors

of NIRSSPM(Tak and Ye, 2014; Ye et al., 200@ndthusis not repeated here
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The temporal autocorrelation matrix YIRS data, was estimated through the precoloring
procedurgWorsley and Friston, 1995; Ye¢ @., 2009) We applied a temporal smoothing process

to the fNIRS data prior to the GLM estimation. The smoothing kernel was considered to be strong
HQRXJK WR 3ZDVKRXW"™ WKH LQWULQVLF DXWRFRUUHODWLRQ
Therefoe, the new temporautocorrelation matrix is obtained by:

, Lel@ Nele (3.16)
where ©is the(unknown)intrinsic autocorrelation matrixs is the temporal smoothing kernel.

For each of the four 2D projections, agsts were done &ach pixel (which means that tens of
thousandsof hypothesigests were performed simultaneousigthods to control the familywise
error rate (FWER) need to be considefBde current version of nirs10 integrates the Lipsehitz
Killing curvature based exgeted Euler characteristics (EByesholdfrom NIRSSPM (Li et al.,
2012) which isbased on the fact that the probability of a famige error carbe approximated
by the expected EC at a high threshold.

Finally, in the case that multiple EEG1,56 VHVVLRQV ZHUH FRQGXFWHG RQ |
OHYHO™ DQDO\VLV ZDV DOV Rindvitiual Rialysis GfdaRBEesstanB 4 W KH
precisionweighted average of the sessiqisk and Ye, 2014; Ye et al., 200%e patientevel

analysis intendetb pool the information from all the recorded sessidhgrefore, br a regressor

of interest: 5 , the tstatisticat each pixeb wascalculatecat the second level across the estimated

regression coefficients), - gof different sessions.

Below we plot a flowchart of our data processing atatistical analysis pipelin€igure 3.9 and

briefly explain each moduleelow.

(1) fNIRS data preprocessing:

X Noisy channel removal. This module removes noisy/saturated channels on the median of a

channelwise rolling standard derivation measure.

x Baseline normalization: Through this moeuthe detected light intensiof a channel is

normalized to its median valud &\ ¢1 8.
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Figure3.2 Flowchart of EEGINIRS data processing and statistical analysis pipelgiegthe nirs10 toolbox
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x Downsampling: If needed (e.g. for a long recording session of 60 minutes or there),
light intensity variations are then downsampled. Low pass filtering is performed prior to

the downsampling procesascordingo the Nyquist theorem.

x Hb transformation: The light intensity data of all the channels are transformed to HbO and

HbR concemntation changes using the MBLLLAL &\ (%o @& % 6k

x PCA andhigh pass filtering: A principatomponent analysis (PCA) procedure is applied
to the hemoglobin concentration change timecourses of all the channels. This is based on
the assumption that movement (such as sugldaps affecting most channels) and other
artifacts such as large physiological resposesommon to all channelsutunrelated to
the IED responseéOne component with the most variance is removed in this modufé. A 4

order Butterworth high pass filtes also applied with the cutoff frequency at 0.01Hz.

x Temporal smoothing: We smooth the hemoglobin concentration change data by applying a
low pass filter with the shape of tB#M8canonical HRFThe full width at half maximum
(FWHM) is about 4 s wide. Uil a simplifying assumption that the shape of SirM8
canonicaHRF is not too different from a Gaussfamction the cutoff frequencis related
to the FWHM byf = 2.36/FWHM, or abot 0.6 Hz.

(2) EEG recording processing:

X Marker generationA sequencef time and duration is generatam £ach type of epileptic
event(if present) according to the markers of the neurologists on EEG. A heartbeat rate

vector is als@enerated from EKG and is carefully reviewed.

x Temporal convolution: The sequences (of tand durationpf each type of epileptic event
are linearly convolved with a selected HRF to obtain the expected hemodynamic response

to these events.
(3) Structural MRI image processing:

X +HDG VHIPHQWDWLRQ 7KH VWUXFW XU Bdgnebted itdhBJH RI D
following six layers white matter, grey matter, cerebrospinal fluid (CSKull, scalp and
air. Four 2D cortical projections (frontal, dorsal, right and left) are extracted from the grey

matter layer.
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x Coregistration:The positions of &lfNIRS optodes(sources and detectyrare mapped
automaticaly WR WKH IRXU FRUWLFDO SURMHFWLRQkKe RI WKH
coordinates of an fNIRS channel are obtained by mapping the midpoint of its corresponding
source and detector onto tbertex.

x Manual adjustment: If the automatic coregistration is not perfect for some optodes, minor
manual adjustment is allowed@ihe positions of all the optodes should correspond to the

photo taken on the patient during the actual EN@RS recording.
(4) Statistical analysis

x General linear model: The hemoglobin concentration changes of all the channels and the
expected hemodynamic responsegjpdeptic or physiological events are aligned with a
general linear modelhe regression coeffients for all regsors and the error variance are

estimated with least square method.

x Spatial interpolation: For each recording session, the estimated regression coefficients and
error variance are interpolated to the four 2D projections usingnlammogeneous

interpolaton kernel

x FWER threshold calculation (Sessitavel): With the EC correction method, «dlue
threshold is calculated for each of the four 2D projections to control the false positive rate

on the corresponding contrast map

X Statistical parametric mapgr{Sessiorevel): A t-statistical test is conducted at each pixel
of the four 2D projections. After applying the sesdievel FWER threshold, thestatistics

are rendered onto the projected grey matter layer.

x Precisionweighted averaging: The sessilenel estimated regression coefficiewntall the

sessions areeighted over error variander a secondevel statistic test.

x FWER threshold calculation (Patieievel): The EC method seems to be a bit too restrict
for the number of the sessions is usuliited for one patient. In the current version of
nirs10, a2D peak false discovery ra{pFDR) correction is applied for the patidavel t

statistic correction (see chapter 4).
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X Statistical parametric mapping (Patidenel): A t-statistical test is eculucted at each pixel
of the four 2D projections using the estimated regression coefficients of all sessions as data
samples. After applying the sessievel FWER threshold, the patielatvel tstatistics are
rendered onto each of the four projected gneyter layer.
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This article addresses the first objective of this thesis, wisidb provide estimates for the
sensitivity and the specificity in detecting the hemodynamic response to |8Dslanalizing the
epileptic focus region, with a GLMased approach. This article has been publishé&gpilepsy
Researchn 2014(Peng et al., 2014)

4.1 Abstract

Functional neamfrared spectroscopy (fNIRS) acquired hvilectroencephalography (EEG) is a
relatively new nofinvasive neuroimaging technique with potential for long term monitoring of the
epileptic brain. Simultaneous EEEIRS recording allows the spattemporal reconstruction of

the hemodynamic responseterms of the concentration changes in oxyhemoglobin (HbO) and
deoxyhemoglobin (HbR) associated with recorded epileptic events such as interictal epileptic
discharges (IEDs) or seizures. While most previous studies investigating fNIRS in epilepsy had
limitations due to restricted spatial coverage and small sample sizes, this work includes a
sufficiently large number of channels to provide an extensive bilateral coverage of the surface of
the brain for a sample size of 40 patients with focal epilepsiesagraphic maps of significant
activations due to each IED type were generated in four different views (dorsal, frontal, left and

right) and were compared with the epileptic focus previously identified by an epileptologist.
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After excluding 5 patients due tbhe absence of IEDs and 6 more with mesial temporal foci too
deep for fNIRS, we report that significant HbR (respectively HbO) concentration changes
corresponding to IEDs were observed in 62% (resp. 38%) of patients with neocortical epilepsies.
This HbR/HID response was most significant in the epileptic focus region among all the activations
in 28%/21% of patients.

Keywords: Focal epilepsy; INIRS; NIRSPM; EEG,; Interictal epileptic discharges

4.2 Introduction

Functional neamnfrared spectroscopy (fNIRS) is @omising functional imaging approach to
monitor brain activityJobsis, 1977)Since hemoglobin is the main absorber of fiefiared (NIR)

light (wavelengths in the range from 650 nm to 900 nm), fNIRS is capahiecofding the
concentration changes in deeltgmoglobin (HbR), oxjnemoglobin (HbO) and total hemoglobin

(HbT, which is a proxy for regional cerebral blood volume (rCBV)) in the human brain using their
spectroscopic propertiéBelpy and Cope, 1997; Desjardins et al., 20Applicaton of fNIRS to
epilepsy research is of interest as it offers the potential for-tenmmg noninvasive and high
temporal resolution hemodynamic imaging, with perhaps more flexibility in experimental setup
including lower cost and portabilifyrani et al., 2007; Lareau et al., 2011; Llelydx et al., 2010)

With electroencephalographic (EEG) signals simultaneously acquired with fNIRS, the
hemodynamic changes aswded with epileptiform events such as interictal epileptiform
discharges (IEDs) and seizures can be investigated. Using a high number of channels for extended
spatial coverage, our group has recently shown the potential of fNIRS to accurately detect
hemod/namic changes associated with focal seizures, localize the epileptic focus and characterize
the complex local and remote oxygenation changes occurring during such (&gnten et al.,

2013, 2012)However, because seizures are random and seldom occur duriffiNEESStesting,

we sought to determine if IEDs captured during these long recordings could also provide useful
localization information, as IEDs have been shown to be highly correlated with seizures and are
also considered as fundamental components contributing to epileptogé@esisan, 2008;
Gotman et al., 2006; Staley and Dudek, 2006)

Although IEDs are more easily captured during recordings than seizures and generally not
associated with movement artifacts, tlaeg associated with a weaker neurovascular response than

seizures, which poses additional methodological challenges. In a preliminary investigation, we



38

previously showed the feasibility of recording the hemodynamic response due to IEDs with EEG
fNIRS (Machado et al., 2011)rhere we found a spatially concordant increase in rCBVeat th
epileptogenic focus on one patient with focal epilepsy, and on three m@euihot et al., 2012)
where concordance with EEfMRI was investigated. Here, we extend tksults of this work to

a larger dataset of forty patients. Our main objectives are to investigate the distribution of
activations associated with IEDs and to evaluate the preclinical value of using oHiNHES

data for focus localization.

4.3 Methods

4.3.1 Simultaneous EEGINIRS recording

Forty patients with refractory focal epilepsy investigated for potential epilepsy surgery underwent
continuous EEGNIRS recording at the Optical Imaging Laboratory of Sdunstine Hospital. The

study was approved by the EthiCemmittees of Saintdustine and Notr®ame Hospitals and
informed consents were obtained from all subjects. Most-BHBS studies were performed

while patients were admitted for vid&EG monitoring as part of their presurgical evaluation, at
which time anticonvulsants were frequently reduced or tapered for clinical purposes. An
epileptologist was available at all times to ensure patient safety. In addition toBHEd&0
monitoring, the comprehensive presurgical evaluation included ictal single photgruteom
tomography (iISPECT), positron emission tomography (PET), anatomical brain magnetic resonance
imaging (MRI) and magnetoencephalography (MEG). When needed, an intracranial EEG study
was performed. Localization of the most plausible epileptic focusmegas carried out by an
epileptologist (DKN) based on multimodal analysis of clinical, electrophysiological, structural and
functional imaging data as it is usually done in major epilepsy centers for the purpose of epilepsy
surgery. Basically, one lookddr congruency among clinical semiology analysis, location of scalp
interictal and ictal EEG findings, location of the epileptogenic lesion on MRI when present,
activations during iISPECT, source localizations by MEG, findings from intracranial EEG
recordirgs when available. The epicenter of the epileptic focus was then transposed onto the 3D
brain. The extent of the epileptic focus was arbitrarily set as a 30mm radius sphere around this
epicenter.
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A detailed description of the EEfBIIRS recording process rde foundn Nguyen et al. (2012)

Briefly, custom helmets for different head sizes were designed to mount 64 fibered light sources
and up to 16 detectors, as well as 19 carbon EEG electrodes onto the patient heads. For each patient,
optode and electrode positions wereregistered onto a-B high resolution anatomical MRI

image (obtained previously) using the BrainSight software (R&gsearch, Montreal, Canada).

The EEG was recorded at 500Hz with a Neuroscan Synamps 2TM system (Compumedics, USA).
A bandpass filter between 0.1Hz and 100Hz wagligpl to remove instrumental noise and other
artificial disturbances. The fNIRS data was captured simultaneously using &hauitiel Imagent

Tissue Oximeter (ISS Inc., Champaign, IL, USA). The oximeter employed a freqden®in

method which implied thaight sources are intensity modulated over time at 110MHz. Optical
channels, consisting of one fiber source and one detector that could see several sources, were
usually three to five centimetres apart to ensure sensitivity to cortical tissue. Twerdiffer
wavelengths were used in recordings, one at 690nm which is more sensitive to HbR and the other
one at 830nm which is more sensitive to HbO, and were both recorded through multiple optical
channels (115+39 channels per subject). The channel positioasnentionally arranged so that

the covered area would include the whole lobe that contained the most probable epileptic focus,
the contralateral lobe, and as much area as possible of the other lobes. The DC light intensity probed
by detectorswas sample DW D IUHTXHQF\ RI +] 7ZR WR WZHOYH FRQ\
of typically 15 minutes each were recorded for each patient. During the recordings, the patient was
simply asked to sit comfortably in a chair and relax. IED regressors and pes&iiee regressors

were marked offline on the EEG trace using Analyzer 2.0 (Brain Products GmbH, Germany) by a
certified clinical neurophysiologist (TT) and reviewed by an epileptologist (DKN). For the 12
patients who had more than one type of IEDs, tixese divided in distinct IED types (e.g.1. right
temporal spikes and left temporal spikes in some patients withgoral lobe epilepsy; e.g.2.

right frontal spikes and diffuse spike and wave from secondary bilateral synchrony in some other
patients). EDs of each type were only analyzed if they occurred frequently enough (>1/200 Hz,
i.e. at least 18 IEDs per hour). From the recorded electrocardiogram, a heartbeat rate regressor was

derived and manually checked to correct inaccuracies.



40

4.3.2 Data Processing

The fNIRS data was processed with a Matlab (MathWorks, USA) toolbox develojredise,

called nirs10 (available upon request), based on SEx&on et al., 2007and NIRSSPM (Jang

et al., 2009; Ye et al., 200¥hannels with souredetector separation greater than 6 cm or with
standard deviation greater than 10% of the mean were removed right away and were not included
in channel counts presented later on, followigyen et al. (2013, 2012Foncentration changes

of HbR and HbO were obtained from light intensity using the modified-Basbert Law.
Principal component analysis (PCA) was performed on NIRS data and, following data inspection,
one component with the most variance was removed, to reduce movement such as sudden jumps
affecting most channels as well as other artifacts ssidarge physiological responses, common

to all channels, and presumed unrelated to the IED response. Concentration changes were then
high-pass filtered with an infinite response 4th order Butterworth filter at 0.01Hz, anpassv

filtered using a filter vth the shape of the canonical SPM8 hemodynamic response function (HRF).

The hemoglobin concentration change®r each channel were fitted by a general linear model

(GLM), namely a decomposition of the response variablento a linear combination of

explanatory variabled; plus an error term#, Y X £ £ The design matriX contained one

regressor for each IED type, and several additional confound regressardechabnly as
confounds, i.e. to remove variance in the data, and not further studied in this work: regressors for
all seizurelike events, a heart rate regressor and a constant. The IEDs were treated as brief
impulsions of equal amplitude and their conitibn to the design matrix was calculated by
convolving their timing with a canonical HRFriston et al., 1998)The precoloring methodYe

et al., 2009)as used to add known correlated noise, §Bauliot et al., 2012)

4.3.3 Coregistration and contrasts

For each patient, an anatomical MRI was segmented into six different layers (air, scalp, skull, CSF,
grey matter and white atter). The grey matter layer was used to extract sixdiwmnsional
cortical projections. The thredimensional position of each channel was projected onto these two
dimensional topographic maps, of which 4 views were considered: dorsal, frontal dieitlan

views. Twadimensional contrast maps for each IED type were finally generated by interpolation

of the amplitudesf: , of the hemodynamic responses for the four views, as well as for each session
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of each patient. Patietgvel analysis followed thenalysis of each session as a way to pool the
information from all the recorded sessions. A¥@et al. (2009)this was done by a precision

weighted averagof the session contrast maps.

There is evidence that during IEDs a compensatory increase in rCBV in the focus region could be
expected, concomitantly with a decrease in local HbR and an increase in local HbO and HbT, to
provide extra oxygen supply togtepileptic tissu¢Geneslaw et al., 2011; Penfield and Jasper,
1954; Saito et al., 1995; Suh et al., 200B8)us at each location on 2D maps, a hemodynamic
UHVSRQVH WR ,('V ZDV FD onvdre€si, F\he i2<pahBelhGthat Reatich Rv@s a
negative changfor HbR, or a positive change for HbO/HDbT.

Onetailed tstatistic maps (Amaps) were obtained for each IED type, testing the null hypothesis
that the HbR did not decrease (resp. that HbO or HbT did not increase), with the other IED types

considered asqtential confounds.

Assuming a pvalue of 0.05, the patietevel significance of the hemodynamic responses to IEDs
was decided upon a peak False Discovery Rate (pFDR) correction. A rigorous implementation of
pFDR for NIRS is beyond the scope of this papestead, the following heuristic procedure was
used (denoted as 2pFDR): T a list was made of the uncorrectedglues of the pixels at the

local peaks on the 2D contrast map of the view of interest. This view (usually left or right,
sometimes dorsalyas chosen to best cover the location of the most frequent IED ty@aly

those peaks which surpassed a first height threshold were then sent to t#iHF&&orithm
(Benjamini and Hochberg, 1995)here their pralues were treated as coming from independent
tests. Here we chose u>2.5 as this first threshold &himbley et al(2010) This procedure
produced a new height threshold which was then applied to the wholen2ipd of all the views

to finally control the false positive rate of all pixels.

4.3.4 Sensitivity & specificity definition

The most plausible epileptic focus regiavhich was represented as a 30mm radius sphere around
the epicenter of each patient, was also projected onto the four 2D views. The overlap between the
projected focus and the patidatel statistical maps of activations could thus be assessed. The
sensiivity and specificity, calculated separately on HbR maps or on HbO/HbT maps, were defined

as follows: For each patient, a positive was decided for sensitivity if the epileptic focus region
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overlappedaneL QYHUWHG VLJQLILFDQW 3V Wde.Qe@dsitive wak HeeiteG \QD P L
for specificity if the change in HbR/HbO in the epileptic focus region was the most significant
among the other significant HbR/HbO clusters, and thus would lead to a successful identification

of the epileptic focus region. Arbserved hemoglobin concentration change was said to be the

most significant if it occupied a larger area on the cortex than any other standard response all over
the brain, or if it contained a higher maximum statistical score in case the areas of twe or mo

clusters were very close in size. Specificity was set to negative if sensitivity was negative.

4.4 Results

Forty patients with drugesistant epilepsy underwent an EBBGRS study (26 males; mean age

33; range 162). Three of the forty patients (#19, #234) were excluded as very few IEDs were
detected on EEG recordings (#22, #34: no IED was captured; #19: only 1 IED was captured during
a 15minute recording); another (#17) was excluded because fNIRS optodes were not covering the
epileptic focus due to thnical problems, a fifth one (#37) was excluded because focus localization
was clinically uncertain despite extensive multimodal evaluation. Subsequent data analysis was

undertaken on the remaining 35 patients.

Table 4.1 provides the type and total nuerbof IEDs that were recorded for each patient.
According to conventional anatomy, each hemisphere of the brain was divided into four major
lobes: Frontal (F), Temporal (T), Parietal (P) and Occipital lobes (O). Among the 35 remaining
patients, 29 patienté83%) suffered from neocortical epilepsy while 6 patients had a mesial

temporal focus.

Because EE@NIRS can only sample the superficial cortex, data was examined separately between
patients with neocortical epilepsies and mesial temporal lobe epil¢pBieE). For neocortical

epilepsy, the markings of significant (p<0.05,-BBDR corrected) concentration changes in HbR

are depicted in Tabk.2, while the markings for HbO and HbT can be foundppendix [Table

4.3). For MTLE, the results for all the atmophores arerpvided in Appendix (Table 4.4 these
WDEOHVY DQ XS DUURZ 9 GRZQ DUURZ ; LQGLFDWHV WKD!
concentration of the hemoglobin was observed in the corresponding locations of the contrast maps.

$ GRXEOH DUURZ VLJQ 99 RU ;; KIoH D& YecogridedVasVisedrid tiid nMddtQ D FW

significant.
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Table4.1 Types and total numbers of IEDs identified on EEG recordings

Neocortical Epilepsy

Number Number Recording Number Number Recording
# Focus IED Type (Number) of of Time(min) | # Focus IED Type (Number) of of Time(min)
Channels  Sessios Channels  Sessions
1 R F(polar) R F (105) 28 5 81 24 R F(IFG) R FC (298) 135 4 60
2 RP R P (605) 49 2 35 25 L F(SFG+MFG) L FC (1023) 203 7 100
3 L F(SFG+MFG) L (865) 45 5 76 26 L T(PostMTG+ITG) LT (1424) 152 5 72
4 L F(MFG) L CP (3283) 53 7 102 27 RT R T (1128), L T (138) 144 6 87
5 L T(PostSTG+MTG) LT (72) 57 2 19 28 L OrbitalF, L F(IFG) LT (1969), L F (279) 132 8 120
R FT (2302)
7 R F(IFG) biD R>L (6) 134 4 54 29 R F(IFG) R F (1541) 92 4 60
biF R>L (15)
8 R F(IFG+MFG) R F (238) 94 8 129 30 LO L TO (1157) 107 3 45
R F(IFG) biF R>L (1317), biF
10 R INS L>R (524) 73 7 100 31 R OrbitalF, RF aINS R FT (494) 129 4 60
F (115)
L T(STG),L INS
11 L F(IFG) L T (305) 127 7 107 33 R F(IFG), R aINS R F (103) 142 7 106
L T(STG) R T(PostMTG+ITG) R T (389)
12 L F(IFG), L INS L (16) 135 1 15 35 LT LT (23) 146 6 90
L FT (1088), L F (5)
13 L T(PostMTG+STG) LT (97) LF (153) 146 12 181 36 L aINS, L F(IFG) BiF L>R (1450) 144 4 50
15 R INS R T (63) 106 6 84 38 R T(PostlTG), RO RT(666), R FT (530) 106 6 83
16 R F(SFG), R PreCG R C (3377) 174 3 47 39 R F(SFG), R SMA Cz (550) 121 5 70
21 R F(IFG) R F (781) 141 6 83 40 L PreCG L F(117) 140 9 135
23 L F(SFG+MFG) L FCP (1210) 118 5 38
Mesial Temporal Lobe Epilepsy
Number Number Recording Number Number Recording
# Focus IED Type (Number) of of Time(min) | # Focus IED Type (Number) of of Time(min)
Channels  Sessions Channels  Sessins
L T(mesial) LT (242)
6 R T(mesial) R T (577) 68 3 41 18 L T(mesial) L F(74),LT (44) 133 6 83
9 R T(mesial) R T (148), R FT (34) 61 6 90 20 L T(mesial) L FT (159) 153 10 143
R T(mesial) R T (43)
14 L T(mesial) L T (1148) 150 11 156 32 L T(mesial) L T (249), L CP (6) 101 5 74

Abbreviations: L: Left; R: Right; F: Frontal; T: Temporal; P: Parietal; O: Occipital; C: Center; SFG: Superior frontaMfy@idyliddle frontal
gyrus; IFG: Inferior frontal gyrus; CGentral gyrus; STG: Superior temporal gyrus; MTG: Middle temporal gyrus; ITG: Inferior temporal gyrus;
Post: Posterior; INS: Insular; alNS: anterior insular; SMA: Supplementary motor area.
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4.4.1 EEG-fNIRS response in neocortical epilepsies versus mesial tenmpb

lobe epilepsies

4.4.1.1 Neocortical epilepsies

Detailed results from Patient #36 and Patient #7 are presented below to illustrate the analytical

procedure, followed by a summary of results from all the 29 patients with a neocortical focus.
¥ ,00 XV Vel prutieny #86F D V

This 36 yeaold man with pharmacoresistant predominantly nocturnal seizures had an epileptic
focus in the left inferior fro gyrus confirmed by MEG (Figure 4}, intracranial EEG and a

good surgical outcome following epilepsy susgéengel II; follow-up 3 years). 144 fNIRS and

19 EEG channels provided a full coverage of bilateral frontal lobe, t@tipbe and central areas
(Figure 41B). Three types of IEDs were identified from four sessions with aretarding time

of 50 min(Figure 4.1): 1088 left frontetemporal IEDs at a rate of 22 per minute (referred as type

| IEDs); 1450 bifrontal (L>R) IEDs at a rate of 29 per minute (type II); 5 left frontal IEDs at a rate

of 6 per hour (type Ill). Ignoring type 11l IEDs due to thiew frequency, we show the projection

onto the grey matter image of DR corrected patiefével HbR concentration contrasts
associateavith type | and Il IEDs in Figure 4 andE. No significant HbO or HbT response to
type | or type Il IEDs was obsexd. The most probable epileptic focus region determined from
presurgical evaluation was represented as a green circle of 30mm radius. Sensitivity and
specificity were decided by jointly looking at thenTaps of type | and Il IEDs: type | IEDs were
ignored since only very small activations were present in the left and rigittepteal gyrus. For

type Il IEDs, significant HbR decreases were located in the left inferior frontal gyrus and part of
the left superior temporal gyrus, mostly inside the focusecwith a minimum 4value of-3.2. On

the contralateral right inferior frontal gyrus, less significant HbR decreases were also located as
expected with a minimumualue of-2.9. Hence, both the sensitivity and the specificity were

declared positive on HhR

Comparing the dmaps of the left and the right view, experts could easily lateralize to the left
hemisphere. A left inferior frontal focus could be immediately inferred for this patient, following
the position of the most significant HbR decreases.
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Figure4.1 Patient#36. (A)MEG dipole localization of epileptic spikes revealing a cluster of sources in the
L inferior frontal gyrus and L anterior insula. (B) Reconstructed NIRS channel map over greylapatter
(Left view). (C) EEG fragment with marking for L frontemporal and birontal IEDs. (D) Hemodynamic
response (HbR) to R frontemporal IEDs (Type |) at patietdvel (2D-pFDR corrected, p<0.05). Solid
green circle (30mm radius): focus region; iz green circle: contralateral region corresponding to focus.
(E) HbR response todfiontal IEDs (Type ).



46

Slica: m?ufﬁl:i | | [Sliced 1?30F2SE| |
{Coranal) T = {Sagittal) mgn‘.

Fpl - F3
C3—P3  "ohomiiots vty olop s o ahopbomistostecbn bt
Fp2 —F4 o W Vs Ml o

C4 — P4

D

34

Figure4.2 Patient#7. (A) MEG dipole localization of epileptic spikes revealing a cluster ofcas in the

right inferior frontal gyrus. (B) Reconstructed NIRS channel map over grey matter layer (Right view). (C)
EEG fragment with marking for right fronrtemporal IEDs. (D) Hemodynamic responses to right fronto
temporal IEDs, patient level (2pFDRcorrected, p<0.05). Solid green circle (30mm radius): focus region;

dotted green circle: contralateral region corresponding to focus.



Table4.2 Hemodynamic response regions of focal IEDs in neocorticalpsyiléHbR)

a7

Neocortical Epilepsy

Hemodynamic response SENS SPEC M
Congruent with Outside focus |
# Focus focus Intra lobar Extra lobar Contralateral ; u L R
Mirrored (to focus) Not-Mirrored R
1 RF(polar) ; ;R F (polar) 1 1 1 0
2 RP 0 0 0
3 L F (SFG+MFG) ;R F (SFG+MFG) 0 0 0
4 L F(MFG) L F (MFG) 1 1 1 0
5 LT (postSTG +MTG 0 0 0
7 R F (IFG) R F (IFG) ‘RO 'L F (IFG) LF(SFG),.LT, LP 1 0 0 1
8 R F (IFG+MFG) R F (IFG) LP 1 0 1 0
10 R F (IFG), R INS ;R F (SFG) ‘R F (PreCG) 'L F (IFG) LT (STG) 0 0 0
L T(STG)
11 L F (IFG), L INS L F (SFG) L F(IFG) ;R F (preCG) 0 0 0
LT (STG) L F (IFG)
12 L INS 0 0 0 0
LT
13 (postMTG + STG) L T (postMTG) L F(IFG) ;R F (postCG) ;R F (SFG + postCG) 1 0 0 1
15 R INS 0 0 0
16 R PreCGR F (SFG) 0 0 0
21 R F (IFG) R F (IFG) ‘R preCG ;R F(SFG) RT(STG) L F (IFG) LT (STG) 1 0 1 1
;R T (Post STG)
23 L F (SFG+MFG) L F (SFG) ‘R F (SFG) ‘R F (MFG) 1 0 1 1
24 R F (IFG) 0 0 0
25 LF(SFG + MFG) L F (SFG + MFG) 'L F (IFG) R F (SFG+MFG) 1 1 1 1
26 L T (PostMTG + ; ;L PostMid LT (STG) 1 1 1 0
ITG)
27 RT L F (IFG) 0 0 0
28 L ObitalF L F (IFG) ;LP R F (SFG) 0 0 0
29 R F (IFG) ‘R F (IFG) L F (IFG) ;L T (PostTG) 1 0 1 1
30 LO ;,LO RP 1 1 1 0
31 R alNS, R F(IFG) ‘R F (IFG) L F (IFG) LT (ITG) ;L F(SFG) 1 0 1 1
33 RF(IFG), RaINS ‘R F (IFG) " RP 1 0 0 0
35 RT (PostMTG+ITG) 'RT(STG) RT(STG) LT .LP,;.LF(IFG) 1 0 0 1
36 L aINS, L F (IFG) ;L F(IFG) LT (STG) R F (IFG) 1 1 1 1
38 R postITG,R O RT, ;RO RP LP LT, .LO 1 0 0 1
39 R F (SFG), RSMA RF (SFG); ;R SMA 1 1 1 0
40 L PreCG ;L PreCG ;R PreCG 1 1 1 1
Neocortical Epilepsy Subtotal(Percentage, 29 subjects in total) 62 28 45 61

Abbreviations: L: Left; R: Riht; F: Frontal; T: Temporal; P: Parietal; O: Occipital; C: Center; SFG: Superior frontal gyrus; MFG: Middle frontalegrusférior frontal gyrus;
CG: Central gyrus; STG: Superior temporal gyrus; MTG: Middle temporal gyrus; ITG: Inferior tempaual gost: Posterior; INS: Insular; alNS: anterior insular; SMA:
Supplementary motor area; SENS: sensitivity; SPEC: specificity; U: unbiased:latgnadized; MIRR: mirrored activation.
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This 22yearold man with phanacoresistant gelastic seizures had an epileptic focus located in the
right inferior frortal gyrus confirmed by MEG (Figurd.2A), intracranial EEG and seizure
freedom following epilepsy surgery (folleup 1 year). Prior to surgery, three-dibnute sessian

were recorded with EE®NIRS followed by a fourth session of 8.4 minutes. 134 NIRS channels
(Figure 42B) were widely and symmetrically distributed on the helmet, providing a full coverage
of the focus region as well as other lobes on the same righarsagethe contralateral side. Figure
4.2C shows a segment of EEG recording in Session 2 with 4 IEDs marked. A total number of 2302
right frontotemporal IEDs were captured in the primary focus region, occurring at an overall rate
of 43 per minute. In theeantime, 21 kirontal IEDs were also marked, arising at a rate of 23 per
hour. Only the hemodynamic response to the right fraetaporal IEDs is presented as the bi
frontal IEDs arose at less frequently than 1/200 Hz (actual analysis showsigjnificant
activation). In Figure 2D, T-maps from the patiedével onetailed ttests are depicted.-T
thresholds from a 2IpFDR correction procedure are calculated and applied for the contrast maps.

The most plausible epileptic focus region was shown asla of@0mm radius.

The activated area in the right inferior frontal gyrus seen iargig2D was in good concordance

with the focus region. A negative concentration change in HbR with a minimralad of-2.5, as

well as positive changes in HbO and ibTH(resp. 3.5/3.4 maximaMalues), was observed in the

green circle which describes the focus region, and was recognized as possible response to IEDs.
On the contralateral side, homologous responses (decrease in HbR together with increases in HbO
and inHbT) were found both inside and outside the dotted green circle. However, the contralateral
response clusters seemed to be more scattered.

Although the analysis has shown sensitivity to the location of epileptic focus, stronger activations
in the left suprior frontal gyrus were present. Hence, current results with-\BRE&S for this

patient do not allow specific identification of the focus.
t 6XPPDU\ RI QHRFRUWLFDO HSLOHSVLHYV SDWLHQWYV

Among the 29 patients who had a neocortical focus, 18 pat@2is)(had significant negative
HbR concentration changes in the epileptic focus region, which led to a sensitivity of 62% for
EEGINIRS in HbR. 8 patients (28% of 29 patients, 44% of the 18 patients whose sensitivity has

been decided to be positive) had thest significant decrease in HbR in the focus region. Hence
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for our sample of patients with neocortical epilepsy, specificity of HbR measured was thus
estimated to be 28%.

The results based on HbO and HbT are quite similar. 12 patients (38%) showetiva piixD
concentration change as well as a positive HbT concentration change as expected in the focus
region. For 6 patients (21% of 29 patients, 50% of 12 patients), the positive concentration change
in the focus region was the most significant positiv@nge. Thus the total sensitivity and

specificity based on HbO was estimated to be 38% and 21% respectively.

4.4.1.2 Mesial temporal lobe epilepsies

EEGINIRS was insensitive for 5 out of 6 patients (#6, #9, #14, #18 and #32) who suffered from
MTLE, while for onepatient (#20), it showed increases in HbO and in HbT in the overlying
temporal neocortex albeit less significant when compared ilithr @ctivations, see Appendix
(Table 4.4)

4.4.2 Overall concordance between EEGNIRS response and epileptic focus

region

Combng the results for neocortical epilepsy and for MTLE, we noted that, in the total 35 patients
with sufficient IEDs, concordant negative HbR concentration changes could be located near the
focus region in 18 patients (12 patients for HbO/HbT), whereintihages near the focus region

was the most significant in 8 patients (6 patients for HbO/HbT). As a result, the estimated HbR
sensitivity dropped to 51% (34% for HbO/HDbT) while the estimated HbR specificity dropped to
23% (17% for HbO/HbLT), when the paties#t was undifferentiated to epilepsy types.

4.5 Discussion

With the accelerated technical and methodological developments seen over the last few years,
simultaneous EE@NIRS is getting closer to the clinical realm. In particular, our group has been
working towards implementing lonterm EEGINIRS in the epilepsy unit and neurological
intensive care unit with the development of wireless and wearable multichannel wearable system
dedicated for simultaneous EHSIRS acquisitions at the bedsifleareau et al., 2011; Sawan et

al., 2013Le Lan et al., 2013and showed that the technique tafnite potential to detect, localize

and assess the impact of focal seiz(igguyen et al., 2013, 2012; Pouliot et al., 201hough
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only a few patients experienced seizures during the one or twddr@EEGINIRS re®rdings,

most had IEDs on EEG. Hence, we decided to determine if such events could provide useful
information. Compared with previous waflachado et al., 2011; Pouliot et al., 201R)s sudy
benefited from several improvements. First, a relatively large number of patients were recorded.
Second, hemodynamic responses were systematically analyzed with the same processing pipeline
applied to all patients. This uniformity and large sample ailowed for the first time a preliminary
estimation of the sensitivity and specificity. Finally, typically about one hundred fNIRS channels
provided for a large spatial coverage, which has motivated the discussion below of the concurrent

hemodynamic beléor due to IEDs in other remote regions.

4.5.1 Sensitivity and Specificity estimates

In 18 of 29 patients with neocortical epilepsies, concordant HbR decreases due to IEDs in the
epileptic focus region were observed (11 for HbO/HbT), which led to an estinwdtioverall
sensitivity to be 62% for HbR (34% for both HbO and HDT). In 8 patients, concordant HbR
decreases in the focus region were the most significant (6 for HbO/HbT), thus the overall specificity
of EEGfNIRS was estimated to be 28% for HbR (23% fdorQ4HbT). Previous work from our

group with fNIRSEEG showed that temporal and frontal lobe seizures were associated with
significant local hemodynamic changes resulting in a considerable sensitivity on the observation
of seizures and good specific{ifyguyen et al., 2013, 2012 this work focussing on IEDs, EEG

fNIRS showed only modest sensitivity, in part explained gy fact that IEDs evoke a less
important neurovascular response compared to seizures, even when many IEDs are statistically
pooled. Similar studies on the estimation of sensitivity and specificity have also been conducted
with EEGfMRI. The first assessmemwas done bypalekHaddadi et al. (2006)vhere the authors
stated that EE@MRI was sensitive to the hemodynamic correlates of IEDs in over 68% of their
34 patients with focal epilepsy (while no information about specifieg revealed). In a more
recent EEGMRI study of 33 patientgPittau et al., 2012ajhe estimates were much heghthe

BOLD response was concordant in 29 patients (88% sensitivity) and contributed to the localization
of focus in 21 patients (64% specificity). This is somewhat not surprising sinceMEGhas

better spatial resolution, being able to assess hemuoiyichanges from deegeated structures as

well, without surface physiology confounds. As expected, the-BHBS approach encountered

difficulties with MTLE cases. Even if temporal IEDs detected on scalp EEG meant that IEDs from
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mesia structures had pregted to 6-10 cm2 of temporal neocortéCooper et al., 1965; Tao et

al., 2007) we did not detect significant and specific temporal neocortical activations in most cases.

In real clinical practice, lateralization to the left or right hemisphere is seldom arasstirical
manifestations and scalp EEG findings can usually provide that information. Obtaining more
precise localization information within that hemisphere is the more clinically relevant need. If we
had restricted our analysis only to fNIRS activasiohat are topographically related on the basis

of observed epileptiform activity (i.e. in the assumed hemisphere of epileptogenicity), specificity
would have been increased to 45% for HbR (see Table.2, column SPEC 'L") and 24% for HbO (see
Appendix A) whle keeping the same sensitivity (62%/38% for HbR/HbO). In this paper, we opted

to remain as unbiased as possible and reported sensitivity and specificity estimates without prior

assumptions on focus lateralization.

4.5.2 Remote hemodynamic responses

It is increaingly recognized that focal IEDs or seizures generate various hemodynamic changes in
areas contiguous, contralateral or remote from the epileptic focus, observable @NIRS(G
EEGfMRI and SPECT studie@iuberfeld et al., 2006; Kobayashi et al., 2006a; Lee et al., 2000;
Nguyen et al., 2013, 2012; Zijlmans et al., 20Thjs EEGINIRS study of IEDs was no different:

in the 18 patients who already had significant HbR responsas the focus, similar HbR
activations in the corresponding area of the contralateral lobe, were seen in 11 patients (61%, see
Table4.2; 50% for HbO/HbT, see Appendic&able 4.3 and Table 4.4More work is necessary

to better understand the pathophysyyl@f these remote changes temporally synchronized with

the IEDs.

4.5.3 Limitations

Due to the interpretation of fNIRS responses as cortical activations being confounded in several
ways, it was recognized that the development of proper statistical method @& fNifa was
challenging. The group ofe et al. (2009)efined the statistical threshold calculation by using the
expected Euler characteristic, which canapelied at the session or at the group I€lekt al.,

2012) In the present work, the EC correction at the sedsiel was applied (results notcshn)

leading to clinically reasonable results, but a practical way of pooling this information from all the

sessions was not found. On the other hand, using the EC correction at the patient level would have



52

led to a sensitivity of only 3% and no specifycét all for both HbR and HbO. Thus we observed

that, when there are a small number of sessions, EC correction is not a suitable threshold to apply
at the patient level, and instead a-@BPDR criterion was devised. In future work, pooling the
sessions todker in the 1stevel analysis and applying the EC correction on that will be considered,

ideally by using continuous recordings.

One particular drawback in evoked brain activity detection as mentioned above is the ability to
distinguish NIRS signals fromarious sources of noise originating from tissue layers over the brain
and systemic physiology. Here a PCA was used on raw data as a filter to eliminate movement
artifacts and other large fluctuations common to most channels, while a heart rate regaessor
included in the GLM to remove the effects of cardiac oscillation. Tests were conducted on the data
from several patients to ensure that removing the one component with the most variance was a
reasonable and effective choice to remove artefacts. A tmtennsequence of these filtering
efforts is that the true sensitivity and specificity could have been misestimated. Improvements on
this technique include the use of short sowttetector separatiofGagnon et al., 2011; Zhang et

al., 2007) However, due to the constraint of maintaining téghtial coverage and of instrumental

gain limitations, short channels were not feasible in this study, but were considered to be included

in future work.

Also, there was no standard definition to rely upon for sensitivity and specificity of EERS in
the analysis of responses due to epileptic events. It was therefore necessary to make a practical
proposal for their definition. It is possible that the reliance on experienced neurologists introduced

a bias in the estimates of sensitivity and specificitthis study.

4.6 Conclusion

In this work, we extended recent developments using -BMHBS in epilepsy research,
contributing new evidence that this technique can detect and characterize local and remote
hemodynamic changes associated with IEDs. Our prelmiohservations suggest modest
sensitivity and specificity to localize the epileptic focus, attributed to an inability to observe
KHPRG\QDPLF FKDQJHV LQ GHHS VHDW HJGal¥ &ffadts BWNERSIRRY D QG |
are traditionally consideredo¢al based on EEG readings. Further methodological work and

validation work are clearly necessary before the move from bench to bedside.
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Table4.3 Hemadynamic response regions of focal IEDs in neocortical epilepsy (HbO/HDbT)

Neocortical Epilepsy

Hemodynamic response SENS SPEC M
Congruent with Outside focus I
# Focus focus Intra lobar Extra lobar Contralateral 9 u L R
Mirrored ( to focus) Not-Mirrored R
1 RF(polar) 9B PreCGHbT) 0 0 0
2 RP 0 0 0
3 L F (SFG+MFG) 9B F (SFG) R F (SFG)YHbT) 1 1 1 o/
4 L F(MFG) 9B F (SFG) R PreCGHbO) 1 1 1 1/
5 L T (postSTG+MTG) 0 0 0
7 R F (IFG) R F (IFG) 9 F (IFG) 9RF(SFG),a T, 4 P 1 0 1 1
9B F (IFG) (HbO) 9 P (HbO)
8 R F (IFG+MFG) 9 F (IFG) (HbT) 9B F (PosCG)HbT) 0 0 0
10 R F (IFG) R INS R F (IFG) R F (MFG+SFG) R T (PosITG)HbO) 9B F (IFG+MFG) 9 (PreCG) 1 0 0 1
L T(STG)
11 L F (IFG) L INS 9B F (IFG) R F (IFG) R P(HbT) 1 1 1 1
LT (STG)
12 L F (IFG) L INS 0 0 0
13 LT (postMTG + STG) 9B T (PostSTG) R T (STG) 1 1 1 1
15 R INS 0 0 0
16 R PreCG R F (SFG) 0 0 0
21 R F (IFG) IR F (FG) R F (SFG) 9 T (MTG) (HbO) 1 1 1 0
4 T (STG+MTG)(HbO)
23 L F (SFG+MFG) 9 T (STG)(HbT) IR T (STG + MTG) 0 0 0
24 R F (IFG) 0 0 0
25 L F (SFG + MFG) 9BP 0 0 0
26 LT (PoStMTG +ITG) QT (MTG +ITG) 9RP, 20 RP 1 0 0 0
27 RT RT(MTG) IRO, RP 9 P 1 0 0 0
28 L ObitalF L F (IFG) 9 RPOstCG 0 0 0
R F (MFG)(HbO) 99 PreCG(HbO)
29 R F (IFG) R F (MFG) 9R F (MFG)YHbT) R P R postCG 9 PreCG(HbT) 4 F 1 0 0 0
30 LO 9R P(HbO) 0 0 0
31 R alINS, R orbtoF(IFG) 9B F (polar)(HbT) 0 0 0
33 R F (IFG) R aINS 99 T (MTG) 0 0 0
35 R T (postMTG + ITG) 9R PreCG 9 F (MFG) 0 0 0
36 LaINS L F (IFG) 0 0 0
38 R postITG, R O RO, RP 9RO 0 0 0
39 RF (SFG) RSMA R F (IFG)(HbT) 9B F (SFG) 0 0 0
40 L PreCG 9B PreCG R PreCG R P 1 1 1 1
Neocortical Epilepsy Subtotal(Percentage, 29 subjects in total) 38 21 24 55

Abbreviations: L: Left; R: Right; F: Frontal; T: Temporal; P: Parietal; O: OccigitaGenter; SFG: Superior frontal gyrus; MFG: Middle frontal gyrus; IFG: Inferior frontal gyrus;
CG: Central gyrus; STG: Superior temporal gyrus; MTG: Middle temporal gyrus; ITG: Inferior temporal gyrus; Post: Pdst@rigrsular; alNS: anterior insulaBMA:
Supplementary motor area; SENS: sensitivity; SPEC: specificity; U: unbiased:latgnaized; MIRR: mirrored activation.
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Table4.4 Hemodynamic response regions of focal IEDs in mesial temporal jplepsy (HbR/HbO/HbLT)

Mesial Temporal Lobe Epilepsy
Hemodynamic response SENS SPEC M
Congruent with focus Outside foas I
# Focus Intra lobar Extra lobar Contralateral u L R
Mirrored (to focus) Not-Mirrored R
HbR
L T (mesial) 0 0 0
6 R T (mesial) 0 0 0
9 R T (mesial) . R F (MFG) L F (MFG) 0 0 0
R T (mesial) ‘RF (SFG) L F (MFG +SFG) 0 0 0
14 L T (mesial) ;R F (SFG) 0 0 0
18 L T (mesial) LP ;R T (PostMTG) ;R inf P 0 0 0
20 L T (mesial) LF (MFG) ;R F (MFG) 0 0 0
32 L T (mesial) ;L postT ; ;L preCG ;L postCG ;R preCG ;R postCG 0 0 0
HbR: MTLE Subtotal (Percentage, 6 subjects in total) 0 0 0
HbR: Overall (Neocortical epilepsy + MTLE Percentage, 35 subjects in total 51 23 37 61
HbO/HbT
L T (mesial) 0 0 0
6 R T (mesial) 9R F (IFG)(HbT) 0 0 0
9 R T (mesial) 9B F (IFG) 0 0 0
R T (mesial) R PreCGR F (IFG) 9B F (IFG+ MFG) 0 0 0
14 LT (mesial) 9B F (SFG) R F (IFG) 0 0 0
18 L T (mesial) 9 PreCG IR T (ITG) 0 0 0
20 LT (mesial) 9 T (aniMTG) 9 T (MTG) 9B F (IFG) 1 0 0 0
9 PostCGQ P R PreCGHbO)
32 L T (mesial) 9 B PreCG(HbO) R PostC@HbO) 0 0 0
9B P(HbT)
HbO/HbT: MTLE Subtotal (Percentage, 6 subjects in total) 17 0 0
HbO/HbT: Overall (Neocortical epilepsy + MTLE Percentage, 35 subjects in total 34 17 20 50

Abbreviations: L: Left; R: Right; F: Frontal; T: Temporal; P: Parietal; O: Occipital; C: Center; SFG: Superior frontalMjyérsMiddle frontal gyrus; IFG:
Inferior frontal gyrus; CG: Centralygus; STG: Superior temporal gyrus; MTG: Middle temporal gyrus; ITG: Inferior temporal gyrus; Post: Posterior; INS: Insular;
alNS: anterior insular; SMA: Supplementary motor area; SENS: sensitivity; SPEC: specificity; U: unbiasedateralieed; MIRRmirrored activation.
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As the standard GLM analysis with a canonical HRF might not be optimal, this article developed
novel analysis methods which were to model the linear and the nonlinear-ppgeriic HRFs
with a simple deconvolution algorithm. Detailed study of five patients has suggested that, in most
cases, including the proposed specific HRFs in the GLM analysis leads to improved detection of
hemoglobin activations. This article addresses the segbjedtive of this thesis, anthsbeen

published inNeurolmagen 2016.

5.1 Abstract

Functional near infrared spectroscopy (fNIRS) can be combined with electroencephalography
(EEG) to continuously monitor the hemodynamic signal evoked by epileptic eventsaasuch
seizures or interictal epileptiform discharges (IEDs, aka spikes). As estimation methods assuming
a canonical shape of the hemodynamic response function (HRF) might not be optimal, we sought
to model patienspecific HRF (sHRF) with a simple deconvadut approach for IEBelated
analysis with EEGNIRS data. Furthermore, a quadratic term was added to the model to account
for the nonlinearity in the response when IEDs are frequent. Prior to analyzing clinical data,
simulations were carried out to showat the HRF was estimable by the proposed deconvolution
methods under proper conditions. EMBRS data of five patients with refractory focal epilepsy
were selected due to the presence of frequent clear IEDs and their unambiguous focus localization.
For each patient, both the linear sHRF and the nonlinear sHRF were estimated at each channel.
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Variability of the estimated sHRFs was seen across brain regions and different patients. Compared
with the SPM8 canonical HRF (cHRF), including these sHRFs in theadmear model (GLM)
analysis led to hemoglobin activations with higher statistical scores as well as larger spatial extents
on all five patients. In particular, for patients with frequent IEDs, nonlinear sHRFs were seen to
provide higher sensitivity imctivation detection than linear sHRFs. These observations support
using sHRFs in the analysis of IEDs with EffBRS data.

Keywords: hemodynamic response function, nonlinear, deconvolution, |ED, -fRHEHES,

epilepsy

5.2 Introduction

Functional neamfrared spgctroscopy (fNIRS) has recently been combined with
electroencephalography (EEG) and shown great clinical potential in the study of effepsy
2014) Based on the measurement of cortical-pggoxy and total hemoglobin (HbO, HbR and
HbT) (Jobsis, 1977)EEGINIRS has specifically been used ipileptic patient assessment for

localizing the brain regions that generate abnormal ac{Witanabe et al., 2002)

Our group has recently demonstrated the feasibility of analyzing simultaneoufNEHESdata of
interictal epileptiform discharges (IEDs) under a general linear model (GLM) framework for the
purpose of activation detection and focus localiza{i®lachado et al., 2011; Peng et al., 2014;
Pouliot et al., 2014, 2012By assuming an invariant hemodynamic response function (HRF) across
time, brain regions and subjects (e.g. the SPM8 daalbHRF), we reported modest sensitivity
and specificity in the localization of epileptic focus for all chromophore types in our first EEG
fNIRS study on 40 patients with refractory epilegBeng et al., 2014)

However there is evidence showing that the shape of HRF varies across time, subjects or brain
regions in epilepsyBagshaw et al., 2004; Bénar et al., 2002; Handwerker et al., 2004; Jacobs et
al., 2008; Lemieux et al., 2008 well as in other brain diseag&en Bashat et al., 2012;
Veldsman et al., 2015Based on blood oxygenation level dependent (BOiLDEtional magnetic
resonance imaging (fMRI), a variety of specific HRF (sHRF) models have been provided as
alternatives to the canonical HRF (cHRF) in the GLM to account for such variability, including
using parametric model$&riston et al., 2007, 1998; Gossl et al., 2001; Rajapakse et al.,, 1998)
finite impulse response filter&outte et al., 200; van Houdt et al., 2010)ourier basis sets
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(Josephs et al., 1997™econvolutionLu et al., 2006; Ward, 2006Bayesian methodMarrelec

et al., 2003; Woolrich et al., 2004pachine learnin@Pedregosa et al., 2014xc.Compared with

the traditionalcHRF, the implementation of a flexible sHRF in fMRI data analysis usually
presented larger sizes of detected clusters and higher peak statistic scores in the detection of
neuronal activation associated with epileptic evédésobs et al., 2007; Lindquist et al., 2009;
Proulx et al., 2014; Storti et al., 2018)hich reflected a reduction in model misspecification and

an improvement in detection sensitivity.

On the other hand, the simplifying assumption of linearity in the hemodynamic response may not
hold with the presence of high frequency stingltiston et al., 2000; Hé&man et al., 2007; Zhang

et al., 2008)The nonlinear aspect of the HRF has been observed in both human epilepsy and animal
models. InJacobs et al. (2008an fMRI study on children with epilepsy, the authors reported a
decrease in HRF peak amplitude with increasing IED frequency. Similar results were obtained
from rat experiments ivanzetta et al. (2010showingthat their measured cerebral blood flow
(CBF) did not increase linearly as expected when IED rates exceeded 0.2Hz. In a previeus multi
modal study, we used the Volterra kern@igiston et al., 2000}o quantify the nonlinear
hemodynamic effects in epilepsy, and showed improved results both for fMRI and fRbRI&t

et al., 2012) The Volterra series were also applied in a recent approach forgubjact fMRI
(Zhang et al., 2014)o provide sHRF models. However, benefits to the detection power in

individual analysis were not discussed.

When processip EEGINIRS, similarities with EEEMRI can be found as the two techniques
share the same physiological basis as well as have comparable experimental@ksiga®t al.,
2007) However, fNIRS recordings usually suffer from a lower sigoaloise ratio (SNR) and
higher contributions frorphysiology which can then lead to a much weaker statistical significance
for the activation(Toronov et al., 2007)Moreover, some inhomogeneity betwdd@LD signals

and opticallymeasured hemoglobin concentration changes was also re0uedt al., 2011,
Minati et al., 2011)In summary, despite the fairly large body of litaraton the sHRF modeling

for fMRI, little work has been done based on fNIRS.

In this paper, we sought to implement a simple nonlinear deconvolution model using Volterra series
for the estimation of a patiespecific HRF in fNIRS. The model was validatdatough tests

conducted on extensive simulations. Finally, EENERS data acquired from five epileptic patients
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with frequent IEDs were processed using a GLM with its design matrix constructed respectively
by the sHRFs and an SPM8 cHRFFiston et al., 2007)Quantitative result comparison wien

conducted focusing on the outcomes of activation detection.
5.3 Method

5.3.1 Reconstruction of a specific HRF

In this section, we introduce the nonlinear deconvolution model in detail, as well as our heuristic
procedure based on surrogate series to calcuiat®3% confidence level on the deconvolved
sHRF.

5.3.1.1 The nonlinear deconvolution model

Using Volterra expansion up to second order, fNIR&sured hmaoglobin concentration changes
can be related to the stimulus sequence (here I&@#h the following model:

UPLi), G:&QPF&@&11), G:ed;QPF&QPFi;@é @Al PA:EE VP
(5.1)

wherek; andk. are respectively the first and the second Volterra kernels. The ratio of nonlinear
expression in the respse is controlled by a constari®. t' is a polynomial term of ordér &) is

its corresponding coefficient, ar@)~N(0, £) is Gaussian white noise. As(iRouliot ¢ al., 2012)

the first order Volterra term\g) and the second order Volterra teivh)(can be explicitly modelled

with respect to the stimulus sequencand a basis functiomas:
6
&L 1), D& QPF& @& L ki,, D&QPFé&; @@
whereh denotes the HRF. Hence, equation (1) becomes:
. T ~a. A. | A. A ERA ok oE e v
UrLi,, D&QPFé&@ E—G k|?ﬂ Dé,QPFé @é EA{-\@F”n.E EYR (52
Equation (2) can be fiermulated into a discretized form:
" R 6 ~ R o .
UL ASps Qb E—6|<A’,§@_,A Q,pD0 E Aflgy PRGE Y, (5.3)

Giveny, u and assuming reasonable positive integer&fpKo, |, we can derivé, &and using

suitable nonlinear parameter estimatidgoathms. In this work, for the sake of computation
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simplicity, we linearize the nonlinear model and solve it with the Ghlesgton iteration method
(Montgomery et al., 20065eesection 5.8.1.11t should alsde noted that our nonlinear model is
a generalization of the linear deconvolution model usédi iet al. (2006)see sectios.8.1.3, by

introducing the nonliear coefficient e

5.3.1.2 Presentation of confidence levels

The computation of a-1; confidence level for a deconvolved sHRF (referred to as the true sHRF
in this section) was based on a surrogate meffisdmer, 2000) a) for each hemoglobidata
time-courseNs = 1000 surrogate series were first generated using phase randon(izktiaald

et al., 20080 maintain the autocorrelation of the originggral; b) a spurious sHRF was then
deconvolved from each of these surrogate series; c) fegririous SsHRFs were compared with
the true sHRF under a ussgpecified criterion. In this work, we used the highest peak amplitude
(HPA) of a sHRF within 0 to3 seconds after the stimulus. Thejlconfidence threshold was set

to be the smallest amplitude value that was higher than the HPAs, off theNs spurious sHRFs.

5.3.2 Simulation methodology

Simulations were then conducted to validate the use of the nanlieem in the model. We

compared the reconstruction outcome from the model with or without the nonlinear term. We
GHQRWHG WKH PRGHO ZLWKRXW WKH QRQOLQHDU WHUP DV W|
the nonlinear model and the linear modelslaW KXV FDOOHG UHVSHFWLYHO\ WKFE
WKH 3OLQHDU V+5)~

5.3.2.1 Baseline signal used for the simulation

A ten-minute time period of the EE@NIRS recording on another one of our epileptic patients (not
presented in this paper) was selected as theh® LQH VLIJQDO 7KLV 3STXLHW ™ WLPFE
chosen to avoid any epileptic event or large body movement. Raw fNIRS data were first normalized

to unit median, and were then transformed to HbO and HbR concentration changes with the
Modified BeerLambert Law (MBLL). Simulations were done on both HbO and HbR recordings

from 8 emitterdetector pairs (i.e. 8 HbO channels and 8 HbR channels). These pairs were selected

with respect to channel length and position (with 2 located over the frontal lobe tBetemporal
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lobe, 2 over the parietal lobe and 2 over the occipital lobe). These base channels will be referred to

asBm later on.

(A) 15
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% 100 200 300 400 500 600
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Figure5.1 (A) Depiction of one random pulse stimulus sequence genarsitagla Poisson process
with incidence rate of 20 per minute (or with expectation of stimulus interval of 3s). (B) Simulated

hemodynamic responses of the stimulus sequence with different nonlinear coefficients.

5.3.2.2 Stimulus sequence protocols and simulatedgsial pre-processing

For each channel, we generatlkd 00 random pulse stimulus sequentkegj=1,2,...J) using a
Poisson process with an incidence rate 20/minute, equivalent to a mean interval of 3s, see
Figure 5.1A. The spike sequences were convolvath the SPM8 cHRFH, normalised to unit
area) to calculate first ord¥f# ; and second ordar,; Volterra contributions. Simulated responses
Ri( ) were generated by combining the linear and the nonlinear components with different ratio
parameters, i.e. R() = (H & Uj) + (H & U))? /2, whereé denotes the outer product. In our
simulation, we varied/2 from 0 to-0.6, which corresponded to a gradual increase of mean
nonlinear amplitude from O to approximateB0% of the mean linear aiipde in the esponse,
see Figur®.1B. One spurious response time seB@gs) for each true simulated respori$g ) was

also produced by constructing ten phesedomized surrogates Bf( ) and aveaging them. As
depicted in Figure 2, each set of spurious respa&g ) and their true simulated respon&gs)

were then respectively added to tMel16 baseline signddm (m=1,2,...M) to produce spurious
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signalsFim( ,9 = Bm + jm(S) Gj( ) or true simulated signalSm( ,S) = Bm + jm(S) R( ), where

im(S) is a alar parameter that controls the SN for which four levels from15dB to-2dB
were chosen. The SNR was specified ass rZ * 46PWR/PWRs) wherePWR is the power of
simulated response aIVRs is the power of the baseline. All the simulated dig)@& F were
then passed through temporal filt¢ktuppert et al., 2009Qonsisting of a higipass Butterworth
infinite response filter of order 4 with coff at 0.01 Hz, and a loypass filter with an SPM8 cHRF
shape, as e.qg. ivie et al. (2009)
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Figure5.2 Hemodynamic responses computed from Figure 5.1 after adding a same basskme c

as one typical HbO channel (channel 5) recording from one patient. SR =

5.3.2.3 Model validation with simulations

From the filtered simulated signdlsn( ,S) andFjm( ,S), we deconvolved the HRF estimates using
the linear modell() and the nonlineamodel (), producing sHRFs that we label&djm( ,9),

e=C,F; I=L\N; j «J; m=1,..M, respectively. A Gaussian low pass filter with full width at half
maximum (FWHM) at 1.5s was applied to all estimated sHRFs to eliminate oscillations originating
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from the iterative reconstruction process. HPAs were also calculated for all the sHRFs, denoted
correspondingly afAeijm( ,S SHDUVRQYV FRUUH GIDW wé&afirét Réhputéd. H Q WV
between the SPM8 cHR¥ and the estimated linear and nonlinear sHRE,andD n.. These two

types of sHRFs were then compared under the HPA criterion, in order to test ihgth&as

able to better account for the nonlinearities in the data EhanFor each of thé/ underlying

channels, Wilcoxon signenk tests wer conducted testing the null hypothesis that was not
significantly higher tha\ .. (i.e. the nonlinear deconvolution did not perform significantly better

than the linear method under the criterion of HPA), Wiléax(A..). This was done by apphg

the Wilcoxon test to compare the listlsfl00Aenjm( ,9) to the list ofAeLjm( ,5), for true or spurious
sHRFe=C,F; each base channets1,...M; each nonlinear coefficient(including = 0) and each

SNR levels. The resultingp-valuePen( ,s) of the test was then calculated.

Finally, we assessed the sensitivity and specificity of using the difference between the HPAs of
reconstructed nonlinear sHRFs and linear SHRFs to detect the presence of nonlinearity in a certain
channel. This consisted in@bsing a nonlinear coefficient and an SNR leved, collecting the
correspondingp-values given by the Wilcoxon tests Wilcéxf.,AcL.,) on the ensemble dfl
channels with Rcm( 0,%), m  « M) and without nonlinear effectsP¢m(0,5%), m  « M)
respectively, and graphing the reaivoperating characteristic (ROC) curves resulting from
varying a thresholgo among thesp-values: true positive rate atandsy, TPR( 0,%) = proportion

of Pcm( 0,5) < po(i.e. proportion of thé nonlinear channels correctly recognized), falsetpesi

rate at oands, FPR(0,%) = proportion ofPcm(0,%0) < po (i.e. proportion of thé linear channels
mistakenly identified as containing nonlinearity).

5.3.3 Epileptic patient data acquisition and analysis

Patients with refractory focal epilepsy were tetd to undergo simultaneous EHEGIRS
recording at the Optical Imaging Laboratory of Sdainstine Hospital. The study was approved by

the Ethics Committees of Sainlestine and Notr®ame Hospitals and informed consents were
obtained from all particip#s prior to the scan. Besides EFfERS, a comprehensive neurological
evaluation was applied to the patients including ictal single photon computed tomography
(ISPECT), positron emission tomography (PET), anatomical brain magnetic resonance imaging
(MRI) and magnetoencephalography (MEG). An intracranial EEG study was also performed when

needed. The most plausible epileptic focus region was then localized by an epileptologist (DKN)
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based on multimodal analysis of clinical, eleghfoysiological, structurand functional imaging
data(Nguyen et al., 2013, 2012)

5.3.3.1 Simultaneous EEGfNIRS recording

We refer to Nguyen et al. (2R1for a detailed description of our EHNIRS system. In brief,

custom helmets adapted to different head sizes were made to mount up to 64 fibered light sources,
up to 16 detectors as well as 19 carbon EEG electrodes. Two wavelengths of light were emitted
one more sensitive to HbO (830nm) and the other one more sensitive to HbR (690nm). The
detectors were placed5m away from the sources so that a penetration dept2ailcould be
obtained to ensure cortical sensitivity of fNIRS sigii&gangman et al., 2013Jhe positions of

the optical channels were intentionally aarged to cover areas including the whole lobe that
contained the most probable epileptic focus, the contralateral lobe, and as much area as possible of
the other lobes. FNIRS data was recorded at a frequency of 19.5 Hz usingehanutiel Imagent
TissueOximeter (ISS Inc., Champaign, IL, USA). With a standare2@dayout for electrodes,

EEG data were recorded at 500 Hz with a Neuroscan Synamps 2TM system (Compumedics, USA),
and were bangass filtered between 0.1 Hz and 100 Hz to remove instrumental awoisother

artificial disturbances. For each patient, multiple consecutive-BRHBS sessions of typically 15

min each were usually recorded. During the recordings, the patient was simply asked to sit
comfortably and relax.

5.3.3.2 Data Pre-processing and HRF reonstruction

Epileptic events such as IEDs and seizures were marked offline on the EEG traces using Analyzer
2.0 (Brain Products GmbH, Germany) by certified clinical neurophysiologists and reviewed by an
epileptologist (DKN). For some patients, recorded $E®ere classified into distinct types
regarding the location where they took place, e.g. left temporal IEDs and right temporal IEDs for
a patient suffering from Hiemporal lobe epilepsy. FNIRS data was processed with our-hade
Matlab (MathWorks, USAJ)oolbox, nirs10, based on SPNIBristonet al., 2007)and NIRSSPM

(Jang et al., 2009; Ye et al., 2009)ptical channels with length greater than 6cm or a standard
deviation of more than 10% of tleean were excludg@Nguyen et al., 2013, 2012)lemoglobin
concentration changes were calculated from light attenudétanfor the remaining channels with

the MBLL. A filter based on principal component analysis (PCA) was then applied by setting to
zero the largest eigenvalue in the decomposition over all chaiftezlg et al., 2014Besides the
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PCA filter, temporal filtering was also applied on HbO and HbR data with the same filters
introduced in sectioB.2.2.2. HbT changes were obtained by a direct summation of HbO and HbR
changes (HbT = HbO + HbR).

A time period was selected congatively for each patient by a careful visual inspection on his/her

EEG recordings. This period was a time interval between 2 and 15 minutes (depending on patients

and sessions) during which the patient only had frequent IEDs but no other epileptior éxeye

body movement. The reconstruction of SHRFs of each channel as well as further statistical analysis
GHVFULEHG EHORZ LQ VHFWLRQ ZDV FRQGXFWHG RQO\ R

were then passed to the same Gaussian low passaflidescribed in sectiér.2.3.

5.3.3.3 Statistical parametric mapping with patient-specific SHRFs

Hemoglobin concentration changes for each channel were fitted with three different GLMs. These
GLMs contained a design matrix consisting of a constant regresseart rate regressor, and a
distinct IED regressor which was obtained respectively using the SPM8 cHRF, linear sHRFs and
nonlinear sHRFs. The IED regressor was either formulated by the convolution of IED onsets with
the SPM8 cHRF in the first case, was obtained by averaging the expected HbO responses of
IEDs from three selected channels in the other two cases, with linear or nonlinear sHRFs. For each
patient, we selected three HbO channels that showed highest HPAs for both linear sHRFs and
nonlinearsHRFs. To be selected, a channel was also required to be located on the ipsilateral
hemisphere to the epileptic focus and the HPAs of both types of sHRFs had to exceed the 95%

threshold from the surrogate method (refer to section 2.1.2).

Two-tailed 2D tstatistic maps (maps) were obtained with inhomogeneous interpolation kernels
(Ye etal., 2009) for the IED regressor of each GLM, testing the null hypothesis that the hemoglobin
concentration (HbO/HbR/HbT) did not change with the presence of IEDs. Tiaetpatel results

were then corrected against false positives using the Euler Characteristic (EC) cofieetiah,

2012) assuming a-palue d 0.05. -maps of each GLM were presented in four views (left, right,
frontal and dorsal). The most plausible epileptic focus region of the patient was represented as a
30mm radius sphere around the epicenter of each patient, and was also projectedfoat®2i

views.
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5.4 Results

5.4.1 Simulation results
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Figure 5.3 Reconstructed linear sHRFs and nonlinear sHRFs in one simulation. HbO channel 5
was used as baseline. Stimulus sequence protocol and simulates\s&neashown in Figure 5.1

and in Figuré.2. The original SPM8 cHRF as well as the filtered SPM8 cHRF are also plotted for
FRPSDULVRQ 1RQOLQHDU FRO2|[(C)064 Qowvfidence levgls (p<0%b) for

HPA were calculated using the surrogate series method.

Figure 5.3 shows the econvolved sHRFs of one simulation (channel 5, SNRdB, stimulus
sequence and simudatt signals were depicted in Figlrd and Figuré.2). All sHRFs in Figure

5.3 were normalized so that the SPM8 cHRF had unit HPA. The filtered SPM8 cHRF was produced
by simply passing the SPM8 cHRF through the same spatial filters that were applied to the
simulated gnals. It can be seen from Figuse3 that both the linear sHRFs and the nonlinear
sHRFs retained properties of the SPM8 cHRF such as peaking time amsghaad time. When no
nonlinear effect was induced in the signal, the shape of the nonlinear sHRF overlapped quite well
with the linear sHRF. The nonlinear sHRF showed its advantage in better retaining the peak
amplitude (i.e. the HPA) of the true HRF wheemelatively large amount of nonlinear effects was

present in the data.
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Figure5.4 Simulation results with constant SNR2dB and varyingiRQOLQHDU FRHIILFLHQV
Oto- $ OHDQ YDOXH DQG VWDQGDUG GHYLDWLRQ RI WKH 3H
the true HRF and either the reconstructed linear or nonlinear sHRFs from channels without true
response (NR) and (B) with respes at different nonlinear coefficients. (C) Mean value and
standard deviation of HPAs of linear sHRFs and nonlinear sHRFs, also for channels without true
response (NR) and with responses at different nonlinear coefficients. HPAs have been normalized

as eplained in the text. ®alues from Wilcoxon signethnk test were averaged over 16 channels

and displayed for HPA comparison.

Next, we explored the correlation and HPA between the SPM8 cHRF and the reconstructed sHRFs.
We first maintained a constant SNR-2dB in the simulation (Figur®.4), and then a constant
nonlinear coefficient/2 =-0.2 (Figure5.5). At each choice of SNR and the HbO and HbR
channels for the different random IED sequences (1600 time series) were pooled because of their
correlatimms and HPAs were quite similar. At SNR2dB, channels that did not contain any true
response were easily distinguished as most of the HPAs wera tiighiange of0.1 to 0.1 (Figure

54A). When a real simulated response was included in the data bubeviir small amount of
nonlinearity (/2 from 0 to-0.05, corresponding to a mean nonlinear to linear amplitude ratio from

0 to -2.5% over the 100 stimulus protocols), both the linear sHRFs and the nonlinear sHRFs
provided excellent estimates of the true HRF, reflected by the large coneadfficients of more
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than 0.9. In these cases, the differences in the HPAs of the nonlinear sHRFs and the linear sHRFs
were insufficient to reject the null hypothesis for most of the channels, suggesting comparable
performance of the nonlinear model withe linear one (Figur&.4B). As the nonlinear effect
became more dominant/2 from-0.1 to-0.6, mean nonlinear to linear amplitude ratio frés%o

to -30%), a slight decrease in the correlation coefficients for linear sHRFs was noticed, together
with an increase for nonlinear sHRFs. The loss in HPAs of the linear sHRFs was beenuch

greater than that of the nonlinear sHRFs. The null hypothesis of the Wilcoxon-sigetést was

also rejected at 0.05 for most of the channels, indicating that the HPAs of the nonlinear sHRFs
were significantly higher than those of linear $F$R(Figure5.4C). However, the overall
correlation for both types of SHRF estimates was still high (>0.85).
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Figure 5.5 Results from similar simulations as in Fig. 4 but this time with constant nonlinear
coel I L FLH Q-W2 and varying SNR frorl5dB to-2dB.

The impact of the SNR on the sHRF recongtamccan be clearly seen in Figusé&, where the
SNR was varied froral5dB to-2dB and the nonlinear coefficient was maintained constant. With
the SNR de@asing to15dB, while the mean correlation between the true HRF and the estimated

sHRFs was still at a moderate level (>0.6), the correlations dropped dramatically in some
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simulations which implied a severe misspieation of the sHRF model (Figute5A). The HPAs
also tended to be more stable with increasing SNRcesglysfor nonlinear sHRFs (Figu®5B).
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Figure5.6 Simulation results: detectability of nonlinearity using the nonlinear algorithm umeler t
HPA criterion. (A) ROC curves for using the significance of HPA differeneea(pe) of linear
sHRFs and nonlinear sHRFs to detect nonlinear channels. SNR was fi2d8.aROC curves at

D PRUH QHJI2Welg¥a# ov-&®) @aintainedaddH VKDSH DV WEKDW DW
arrows indicate a threshold of p = 0.05 on each ROC curve. (B) ROC curves of nonlinearity
GHWHFWLRQ RI FKDQQHOV DOR.GLIITHUHQW 615V ZLWK

These findings were supported by the ROC measures plotteduire bi§, where the detectability

of nonlinear channels using HPA was seen to be better with a larger nonlinear coefficient or with

D KLJKHU 615 )RU H[DPSOH DW D -QRaQdxliipddtdId ofR=H010%, (ke H Q W F
detection sensitivity increaserbi around 0.4 to 0.9 with the improvement of SNR frdsdB

to -10dB, while the specificity remained unchanged (at about 0.9, see the magewtand the

blue arrow in Figure.6B), i.e. at SNR =10dB, 14/16 nonlinear channels and 12/16 linear
channelswere successfully identified under p = 0.05. The sensitivity and the specificity were
JHQHUDOO\ SRRU LQ WKRVH F DYV HW2ZrHedrundnlineaZdinglitédd k&tio H H Q

? DUHD XQGHU FXUY536A) or the NR waX dindller thah5dB (area under

FXUYH ” LR6EBLIJXUH



74

5.4.2 Patient results

Five patients with refractory focal epilepsy were selected on the basis of unambiguous focus
localization and frequent and clear IEDs. Focus localization was established by multimodal
evaluation and confirmed by seizufeeedom following epilepsy surgery with a follewp of more

than a year. TablB.1 lists the most plausible focus region, the length of selected recording time
period as well as the frequency of recorded IEDs for each of thpdtients. In the following sub

sections, two case studies representative of overall results are presented. The readers are referred

to Appendix B for the results on the other three patients.

Table5.1 Types ad numbers of IEDs observed on EEG for the five selected patients.

Patient # 1 2 3 4 5
Focus region R F (IFG) LO R OrbitoF, RT (ITG) RTO
(MOG) R alNS
IED location on EEG RF LTO RFT RT,RFT R POT
biPOT
Total data length (min) 60 45 60 82.5 45
Total IED number zTotal 1541 1157 494 1196 1507
Mean IED interval (s) £Total 2.3 2.3 7.3 4.0 1.8
Median IED interval (a) *Total 1.3 1.3 4.0 0.5 0.9
STD of IED intervals (s)- Total 3.6 5.4 10.3 9.5 21
Sample data length (s) 654 180 221 230 133
Total IED number *Sample 164 51 34 123 56
Mean IED interval (s) - Sample 4.0 3.6 5.6 1.9 2.0
Median IED interval (s) - Sample 3.0 2.6 4.6 0.5 0.9
STD of IED intervals (s)- Sample 3.6 3.4 4.9 4.1 2.2
¥f,. (" LQWHUYDO OHVV W 12 14 12 67 51
t , (' te@al between 1s to 5s (%) 63 52 48 21 40
¥, LQWHUYDO JUHDWH 8 4 24 3 0

Abbreviations: STD, standard deviation; L, left; R, right; F, frontal; T, temporal; P, parietal; O,
occipital; IFG, inferior frontal gyrus; MOG, middle occipitalrgs; OrbitoF, orbitofrontal; aINS,
anterior insula; ITG, inferior temporal gyrus; bi, bilateral.
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Figure5.7 Patient 2. (A) MEG dipole localization of IEDs revealing a cluster of sources located irftthrededle

occipital gyrus; (B) EEG fragment with marking for left terapecipital IEDs; (C) Interpolated maps of nonlinear
sHRFs, from 10s before an IED to 35s after the IED (left view); (D) The covered brain areas of the three selected
ipsilateral channslwith highest HPAs; (E) The reconstructed linear sHRF and nonlinear sHRF of channel 49 and 62.
Compared with linear sHRFs, the first peak of the nonlinear sHRFs was greatly enhanced. Confidence levels of each
deconvolved sHRF were presented using theogate method; (F)-Etatistical maps of HbO, HbR and HbT response

to left tempeoccipital IEDs, generated from GLMs using respectively the SPM8 canonical HRF (the first row), linear
sHRFs (the second row) and nonlinear sHRFs (the third row)afs were E@orrectedp<0.05. Solid black circle

(30mm radius) indicates the projected most plausible focus region; dotted black circle shows the contralateral region
corresponding to focus.
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Figure5.8 Patient 4. (A MEG dipole localization of IEDs revealing a cluster of sources located in the posterior portion

of inferior temporal gyrus; (B) EEG fragment with marking for right temporal IEDs and right ftentporal IEDs;

(C) Interpolated maps of nonlinear sHRFsnir10s before an IED to 35s after the IED (right view); (D) The covered
brain areas of the three selected ipsilateral channels with highest HPAs; (E) The reconstructed linear sHRF and
nonlinear sHRF of channel 6 and 12. Nonlinear sHRFs clearly showed kiBie. Both the linear and the nonlinear
sHRFs peaked later than the cHRF, at around 12s; -g&tiktical maps of HbO, HbR and HbT response to IEDs
combined from right temporal IEDs and right frosteonporal IEDs, generated from GLMs using respectitiedy

SPM8 canonical HRF (the first row), linear sHRFs (the second row) and nonlinear sHRFs (the thirdmaps T

were ECcorrected,p<0.05. Solid black circle (30mm radius) indicates the projected most plausible focus region;
dotted black circle shows tlw®ntralateral region corresponding to focus.
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5.4.2.1 Case study- Patient 2

This 19 yeatold girl with tuberous sclerosis suffered from dinefractory epilepsy since age 14.
Presurgical multimodal investigations localized her epileptic focus to the left middipgital
gyrus (Figire5.7A, 5.7B).

On the left view maps of interpolated nonlinear sHRFsuf€i§.7C), the first positive peak of

HbO arrived near 5s after an IED, and had the highest amplitude in the left middle occipital regions.
A simultaneous HbO grease in posterior frdal area was also noticed (Fig&&D). The linear

sHRFs and nonlinear sHRFs of the three selected channels (49, 62 and 51) are depicted in Fig. 7E.
Two peaks with comparable amplitudes and durations were present in the platedsHRFS,

one peaking at about 5s and the other near 27s. In the nonlinear sHRFs however, while the peak
value of the second peak remained more or less unchanged, the amplitude of the first peak was

greatly enhanced. We were then ablesttognizethe first peak as the main response to IEDs.

T-statistical maps generated using SPM8 cHRF, linear sHRFsoatidear sHRFs are shown in
Figure5.7F. No activation was seen for HbO, HbR and HbT-amps with the cHRF. On the
other hand, significant increasesHbO and in HbT as well as a decrease in HbR were observed
inside the focus circle ormaps generated with either linear or nonlinear sHRFs, leading to a
positive sensitivity of all hemoglobin types. The peaklue of the activation at the focus siteswa
higher with nonlinear sHRFs than with linear ones for HbO (nonlinear/linear: 11.6/7.8) and HbT
(11.3/6.7), but was slightly lower in absolute value for HBR5{-5.2). Activations distant from

the focus site were also discovered with sHRFs, such e gohtralateral occipital lobe (for HbO

and HbT), or left posterior frontal areas.

5.4.2.2 Case study- Patient 4

This 17 yeaold man suffered from daily pharmacoresistant seizures related to a cavernoma in the
posterior portion of the right inferior temporalrgg (Figire 5.8A). Two types of IEDs were
recorded from 230s of selected time period: 62 right temporal IEDs and 61 right tefingobad

IEDs (Figure5.8B). These two types of IEDs were combined in sHRF reconstruction due to their
spatial contiguity seeon EEG. From interpolated maps of nonlinear HbO sHRFs, large increases
peaking at around 11s were observed in posterior temporal areas, anterior portion of temporal lobe,
as well as a part of the inferior frontal gyrus {(fg5.8C). Three channels (6, &hd 12) located

in the posterioramporal lobe were selected (Figur@3, 5.8E). Two channels located in the
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anterior temporal region were excluded in the selection (despite the high HPASs) because of their
abnormally large mean square errors (MSE) whigedfiwith the nonlinear sHRFs.

As seen in Figur&.8F, we were unable to locate any significant activation on the contrast maps
generated with cHRF. The detection ability was improved with linear sHRFs, thanks to significant
HbO and HbT increases as wedlan HbR decrease in the bilateral posterior temporal areas and in
central regions. However, in this case, the activations observed on the side contralateral to the focus
region (peak-values for HbO/HbR/HbT: 6.74.7/6.1) were stronger than those onifislateral

side (peak-walues: 4.84.6/4.9). On contrast maps generated with nonlinear sHRFs, much higher
t-scores and larger extent were estimated for the detected activations, especially on the side
ipsilateral to the focus (peak/alues: 7.96.8/79).

5.4.3 Summary of patient results

For the five patients, the markings as well as the psabries that were congruent with the focus
region are depicted in TabBe2. For all the patients, the improvement on detection was seen when
the cHRF was replaced blge sHRFs. The nonlinear sHRFs generally had the best performance

among the three HRF models especially on HbO and HbT.

In Table5.2 and in Figur&.9, we further explored the scale of nonlinear effect in the hemodynamic
response to IEDs by presenting trstiraated nonlinear coefficients and the temparadraged
amplitudes of the reconstructed fimtder component (i.e. V1 as defined in sectl.1) and
secondorder component (V2) of channels. For more accurate localization of the nonlinear effects,
we reconstructed the V1 response and the V2 response only on channels that haestatiggit t

score in the previous GLM analysis using nonlinear sHRFs. The Bonferroni threshold was applied
to the channel-values to yield a corrected p value of 0.05. Iswansistently seen for the five
patients that the V2 response had amplitude of the opposite sign than the corresponding V1
response, which suggested inhibitive nonlinear effect in patient data. Furthermore, the V2 response
was also discovered to be of coanable order of magnitude to the V1 response. In most of the
cases (except patient #4), the degree of suppression varied within the range of 0.1 to 0.5 relative to
the highest mean V1 amplitude (or 10% to 90% relative to the corresponding V1 mean anplitud

These findings were in good agreement with our previous nonlinear(gtadlot et al., 2012)
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Patient 1 Patient 2 Patient 3

Figure 5.9 Ipsilateal hemisphere of the epileptic focus (circled in black) for the 5 patients:
depiction of the first order Volterra component (the linear term, V1) and the second order Volterra
component (the nonlinear term, V2) in the expected HbO response reconstrsicigdhe
nonlinear sHRFs. Only channels that presented significant nonlinear activations were chosen for
interpolation (Bonferroni threshold). For each selected channel, the mean amplitudes of the V1
term and of the V2 term in the expected response wéralated. For illustration purposes, the
mean V1 amplitudes and the mean V2 amplitudes of a patient were both normalized so that the

highest mean V1 amplitude had a unit value.
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Table5.2 Summary of patient seilts. Hemodynamic response congruent with focus: location and-patlstic value.$Q XS DUURZ 9
GRZQ DUURZ ; LQGLFDWHY WKDW DQ LQFUHDVH UHVS D GHFUHDYV HlocajongKH KHPI
ZKLOH D GRXEOH DUURZ VLJQ 99 RU ;; LQGLFDWHYVY WKDW WighHicaht &by & FA& LY D W L

activations of the same hemoglobin type on the current set of contrast maps. The distribution of nonlinear coeficards §tios of

mean nonlinear to linear amplitude&,(A) is described using median value and medissolaibe deviation (MAD) to mitigate the

influence of outlier channels. The negative sign /@ and An/A indicated an inhibitory effect of nonlinear components to linear

components in the response.

# Focus H Hemodynamic Response  Hemodynamic Response Hemodynamic Response 2 AnllA
(SPM8 cHRF) (Linear sHRF) (Nonlinear sHRF) (median = (median

MAD) MAD)
HbO IR F (MFG): 4.0 9 R F (MFG+IFG): 4.8 9 R F (MFG+IFG): 5.7 -0.57 £ 0.26 -0.67 £ 0.30
1 RF(FG) HbR ;RF (IFG) -4.2 ;R F (IFG):-4.5 i RF (IFG):-5.2 -0.49 + 0.40 -0.27 + 0.57
HbT 9 R F (MFG): 4.3 IR F (MFG): 4.4 9RF (MFG): 4.9 -0.39 + 0.19 -0.80 + 0.38
HbO 9% O (MOG): 7.8 9% O (MOG): 11.6 -1.18+0.21 -0.36 + 0.07
2 LO HbR ;L O (MOG): -5.2 ;L O (MOG):-4.5 -0.95+ 041 -0.29 £+ 0.13
(MOG) HbT 9% O (MOG): 6.7 9% O (MOG): 11.3 -1.29+0.14 -0.40 + 0.05
R OrbitoF HbO 9R F (IFG): 3.8 9R F (IFG): 3.9 9R F (IFG): 4.8 -0.92 + 0.43 -0.41+0.27

3 RalNS HbR

HbT 9R F (IFG): 4.2 9R F (IFG): 3.6 9R F (IFG): 4.6 -0.65 + 0.31 -0.61 + 0.89
HbO 9R posT: +4.8 9 R posT: +7.9 -0.73 £ 0.30 -0.50 + 0.25
4 RT(TG) HbR 'RT(ITG):-4.6 . 'RT(ITG):-6.8 -0.39 £ 0.19 -0.50 + 0.18
HbT 9R posT: +4.9 9 R posT: +7.9 -0.67 £0.40 -0.63 £ 0.22
HbO ;RO:-4.3 9RO, R posT: 17.3 9RO, RposT: 19.3 -0.57 + 0.50 -0.40 + 0.27
5 RTO HbR ;R O:-4.2 ;7R O, RposT:16.6 ;7R O, R posT:16.0 -0.84 £ 0.40 -0.41+£0.16
HbT ;RO:-4.1 9RO, RposT: 12.6 9RO, RpaT: 13.3 -0.55 + 0.47 -0.34 + 0.28

AbbreviationsL, left; R, right; F, frontal; T, temporal; P, parietal; O, occipital; IFG, inferior frontal gyrus; MFG, middle frontal gyrus
MOG, middle occipital gyrus; OrbitoF, orbitofrontal; aINS, anterior insula; ITG, infégimporal gyrus; posT, posterior temporal lobe.
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5.5 Discussion

To the best of our knowledge, this work is the first to make an effort to model the HRF variability
in epilepsy with fNIRS data. Besides the linear method, a nonlinear deconvolution approgch usin
Volterra series was proposed for patients with frequent IEDs. This allowed also for the first time
more precise HRF modelling in epilepsy with compensation for first order nonlinearity. The sHRF
was reconstructed over a time interval from 10 secondsebafstimulus (an IED) to 35 seconds

after the stimulus in the hope of capturing most of the characteristics of the hemodynamic response

in the data. A constant term and a linear trend term were also added in the model.

In the first part consisting of medl validation, simulation results have shown that the
deconvolution method yielded reasonable results in reconstructing the HRF under appropriate
conditions. The second part of the work focused on using the sHRF models on real epileptic data
with frequentlEDs. As fNIRS depth is insufficient for epileptiform activity arising from deeper
cortical structuregObrig, 2014; Peng et al., 2014, Steinhoff et al., 19@&®8)selected fivegiients

with only neocortical epilepsies. Results confirmed that the specific HRFs were significantly
different from the cHRF in both shape and latency. Higher HPAs were derived using nonlinear
sHRFs, especially from channels sampling near the epilemtics fsite. Compared with cHRF,
using sHRFs (especially the nonlinear sHRFs) in the GLM analysis not only greatly improved the
statistical significance of detected activations on all of our five patients, but also located new
activated areas which were umaltb be detected with the cHRF at the same threshold of

significance.

5.5.1 Criteria for sHRF comparison

In the GLM analysis using sHRFs, the IED regressor was constructed by averaging the fitted
responses of three distinct HbO channels. The purpose of thegiagergas to enhance the
robustness of the algorithm by mitigating the influence of false positives. Tests were conducted to
ensure that choosing three channels was reasonable (results not shown here). Previous combined
EEGfMRI studies selected active vdsebased on criteria including the concordance of voxel
location with the spike field on EE@acobs et al., 2009}he statistical significance of an
activation in preconducted GLM analysis using the cHRStorti et al., 2013)or acombination

of the two(Masterton et al., 2010l our case, we opted to be as unbiased as possible by including
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significant activity that might be distant from the irritative zone. Moreover, it was also noticed that
for some of our patients, no sigeidint response was detected vilie conventional GLM (e.g.
Figure5.7F, Figureb.8F). Hence, in this work, we constrained the selected channels to be on the
ipsilateral side of the spike field, while comparing sHRFs mainly on the criteria of HPA and peak
latency(Richter and Richter, 2003; Watanabe et al., 20Th$ HPA was ltosen as an indicator

over other characteristics such as the area under curve (AUC) of the sHRF, mainly because using
HPA was more accurate and specific in detecting nonlinear channkdss &NRs (see the
Appendix section, Figure 5.13

5.5.2 HbO vs. HhR

In this work, we decided to use the sHRFs for HbO to construct the design matrix in the GLM for
all three types of chromophores, mainly because the sHRF for HbO was usually able to present a
clear first peak within 0 to 15s that was able to be recognized asaiheresponse to IEDs. By
contrast, for four of our five patients (except patient 5), the shapes of the deconvolved sHRFs for
HbR were less distinguishable from background noise and were more difficult to interpret. This
difference between sHRFs for HbQdaior HbR might be due to the fact that a much smaller SNR

is often seen in the NIRS measurement of HbR relative to HbO, as reported in other NIRS studies
(Ding et al., 2014; Schaeffer et al., 2018he lower SIR might increase the variability of SHRF
shape (see Fig. 4B) which made sHRFs for HbR less reliable to reflect the aspects of the true
hemodynamic response. On the other hand, it is also worth noting that despite the use of SHRFs
for HbO in GLM analysisthe statistical significance of HbR response and HbT response were still
improved in most of the cases. However, it may be that including the chromplemiéic SHRF

with a correctlyspecified shape in the GLM analysis can further improve the statistioceds of

HbR and HbT responses.

5.5.3 Localization of the epileptic focus

We assessed the accuracy of focus localization using different HRF models by examining the
overlap between the projected focus region and the detected activation locations on efach set o
contrast maps. As iReng et al. (2014Wwe defined the localization sensitivity to be positive for a
patient if the epileptic focus region overlapped a-mwerted significant hemodynamic response.

A positive spedicity was assigned if the hemodynamic change in the focus region was the most
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significant (i.e. held a higheststore) among all the detected clusters, and thus would lead to a
successful identification of the epileptic focus region. On the contrast gesmgsated with the
SPM8 cHRF, we were only able to report positive localization sensitivity on two of the five
patients (patient #1, #3) and positive localization specificity on one patient (patient #1) using HbO.
The localization sensitivity and specific were improved with sHRF models. For example, the
localization sensitivity for HbO was observed to be positive on all the five patients with either of
the two sHRF models, while the localization specificity for HbO was positive on three patients
with the linear model and on four patients with the nonlinear model. The detailed localization

results with all three types of chromophoreslsted in the Appendix, Table 5.3

5.5.4 Early response preceding IEDs

Early hemodynamic response preceding epileptic evergdeen reported in focal epilepsy with
multiple types of imaging modalitigglawco et al., 2007; Makiranta et al., 2005; Moeller et al.,

2008; Osharina et al., 2010; Zhao et al., 200/ localizing value of these early signals was also

well discussed by thO RQWUHDO 1HXURORJUFabDdDs eQal/,\ZA0W RitatH gt\V&l.L. JUR X S
2011; Rathakrishnan et al., 2010) this EEGfNIRS study, we observed on some patients that at

least a part of the first HbO peak was earlier than the IED event marked on EEG (patients #2, #3
and #5). Moreover, the deconvolved sHRF might be able tade@ more direct view on the

early phase of a response. For example, for patient #2, the significant HbO increase near the left
middle occipital gyrus (which was recognized as the response to IEDs) was clearly shown to occur
from approximately 5 secongseceding the IEDs (Fig. 7(D) (F)). However, we are unaware of

the confidence levels of these early phases as the 95% threshold used in this study was constructed
according to the peak amplitude. Hence, more work is needed to confirm the presencerlyf the ea
responses observed on our epileptic patients.

5.5.5 Limitations

For each epileptic patient, the reconstruction of sHRFs as well as the statistical analysis was
conducted on a very conservative recording sample period in which only clear IEDs were included
with a comparable frequency as in the total recording time (Table 1). By doing this, we intended
to ensure the best SNR for IED response by minimizing the influence of all other confounding
events. However, as the duration of the selected interval cartbdimited in contrast to the total
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recording time, the relatively small sample size of IEDs may also lower the statistical significance
of the reconstructed sHRFs. For example, no linear sHRF for patient 5 was seen to pass the 95%
confidence level posdip due to the short sample data of around 2 minutes (Fig. 12E). Proper
algorithms may need to be applied in future work to correct the effect of motion artifacts and other
events in the dat@rigadoi et al., 2014)

In this work, we applied temporal filters as well as a PCA technique to recorded data for the
purpose bseparating NIRS signals from various sources of noise originating from tissue layers
over the brain and systemic physiology. However, thiggpoeessing step might also cause some
distortion in reconstructed estimates of the true HRF, e.g. in our siomslathe spurious early

dips occurring betweeri0s to 0s in the sHRFs were possibly due to the-pags filtering of the
simulated signals in prerocessing as we made an attempt to remove the DC component (see Fig.
3, the sHRFs and the filtered cHRF).

Finally, with this work being one of methodology development, the experimental design in this
study was not randomized, not blinded and consisted of a relatively small number of patients (five).
Future work with a randomized, blinded protocol and a Igvggent number may be beneficial to

further test our method.

5.6 Conclusion

In this work, we highlighted the importance of modeling patsgecific HRF to IEDs in the
analysis of EEGNIRS data. Results acquired on five epileptic patients have suggested that
including patientspecific HRFs in the GLM might be able to improve activation detection by
increasing statistical significance and producing larger spatial extents of activations. In addition,
nonlinear sHRFs generally had a better performance tharr lgi#RaFs in the analysis when
frequent IEDs were recorded in the data. We conclude that the deconvolved sHRFs might be more
adequate than a canonical HRF in some analysis of IEDs withfHNEG. Clearly more work is

required before such methods can be ugefdlinical practice.
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5.8 Appendix

5.8.1 Specific HRF estimation

5.8.1.1 Nonlinear deconvolution model

Several nonlinear least square minimization algoritfiiadsen et al., 2004)an be applied to
solve the HRF time&ourse Dirom the nonlinear model. In this study, we linearize the nonlinear
model followed by the Gauddewton iteration methofMontgomery et al., 2006pr the sake of

simplicity.

Using matrix notation, we first defe:
N o ~ ~ ~ o ~ ~ i
AL Dx Dg»58 D figfis Mg fadg,

o i <] i
L dhssUiseaWna g > LdQiss QssdQoal,

where 0 is the sample number in the recording. We cawnite equation (3) concisely as..L
r : A& ;. The iteration process begins when an initial pdigis given. At the pointA; we expand

..using Taylor series, and only keep terms with a-rster partial derivative:
LLriAa E RLZR RS AR (o hany % F &al E & (5.4)

1r:A4;

where ,: A% ;sdenotes the® element of the Jacobian matrix:A% ;s L . ¢j is the error

term of the approximation. Note the differertmetweeny; in equation (A.1) and the noise terh
in equation (2). If we definet L ..Fr:Ayd;, %L AF Ay , L 3:A% ;%@ equation 5.4
takes a GLM formt L , %4 E ¢;, from which ¥can be solved using the ordinary leasiae
(OLS): #L :, 1, :?5 T+ A new pointAjs then produced by, L %E Ay and is used as the
starting point of the next iteration.
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The iteration process is terminated when at least one of the following three ending ixitet:

a) all the parameters iAconverge, i.e.,a@';i? a‘}“, O U where Hs the iteration index and# 1, 2,
(€3

« -gt-gt +38Js a small positive number; b) a reduction in the residual sum of squares of

equation (3) is not obtained with the new estimatédofy; 5, than with the starting estimaif;

. |'
i.e. 5kA.. ;0P T U5kA owhere 5kAoL @.F r kA& oA @.F r kA& oA 1 is a scalar around 1;

c) the usesspecified naximum number of iteration® is reached. The first =+ - s+1 elements of

the final estimate oA Az, are considered as the tirneurse of our estimated nonlinear sHRF.

In this paper, we setE s r’*, 1=1.05,Q = 20, and the initiali,=-0.001. The other elements in the
initial point Ayare specified by using the estimates from the linear version of the deconvolution

model introduced isection 5.8.1.2

5.8.1.2 Linear deconvolution model

When the nonlinear coefficient= 0, the model turs out to be a linear deconvolution model that
is similar to the model introduced in fMRI literatytau et al., 2006)

UP L i), D&QPF&@&Al, PR:EEY (5.5
The discretized form of equation (A.2) is:
UL Aps QopD E Al PRGE Y (5.6)
Defining .,.> as in Appendix A.1, and a new; py removing tie coefficient&from A
Agal D Diass @Dy fig fis i d fisg,

we then obtain a GLM model from (5.6)..L , g Az 4E ¢where ¢= ¥ »5 ¥ »6 & o g'and

,,[géiS:
iQ>a>s ® Q S -gEs ® :-6Es;€‘n
,LEQL>A_>6 ® Q S -6Et ® :-6Et;Ar:|
n R& 1 ° . tl
! R} } B B - Ry
I Q ® Q?A?A_ s OF-5 ® :OF-S;AO

By OLS, the estimate ofzjs given byAg 4L :, k2 2575, k4..The first - o+ - ¢+1 elements of

A; are the timecourse of our estimated linear SHRF.
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5.8.2 Supplementary patient results

5.8.2.1 Patient 1

This 14 yeaiwld patient had drugesistant epilepsy since aggéars due to a subtle focal cortical
dysplasia in the ght inferior frontal gyrus (Figur®.10A). By visually inspecting the EEG traces,

we identified a relatively long data period of over 10 minutes that contaideclda right frontal

IEDs (Figure5.10B). The median interval between IEDs was near 3s and 63% of the intervals

were within the range of 1s to 5s.

The timecourses of the linear and the nonlinear sHRF were reconstructed for all fNIRS channels.
From interpolated hemispheric maps of both linddRFs (refer to the video in supplementary

data) and nonlinear sHRFs, high HbO concentration increase peaking at around 10s was observed
in the right frontal lobe as wedls in the central regions (Figusel(0C). Channels 11, 18 and 67

were chosen based the selectionrgerion (Figure 5.1D, 5.1CE). The HPAs of nonlinear sHRFs

were nearly twice as high as those of linear sHRFs, suggesting a potential nonlinear intervention
in the HbO channels in the frontal and the central areas.

Fig. 5.10F shows the lié and the right projections of ECorrected concentration contrasts of
hemoglobin concentration changes associated with right frontal IEDs. Each row of the image was
generated from a distinct GLM using respectively the SPM8 cHRF, the linear sHRFs and the
nonlinear sHRFs. Compared with the conventional cHRF, the use of deconvolved sHRFs
(especially the nonlinear sHRFs) clearly increased both the statistical scores and the detected
extents of the activations for all chromophores. The HbO increase with pabletof 5.7 on
nonlinear contrast maps (and also, 4.8 on linear contrast maps) in the right frontal region was the
most significant, allowing a correct localization of the epileptic focus site. Results were quite
similar for HbT, with the peak\talue 0f4.9/4.4 (resp. on nonlinear/linear contrast maps) inside
the focus circle. The use of sHRFs also improved the detection of HbR activations by presenting
more negative-scores for the responses close to the right inferior frontal gyrus (veadikess:-

5.2/-4.5 on nonlinear/linear contrast maps), as well as in the left posterior frontal areas (peak t
values:-5.1+4.4).
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5.8.2.2 Patient 3

This 27 yeaiold woman suffered since age 9 years from predominantly nocturnal gelastic seizures.
After failing 9 antiepilepticdrug trials, a comprehensive presurgical evaluation was performed
which localized the focus at the junction of right orbitofrontal operouand the anterior insula
(Figure5.11A). During the selected interval of 221s of the scan, 34 right fri@mbporallEDs

were recorded (Figurg.11B). The IED frequency on this patient was below average of the five

patients, with a median interval of 4.6s and 24% of the intervals larger than 10s.

Peak HbO concentration increase was observed at about 5s after an id{pfroea channels

sampling fom the right frontal lobe (FigurB.11C), including channel 16 which obtained the

largest HPA gairwith the nonlinear method (Figure 50015.11E). In addition, a large HbO
increase was also noticed in right central regionspambtal lobe. However, as the peak of the
increase came out at around 28s, this increase was thus not considered as a direct response to IEDs

and its corresponding channels were excluded prior to the selection.

Including the sHRFs in the GLM again impeml/the activation detection, assée Figure5.11F.

For example, HbO clusters and HbT clusters on nonlinear contrast maps were located in bilateral
frontal lobes with much larger extents and higher pesdotes (5.4/5.1 for HbO/HbT), compared

with thoseobserved on maps generated with cHRF (pestote: 4.5 for both HbO and HbT).
However, the detected HbO/HbT responses in the right frontal lobe were seen to be actually a bit
too anterior to the focus. For HbR, in spite of the absence of any ipsildt#Ralesponse on any

set of contrast maps, we located an HbR decrease (wadtket -3.8) in the left inferior frontal

gyrus contralateral to focus area on tmedp with nonlinear sHRFs. This observation may still be

informative reflecting the location diie epileptic focus.

5.8.2.3 Patient 5

This 25 yeaold woman with seizures since age 13 years had an epileptic focus at the right
occipitotemporal junction confirmek by multimodal evaluation (Figufe12A). On the EEG of

the selected recording period, 31 bitatgoarieteoccipitotemporal IEDs, 9 right parietoccipito-
temporal IEDs and 16 generalized spdtetwave disbarges were identified (Figure 5BQ

These events were again combined due to their spatial contiguity and bilateral symmetry.
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On interpolateanaps of nonlinear HbO sHRFs (Figrd2C), we observed a high HbO increase

near the right occipittemporal junction, surrounded by noticeable HbO decreases in adjacent
areas. Different from the cHRF, the sHRFs extracted from related area were seen addta

peak time at about 11s as well as a large FWHM ofrardis. As can be seen from FigbréZE,

the HPAs of the linear sHRFs of the selected channels were a bit lower than the 95% thresholds.
In fact, none of the 71 right side channels was abfgaduce a qualified linear sHRF due to the

low confidence level. This might be explained by that the selected recording time period for this
patient (133s) was not long enough to provide sufficient number of observation points for the
deconvolution modelThe sHRFs from channel 19, 14 and 10 were nevertheless chosen to

construct the design matrix for the following GLM analysis thanks to their relatively higher HPAs.

On tmapsgenerated with the cHRF (Figure 5E)2we were only able to locate a negativeRH
concentration change in the right occipital lobe with a minimwalue of-4.2. By contrast, the

use of either the linear sHRFs or the nonlinear sHRFs greatly improved the detection and presented
many activated areas for all chromophore types. Theitocaf the most significant changes was

seen to be in excellent concordance with the focus region, and thus was recognized as possible
response to IEDs. Larger statistical scores were founehmaps with nonlinear sHRFs for HbO
(maximum tvalues: +19.3/37.3 with nonlinear/linear sHRFs) and HbT (+13.3/+12.6).
Homologous responses in the contralateral corresponding area were also observed. These

contralateral activations seemed to be more scattered with some spread to the left parietal lobe.
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Figure5.10 Patient 1. (A) MEG dipole localization of IEDs revealing a cluster of sources located in the right inferior
frontal gyrus; (B) EEG fragment with marking for right frontal IEDs; (C) Interpolated maps dheansHRFs, from

10s before an IED to 35s after the IED (right view); (D) The covered brain areas of the three selected ipsilateral
channels with highest HPAs; (E) The reconstructed linear sHRF and nonlinear sHRF of channels 18 and 11. The HPAs
of nonlinear sHRFs were nearly twice as much as those of linear ones. Confidence levels of each deconvolved sHRF
were presented using the surrogate series method;-§Btistical maps of HbO, HbR and HbT response to right
frontal IEDs, generated from GLMs usingspectively the SPM8 canonical HRF (first row), linear sHRFs (second

row) and nonlinear sHRFs (third row).-maps were Eorrected,p<0.05. Solid black circle (30mm radius):
projected most plausible focus region; dotted black circle: contralateral regios focus.
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Figure5.11 Patient 3. (A) MEG dipole localization of IEDs revealing a cluster of sources located in the junction of
right orbitofrontal areas and operculanterior insula; (B) EEG fragment tlvi marking for right fronteeemporal

IEDs; (C) Interpolated maps of nonlinear sHRFs, from 10s before an IED to 35s after the IED (right view); (D) The
covered brain areas of the three selected ipsilateral channels with highest HPAs; (E) The recomstactdR F

and nonlinear sHRF of channel 16 and 120. Nonlinearity was seen to be the most significant near channel 16.
Confidence levels of each deconvolved sHRF were presented using the surrogate methatht{§)cal maps of

HbO, HbR and HbT responge right frontetemporal IEDs, generated from GLMs using respectively the SPM8
canonical HRF (the first row), linear sHRFs (the second row) and nonlinear sHRFs (the third-noay)s Were EC
correctedp<0.05. Solid black circle (30mm radius) indicates projected most plausible focus region; dotted black
circle shows the contralateral region corresponding to focus.
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Figure5.12 Patient 5. (A) MEG dipole localization of IEDs revealing a cluster of solmcaged at occipitdaemporal

junction; (B) EEG fragment with marking for right pariedocipitotemporal (POT) IEDs, bilateral POT IEDs and
general spike and waves; (C) Interpolated maps of nonlinear sHRFs, from 10s before an IED to 35s after the IED
(right view); (D) The covered brain areas of the three selected ipsilateral channels with highest HPAs; (E) The
reconstructed linear sHRF and nonlinear sHRF of channel 19 and 14. Both types of sHRFs were quite different from
the cHRF in characteristics suchpesaking time and full width at half maximum of the main peak; @Sjafistical

maps of HbO, HbR and HbT response to IEDs combined from right POT IEDSs, bilateral POT IEDs and general spike
and waves, generated from GLMs using respectively the SPM8 cah&iiRE= (the first row), linear sHRFs (the
second row) and nonlinear sHRFs (the third rowndps were Eorrected,p<0.05. Solid black circle (30mm

radius) indicates the projected most plausible focus region; dotted black circle shows the contratjiteral r
corresponding to focus.
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Figure5.13 Simulation results: detectability of nonlinearity under the criteria of HPA or AUC. (A) ROC curves for
HPA or AUC to detect nonlinear signals at two different nuedr coefficients. SNR was fixed -@dB. The arrow
indicates a threshold gf= 0.05 on each ROC curve. (B) ROC curves for HPA or AUC at different SNRs, with

0.2. HPA was a better indicator than AUC at low SNRs.
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Table5.3 Summary of focus localization results of the five patients.

# Focus H Hemodynamic Response SEN/SPE Hemodynamic SEN/SPE Hemodynamic Response  SEN/SPE
(SPM8 cHRF) (cHRF) Respong (linear) (Nonlinear sHRF) (nonlinear)
(Linear sHRF)
HbO 9 R F (MFG): 4.0 11 9 R F (MFG+IFG): 4.8 11 9 R F (MFG+IFG): 5.7 1/1
1 RF(FG) HbR iRF (IFG):-4.2 1/0 :RF (IFG):-4.5 1/0 ;R F (IFG):-5.2 1/0
HbT 9 RF (MFG): 4.3 1/1 9RF (MFG): 4.4 1/1 9RF (MFG): 4.9 1/1
HbO 0/0 9% O (MOG): +7.8 1/1 9% O (MOG): 11.6 1/1
2 LO HbR 0/0 ;L O (MOG):-5.2 1/0 ;L O (MOG):-4.5 1/0
(MOG) HbT 0/0 9% O (MOG): +6.7 1/1 9% O (MOG): 1.3 1/1
R OrbitoF HbO 9R F (IFG): 3.8 1/0 9R F (IFG): 3.9 1/0 9R F (IFG): 4.8 1/0
3 RaINS HbR 0/0 0/0 0/0
HbT 9R F (IFG): 4.2 1/0 9R F (IFG): 3.6 1/0 9R F (IFG): 4.6 1/0
HbO 0/0 9R posT: 4.8 1/0 9 R posT: 7.9 1/1
4 RT(TG) HbR 0/0 T RT(TG):-4.6 1/0 ;i RT(TG):-6.8 1/1
HbT 0/0 9R posT: 4.9 1/0 9 R posT: 7.9 1/1
HbO ;R0O:-4.3 0/0 9RO, R posT: 17.3 1/1 9RO, R posT: 19.3 1/1
5 RTO HbR ;RO:-4.2 0/0 ;7R O, RposT:16.6 1/1 ;R O, R posT:16.0 1/1
HbT ;RO:-4.1 0/0 9RO, RposT: 12.6 1/1 9RO, RposT: 13.3 1/1
HbO 2/1 5/3 5/4
Total (5 HbR 1/0 4/1 4/2
patients) HbT 2/1 5/3 5/4

Abbreviations: L, left; R, right; F, frontal; T, temporal; P, parietal; O, occipital; IFG, infewoitdi gyrus; MFG, middle frontal gyrus;
MOG, middle occipital gyrus; OrbitoF, orbitofrontal; aINS, anterior insula; ITG, inferior temporal gyrus; posT, postgumnaldabe;
SEN, localization sensitivity; SPE, localization specificity.
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CHAPTER 6 *(1(5%/ ',6&866,21

This thesis reports recent results and progresses in usmdtiahannel EEENIRS system to

study thecerebrahemodynamic responge human epilepsylwo scientific papers are presented

in chapter 4 and 5, focusing on the detection and the modeling of the hemodynamic response to
IEDs. This chapter reviews the jebtives thatareinitially proposed in chapter 1, validates the
corresponding hypotheses, and discusses the limitations of currertNHES technique irits

application of epilepsy research

6.1 Objective 1

The first objective of this thesis is to provideslminary estimates of the sensitivity and the
specificity of using EEGNIRS in detecting the hemoglobin concentration response to IEDs and

in localizing the epileptic focus region. The article presented in chapter 4 addresses this objective,
with a standrd GLM-based analysis on a relatively large patient database (40 patients in total).
EEGINIRS was sensitive in detecting the HbR/HbO/HbLT response to IEDs in 62%/38%/38% of
the 29 patients with neocortical epilepsies. The focus localization accuracy frane 21% to

28% depending on the chromophore tyipe those 29 patientsin MTLE cases, although
projections of the IEDs were detectable by scalp EEG, fNIRS generallydiffamilities in

detecting the associated hemodynamic changes.

Neverthelessthis studyon one hangupports the idea that the hemoglobin concentration change
associated with IEDs can be observed with HE@RS. With a large head coverage, we are able
to locate remote cortical regions tlakalso activated bjocal IEDs (especially tie contralateral

area corresponding to the epileptic faowkich issimilar to the observation of seizures, eby.
Nguyen et al. (2013, 2012)despiteno evidence on scalp EEGhis providesadditionalevidence

to the current literatur@sotman, 2008; Holmes and Tucker, 2013; Rose et al., 2013; Stefan and
Lopes da Silva, 20133uggestingthat the neurovascular responsgicited by IEDs (although
weaker than seizures)ay alsgropagate through epileptic networkéore work is ¢early needed

to better understand the pathophysiology of such propagations.

However, the modest sensitivity and specificity reported in this studyrafdg thatthe standard
GLM-based analysi assuming a SPM8 canonical HRkay not be optimal in fNIRS daa

processing taetect hemoglobin concentration changes with IED® of the explanations tilsat



103

the shape of théaemoglobin response to IEDsdistinct fromthe SPM8canonical HRFwhich is
characterized by the BOLD responseexternalstimulations orhealthy subjectsThe response to
IEDs are shown in the literature that it caary across different patien{dacobs et al., 2007;
Lemieux et al., 2008; Pellegrino et al., 201p)ecede the EEG evidence of epileptic discharge
(Jacobs et al., 2009; Pittau et al., 2011; Rathakrishnan et al., 20b@in signiftant nonlinear
componentgPouliot et al., 2012)and sometimes even present an inversed shape (deactivation)
(Gotman, 2008; Kobayashi et al., 2006bhis studyagainimplies the rormal neurovascular
couplingmechanismmight bealteredin the generation of IEDsherefore,in order to achieve
higher detection sensitivity and specificityr fNIRS, further methodological improvements are
needed including more realigt and more fletole modeling forthe hemodynamicesponse to
IEDs.

6.2 Objective 2

The article presented in chaptemade an attempt @ddresshe model misspecification problem

by proposing a simple deconvolution method that is able to model the ydemific variatios

in the shape of the hemodynamic response to IEDisthe selected five patientbgr estimated
specific HRFgfor HbO) were seen to have distinct shapes, in terms of different peaking time (5
15s), peak dispersion (FWHM from 8 to 20s)dershoot ampldes, etcSimilar pattern of HbO
response to IEDs was also observed in a recent fNIRS stuelgllegrino et al. (2016where they
maximized cortical sensitivity of fNIRS with a personalized optode montage. Moreover, for the
first time, our study was able to qudatively characterize the nonlinear contribution in the
hemodynamic changes associated with rapidly recurrent IEDs. We confirmed that the nonlinear
effect was always inhibitive to the linear componéuit, wasof comparable order of magnitude.
Modeling these patienspecific patterns of the hemodynamic response in the -Gaséd analysis
greatly improved the power of EEfBIIRS in detecting brain areas activated by IEDs, and also
benefited the accuracy of focus localization.

In summary, kh these results sygsted that theariability of hemodynamic response to IEDs
across brain regions and across patients is significant. Such variability can have a crucial impact

on the outcome of EE®NIRS in the observation of IEDs, and definitely should not be neglected.

A main weakness of this study was in its experimental design, as it involved very limited number

of patients (five), and its patient selection criterion was not randomized and blinded. On top of that,
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only a sample period dheEEG 11,56 GDWD Vpé&idd)3WwaQuskDfiQ) each patientThe

VDPH 3FOHDQ" SHULRG zZDV XVHG ERWK LQ WKH PRGHOLQJ SU
DQDO\VLV DV WK HhiGgbatalsaNheRI€EConvolign method is a purediatan

technique, and is hidy sensitive to the SNR of fNIRS signa(gspecially the nonlinear
deconvolution algorithm, see Figure 5.8jith the instrumental and analytical improvemeiots

fNIRS artifact removal, the models proposed in this study should be further validated with a
randomized, blinded protocol and a larger patient nunfmerexampleaddinga group of patients

with rare IEDs as a comparison set to the current five patients with frequennigOze beneficial

to validate thedeconvolutiormodelson patient data wht weaker nonlinear effect

It should be notedhat we reported higher sensitivity and higher overall accuracy of focus
localization for HbR rather than for HbO or HbT in the first study, but better results for HbO than
for HbR in this study. This can lpartially because the HRF usedtfe firststudy was presumed

to have the SPM8 cHR&hape which was initially moded for the BOLD response. As BOLD
signals have been shown to be more correlated with NIRS recording of HbR rather than of HbO or
HbT in tempral pattern(Gagnon et al., 2012b; Huppert et al., 2006; Toronov et al., 2003)

thus not implausile that better activation detection was obtained for HbR through the standard
GLM analysis. In this work, the sSHRF was reconstructed with a mostlyddi&en deconvolution
technique (linear or nonlinear) that required few assumptions (causality, tiav@imoe, impulse

form, perturbative) on the shape of the HRRE et al., 2006)In this study, we decided to use the
sHRF for HbO for the GLM analysis of all @d@mophores, thanks to the higher SNR in the fNIRS
measured HbO changes relative to HbR changes. Hence, unsurprisingly, the sensitivity and the

specificity using HbO response was more distinctive than HbR response in this study.

'"HVSLWH WKDW WBHBE VIHdHR/EBN&IN3 Qe movementa PCA was still
performed in the prerocessing of fNIRS data because we initially prefeteanaintain an
identicalpre-processing setup to that in the first study, and therefore ensuring that the improvement
seen inactivationdetection in this study was the result of the inclusion of specific HRE®in
GLM. In fact, through tests, we discovered tleacluding the PCA from the pigrocessing
pipelinefor WK H 3F O H Du@uallywbuld mbth&ve a major ipact e.g. Figure 6.1 shows the
t-statistical maps obtained from the fNIRS datgatient 2and patient 4vithout the application

the PCA, for HbO, HbR and HbT using the same cHRF, linear sHRF and nonlinear sHRF as

described in section 5.4 We noticedhat the contrast maps for patient 2 (Figure 6.1A) stay almost



105

unchanged fnm Figure 5.7E. For patient 4, a smialtrease of the statistical scores for the HbT
cluster contralateral to the focus site was seen (Figure 6diBpared with Figure 5.8Ewhich
might lead toincorrectfocus localizatiorusing HbT However, in Figure 6.1A and 6.1B, the use
of sHRFs (especially the nonlinear orsti)l presents higher statistical scores and larger spatial
extents for the detected activations. Therefore areecomident thatincluding or excluding the
PCA will not alter the conclusion of this study whslppors the use of the sHRFs in the GLNI
theanalysisof IED data

Figure6.1 Test result without PCAor (A) Patient 2, (B) Patient Z--statistical maps of HbO, HbR
and HbT response to IEDs, generated from GLMs using respectively the SPM8 canonical HRF
(the first row), linear sHRFs (the second row) and nonlinear sHRFs (the third rongpg were
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EC-corrected, g0.05. Solid black circle (30mm radius) indicates the projected most plausible

focus region; dotted black circle shows the contralateral region corresponding to focus.

Figure6.2 Test resultT-statisticalmaps Expected hemodynamic response was derived using only
one channel with the highest HPA for (A) Patient 2, (B) Patient 4

To decide the localization accuracy of EMBRS, ourapproachwas to compare the location of

the most plausible focus region ofpatient with the location of the masignificant activation

cluster detected by fNIRSThe most significant activation cluster was recognized by two criteria,
either by looking for the cluster with the largest spatial extent, or by identifying thercluste
containing the highest statistical score. Through practice, we discovered that those two criteria
were able to present a same cluster in most of the cases. Howetve first studywe favored

the spatial extent of a clustaverits maximum statisti&l score (see section 4.3.#4)ostly due that
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the statistical score in the first study reflected the correlation of the detected fNIRS time courses
only with the expected response calculated using the canonicalTHigfefore, by puttingarger
weight on thespatial extent, we intended toitigate the effect of the difference in the assumed
SPMB8 canonical HRF and the real HRHEDsof the patientThis preference for the cluster spatial
extent mightresult in biased overlap with the compared focus reffionsome patientgand
therefore amallbias in the final specificity estimates), e.g. sometimes two clusters could happen
to merge into one large cluster through low statistical scores. In this study howewestenable

to recognize the most significaattivation cluster more based on the maximum statistical value,

bit similar to a previousEEGfMRI study byPittau et al.(2012a) The proposed HRF models
accounted for the patiespecific variations when calculating the expected hemodynamic response
for the GLM. Therefore the staistical score in this study mightorecorrectlyreflect thedegree

of correlationbetween the fNIRS time courses and the real hemodynamic response tof i&Ds

particular patient

To construct the expected hemodynamic changes to IEDs with specific HRFs, three channels which
were ipsilateral to the spiking field and which generated sH®R#h the highest HPAs were
selected, regardless of their locations on the hemisphere (see section 5.5.1). Due to the lack of
similar studies in the literature, we did not know a priori how many channels should be used in the
GLM analysis. Tests have beeoanducted on multiple patients with different number of channels
involved (one, two and three). We did not observe much difference between the maps generated
with different number of channels, in terms of the statistical scores and spatial extenttefidetec
activations, see e.g. Figure 6aMth Figure 5.7E 5.8E Hence, we decided that it would be
reasonable to present the case of three channels in the manuscript. This number of channels for the
analysis might help mitigate the possibility of false pusitthannels and thus might improve the
robustness of our method. However, no extensive study of this was made, and is left for future

work.

6.3 Limitations of fNIRS in current study of epilepsy

This thesis haagain confirmedhe potential of fNIRS, combinedith scalpEEG, in the context
of human epilepsyby presenting promising results studyng the hemoglobin concentration
changes associated with IEDs and in localizthg epileptic focus sitavith the observed
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hemodynamics related to IECIowever, muchmore work is necessary as fNIRS still has several

limitations that prevent it from being a mature technique in clinical settings.

A first issueof fNIRS is that it only provides measures of cortical hemodynamics, and thus relies
onthe neurovascular coupg to infer neural activityHowever, the relation between the measured
hemodynamic change and the underlying neural activigpilepsyis not fully understoodwhich

may bring extremeonfusionsin the interpretation of fNIRSesults For example, whais the

correct shape of the HRF to IEDslocal activatedareasand in remote propagated regi@risow

are factors such as the type of epilepsy,dite of IEDs, the frequency of IEDs, the age of the
patient or other conditions affect the shape of thd&=PiRhe two studies included in this thesis
demonstrated that the correct specification of the HRF model is essential to produce favorable
results. he second study made a first attempt to account for the pafgieaific variabilityin the

HRF with a simpé approach. However, thestidiesdid not provide a standard solution.

Another disadvantage of fNIRS is its limited penetration depth, which is also shared by scalp EEG.
The SD separation &5cm in our work ensuresensitivity of fNIRS signals only whin the top
2-3mm of the cortexIrani et al.,, 2007) This might explain why our approaancountered
difficulties in detecting the hemodynamic response to IEDs in MTLE cases. Furthermore, the low
sensitivity of fNIRS to the brain tissue also means that tecordeddata contain a large
contribution from extracerebral tissueg. the scalpvhich may interfere with data interpretation

For a normal adult subjedtjonte Carlo simulation shows thahly 8% of the signais from the

brain tissuefor an SD clannel of 3cm(Selb et al., 2014)and even lesfor shorter channels
(Strangman et al., 2013)o increase the penetratidepth and the brain sensitivity of fNIR&me
studiegpointed outhat the distancef SD clannels should be increased, ¢ogbe longer thaBcm
(Germon et al., 1999However, increasing SD distee may not only further lower the spatial
resolution of fNIRS, but also decrease 8¥R if the increased channel length exceeds the limit
on the separation where reliable signals can be detected. The&tfieregman et al. (2013)
summarized that tradeoffs have to be made among brain sensBiNB/,and spatialesolution

when usingurrent fNIRS system®&ecent studies discovered thatngavery short SD sepatian

(e.g. <lcmas suggested bBrigadoi and Cooper (2015); Goodwin et al. (20L4Jong with a
normal channemay help filter out some of the physiological noise arising from superficial tissues
in the normal channéGagnon et al.2013, 2012a, 2011; Saager et al., 2011; Zhang et al.,.2009)
Unfortunately installing a short channel for each normal channel will probably lead to reduced
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head coveragéconsidering that weisually have an instrumental limit on the total number of
avalablechannels)which is disadvantageous in epilepsy studies especially when the aim is at the
localization of the focus regianr theidentificationof epileptic networksAn interesting approach

was appliedin Franceschini et al. (2003) their study of sensorimotor stimulatiowhere the

authors used thsignal timecourse from &ingle 3L Q DafeW LFUDLQ UHJLRQ IDU IURP
recording site to correct the signals from all the other locatidowever, this method needs to be

further valdated.

The spatial resolution of fNIRS is usually quoted to be of the order of a few centi@@iaresima

et al., 2012)which is considered to be poor compared to its peers. e.g.( ®AREt al., 2011)In

our work, keeping the SD distance to bBdn leads to an estimateadr spatial resolution to be
1-3cm dependingn specific SD arrangemeritherefore, the activation reconstruction at most of
the pixels on the 2D projection map relied completely on the inhomogeneous interpolation of the
statistics from adjacent, sparsely distributed channels, and thus might natelgcreflect the
strength or the extent of the activation at specific pixBte spatial resolution of fNIRS can be
greatly improvedo of the order of ~5mnfEggebrecht et al., 2012)y providing overlapping
measurements of the tissuenathodologycalled diffuse optical tomography (DO{Boas et al.,
2004a, 2004h)which allows 3D image reconstructitwy solvingthe inverse problentand thus
also help distinguish extracerebral contamination from brain sigiidig approach requires a
dense array of NIRS optodas well as complex and testonsuming data analysis process, e.g. in
the inversion of the sensitivity matriXhese limitations of DOhormallyresult ina very limited
sampling coverag@assanpour et al., 2014; White and Culver, 2010; Zeff et al., 2006&j)efore,
this technique has not yet been applied to epilepsy research.

Finally, fNIRS data acquisition can be disturbed by movementaetsi especially duringhe

recording ofseizuresSeveral methods have been proposed to address this prather with

additional equipmest(Virtanen et al., 2011; Yucel et al., 2014a) with signal denoising
techniquegScholkmann et al., 2010; Vinette et al., 2015; Ycel et al., 20H#vyever,there is
still no standard methoaf the correction of motion artifacts in fNIRS signéBsigadoi et al.,

2014)
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CHAPTER 7 &21&/86,2%1' 5(&200%$1'$7,21

In this thesis, multichannel EEfBIIRS was employedtb study the hemodynamic response to IEDs

in human epilepsyWith a standardGLM-based analysis, significahemoglobin concentration
changegould be sen neathe epileptic focus regioon some patients, especially on patients with
neocortical epilepsies. The sufficiently large head coverage also allowed the observation of remote
activations elicited by IEDs in some cases. Although the overall sensitivdetecting activations

and the accuracy in localizing the epileptic focus region were modédst standard analysig

was also shown that they could both be improved with careful modelling of the {squemific
variations in the shape of the HRfased on the results obtained from five selected patients

Compared with other functional neuroimaging techniques, fNIRS offers the potential féetang
norrinvasive monitoring and higtemporal resolution hemodynamic imagingth low cost but

high safety and portabilityHowever, most previous studies using EENERS only focused on the
observation of seizureghich are known to be quite unpredictable and are difficult to be captured
Despite that no standard solution was provided, thesido sone extenfproposedan alternative

option for doctors and epileptologisising EEGINIRS, thatthey might not necessarily need to

wait for the occurrence of natural seizures which is a normally tedious process for both the doctors
and the patients, but canstead study the hemodynamics associated with IEDs to acquire

information regarding the location of the epileptic focus site, the epileptic networks, etc.

However,the results from this study alsaggestedhatfurthereffortsare still needed to valita

the clinical utility of EEGINIRS in epilepsyresearch and treatmerithe following challenges

need to be addressed deeper understanding beémodynamicsassociated withEDs; the
development of a comfortable recording system with large spatial geveanbined with long

term monitoring for days or even weeks, and portable use; and the improvements of analytical
methods including appropriateodellingandartifactreduction. Randomized and blinded protocols
with a larger patient number are also maadatShould it lives up to its expectations, combined
EEGINIRS could in time be employed routinely in the epilepsy monitoring unit as a useful tool

for long-term patient monitoring and for presurgical evaluations.
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